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Abstract We propose an optical and electrical relaxation
oscillator making use of an S-shaped negative resistance
characteristic of a recently developed light-emitting diode
using a bulk silicon crystal homojunction. From simulations,
we found that the voltage and optical power oscillated syn-
chronously, and their oscillation frequency increased with
increasing injection current. The synchronous oscillation
was also confirmed by experimental measurements. The am-
plitude of the voltage was 50 Vp-p, the amplitude of the op-
tical power was 3 mWp-p, and the maximum oscillation fre-
quency was 34 kHz. The measured value of the spontaneous
emission lifetime of a Si wafer was 900 ps, which was as
short as that of direct transition-type semiconductors.

1 Introduction

Optical pulse oscillators have been widely used in the fields
of optical communication, optical data storage, optical fabri-
cation, spectroscopy, and so on. Semiconductor lasers driven
by pulsed current and mode-locked lasers are popular exam-
ples of such devices [1]. Although the former are compact,
they need to be driven by an electrical trigger, and thus re-
quire an electronic driving circuit. The latter are large and
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have high power consumption because they consist of nu-
merous electronic parts and optical elements.

To realize a novel optical and electrical relaxation oscilla-
tor for solving these problems, here we propose the use of a
light-emitting diode formed of a bulk silicon (Si) crystal ho-
mojunction (Si-LED) developed by the authors [2]. Because
the device is operated by connecting it only to a DC power
supply, and no optical elements are required, it is expected
to solve the problems mentioned above.

In this paper, the principle of the device operation will be
introduced in Sect. 2. Then simulation design and measure-
ment results of the spontaneous emission lifetime are de-
scribed in Sect. 3. The simulation results and results of mea-
suring the dynamic characteristics are described in Sect. 4.
Finally, this paper concludes with Sect. 5.

2 Device fabrication and principle of oscillation

2.1 Fabrication method

In order to fabricate a Si-LED using Si, which is an indi-
rect transition-type semiconductor, boron (B) was implanted
in an arsenic (As)-doped n-type Si wafer with a thickness
of 650 μm and an electrical resistivity of 10 � cm by ion
implantation (implantation energy 700 keV, dose density
5 × 1013 cm−2) to form a p-type region, thus realizing a
p–n homojunction. From secondary ion mass spectrometry
(SIMS), the thickness of the p-type layer was about 2 μm,
the B concentration in the p-type layer was about 1019 cm−3,
and the As concentration in the n-type layer was less than
1015 cm−3. An indium tin oxide (ITO) film with a thickness
of 150 nm was deposited on the p-layer side, and an alu-
minum (Al) film with a thickness of 80 nm was deposited
on the n-layer side, both by RF sputtering, and these were
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Fig. 1 Relation between the
current I and the voltage V

(I–V characteristic) in a
Si-LED, for (a) a device with an
area of 9 mm2 and a thickness
of 650 μm (Si-LED1), and
(b) a device with an area of
0.6 mm2 and a thickness of
120 μm

used as positive and negative electrodes, respectively. De-
vices with an area of about 9 mm2 were made by cleaving
the Si wafer.

Next, the devices were subjected to phonon-assisted an-
nealing described in Ref. [2]; namely, they were annealed
with Joule heat by applying a current. During this process,
the substrate surface was irradiated with light having a pho-
ton energy hν = 0.95 eV (wavelength 1.3 μm), which is
smaller than the bandgap energy of Si (Eg = 1.12 eV, wave-
length 1.1 μm), so as to control the spatial distribution of the
B concentration at the p–n junction in a self-organized man-
ner. As a result, dressed photon–phonons were efficiently
generated in the B regions, by which electrons and holes
recombined, producing spontaneous emission. A dressed
photon–phonon is a quasiparticle which represents the cou-
pled state of a dressed photon and a phonon [2]. A dressed
photon is also a quasi-particle representing the coupled state
of a photon and an electron. This Si-LED fabrication process
is called a phonon-assisted process since it requires dressed
photon–phonons.

In this study, two Si-LEDs were fabricated:

1. Si-LED1: fabricated by phonon-assisted annealing by ap-
plying a voltage of about 10 V and an injection current of
about 420 mA for 30 minutes under laser light irradiation
(power 500 mW)

2. Si-LED2: fabricated by phonon-assisted annealing by ap-
plying a voltage of about 7.2 V and an injection current
of about 700 mA for 30 minutes under laser light irradi-
ation (power 200 mW)

Si-LED1 was mainly used for simulation and measure-
ment of the spontaneous emission lifetime, described in
Sect. 3, whereas Si-LED2 was mainly used for quantitative
characterization of the oscillation, described in Sect. 4.

The Si-LEDs fabricated by this method emit high-power
near infrared light whose emission spectrum has a peak that
corresponds to the wavelength of the irradiated laser light,
as shown in Fig. 6(d) of [2]. In addition, because of the con-
siderable inhomogeneous spatial distribution of the B con-
centration in the Si-LED, the current density also becomes
inhomogeneous when the device has a size as large as 9 mm2

in area and 650 μm in thickness [3]. As a result, as shown in
Fig. 1(a), the current–voltage (I–V ) characteristic exhibits
S-shaped negative resistance, where the voltage Vb at the
bending point of the S-shaped curve is the breakover volt-
age. In contrast, when the device has a size as small as
0.6 mm2 in area and 120 μm in thickness, the I–V char-
acteristic does not exhibit such a negative resistance but ex-
hibits the same I–V characteristic of ordinary LEDs using
direct transition-type semiconductors, as shown in Fig. 1(b).
In the following, the S-shaped negative resistance character-
istic in Fig. 1(a) is expressed as I = f (V ). This negative re-
sistance characteristic was utilized to realize an optical and
electrical relaxation oscillator.

2.2 Principle of oscillation

The I–V characteristic of Fig. 1(a) is shown again in
Fig. 2(a). The Si-LED can be treated as a circuit in which
the Si-LED is connected in parallel with a capacitor and a
constant current source, as shown in Fig. 2(b), where the
capacitor can be regarded as the stray capacitance of the Si-
LED and/or the circuit wiring. Here, C is the capacitance
of the capacitor, I1 and I2 are the currents that flow through
the Si-LED and the capacitor, respectively, V1 and V2 are the
voltages applied to them, and I0 is the current from the con-
stant current source. By setting I0 > f (Vb) and V1 = V2 = 0
as the initial conditions, it is expected that the voltage and
optical power will exhibit periodic and oscillatory temporal
behaviors due to sequential processes 1–4 described below
and schematically explained in Fig. 2(a).

1. V1 increases as electric charges flow into C, and the cur-
rent flows into the Si-LED simultaneously.

2. At the moment when V1 reaches Vb , V2 increases be-
cause the current I0 − f (Vb) flows into C. However, be-
cause V1 cannot exceed Vb , the difference between V1

and V2 increases.
3. I1 increases and, as a result, V1 decreases because the

electric charge is released from C due to this voltage dif-
ference between V1 and V2. This accelerates the release
of the charge and, as a result, the optical output power
increases rapidly.
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Fig. 2 Explanation of oscillating behavior. (a) Four processes are rep-
resented by 1–4 on the I–V characteristic. (b) A circuit for the oscilla-
tor. (c) Images of output light spots corresponding to the processes 1–4

4. The values of V1 and V2 return to the initial state around
zero due to the decrease of the electric charge in C. Then
process 1 starts again.

The temporal behavior of V1 exhibits a sawtooth-like pro-
file due to the instantaneous electric discharge. On the other
hand, that of the optical power exhibits a pulse-like profile
due to the rapid increase of I1 occurring right after the elec-
tric discharge. Because of a slight time difference between
the electric discharge and the increase of I1, there is a phase
delay in the periodic pulse profile of the optical power with
respect to the peak value of the voltage V1. Since these tem-
poral profiles are due to electrical and optical power dissipa-
tion based on the difference between V1 and V2, this circuit
is regarded as a nonequilibrium open system. Thus, the tem-
poral behavior of the voltage and optical power described
above is called relaxation oscillation [3]. Figure 2(c) shows
images of a light spot emitted from the Si-LED in case of
C = 100 μF, captured by an infrared camera. Images 1–4
correspond to processes 1–4 above. An output light spot can
be clearly seen in process 3.

3 Simulation methods and measurement of
spontaneous emission lifetime

3.1 Modeling of the device

Figure 3 shows a simplified equivalent circuit of a Si-LED
[4, 5], which is composed of a p-type layer, an n-type layer,

Fig. 3 Equivalent circuit of a Si-LED

and a depletion layer. For simplicity, carriers are assumed to
recombine only in the depletion layer. Ce is the equivalent
capacitance representing the capability of storing electric
charge Q in the Si-LED, Re is the resistance at the p-type
layer, I0 is the current from the constant current source, I is
the current injected into the depletion layer, Vv is the differ-
ence in the voltage between the anode-side and the cathode-
side of the depletion layer, and Vt is the total voltage applied
to the Si-LED.

The variations in the number of carriers in the Si-LED,
n, and the number of photons in the depletion layer, p, with
respect to time are represented by the following rate equa-
tions [6]:

dn

dt
= f (V )

q
− n

τ
− G(n − nth)p, (1)

and

dp

dt
= n

τ
+ BG(n − nth)p − Ap. (2)

The first, second, and third terms on the right side of
Eq. (1) represent electron injection, spontaneous emission,
and stimulated emission, respectively. Those in Eq. (2) rep-
resent spontaneous emission, stimulated emission, and light
emission from the Si-LED, respectively. Here, q is the elec-
tron charge, τ is the spontaneous emission lifetime, G is
the stimulated emission coefficient, nth is the transparency
carrier number in the depletion layer (transparency carrier
density × depletion layer volume), B is the coefficient of
electron confinement, and A is the rate of photon dissipa-
tion from the depletion layer to the outside. For simplicity,
the carrier injection efficiency is assumed to be unity.

The simulation was performed using Eqs. (1), (2), and
circuit equations for the equivalent circuit shown in Fig. 3.
The values of n and p were derived iteratively with the time
increment dt by the following steps:

1. Process that is rate-limited by charging of Ce:
In the processes 1 and 2 shown in Fig. 2(a), the

charge Q at time t + dt was derived using Q(t + dt) =
Q(t) + (I0 − I )dt . Then Vt ,Vv , and I were derived by
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Fig. 4 Light emission
characteristics. (a) Curves A
and B show photoluminescence
spectra of Si-LED1 and a
nonannealed Si wafer,
respectively. (b) Time variation
of photoluminescence
intensities. Curves A and B are
for Si-LED1 and the
nonannealed Si wafer,
respectively

Vt = Q/Ce,Vv = Vt −ReI , and I = f (Vt ). After substi-
tuting f (Vt ) into Eq. (1), Eqs. (1) and (2) were approx-
imated as difference equations to derive the values of n

and p at time t + dt .
2. Process that is rate-limited by discharging of Ce:

2-1. If V1 > Vb in the process 1, the capacitor Ce started
discharging. Thus, Vt ,Vv , and I were set to Vt =
Vv = Vb and I = I0. Then n and p at time t + dt

were derived using Eqs. (1) and (2).
2-2. If the discharging of Ce continued, Vt and Vv were

derived using Vt = f −1(I ) and Vv = Q/Ce . Then
Q(t + dt) and I (t + dt) were derived using Q(t +
dt) = Q(t)− (Vt −Vv)dt/Re and I (t + dt) = I0 +
(Vt −Vv)/Re . This calculation continued until V2 >

Vb or I < 0 was satisfied.

3.2 Measurement of the spontaneous emission lifetime

The values of physical quantities Re , Ce , f (V ), τ , G, nth,
B , and A in Sect. 3.1 have to be determined to perform the
simulation. Among them, known values were employed for
Re, Ce, nth, B , and A, as will be shown later. The curve
in Fig. 1(a) was used for f (V ). However, the spontaneous
emission lifetime τ must be found through measurements
because electroluminescence from an indirect transition-
type Si semiconductor has never been realized, and hence
the value of τ for a bulk Si crystal is unknown.

The method used for the direct measurement of τ and the
measurement results are presented in this subsection. The
Si-LED1 was used for the measurement, and a nonannealed
Si wafer was also used as a reference specimen. As an ex-
citation light source, the second-harmonic pulsed light from
a Ti-sapphire mode-locked laser (2 ps pulse width, 80 MHz
pulse repetition rate, 454 nm wavelength, 30 mW power)
was used. The light passed through a longpass filter with a
cutoff wavelength of 850 nm or 1000 nm, as required, be-
fore reaching the Si-LED and nonannealed Si wafer spec-
imens. The specimens were placed in a vacuum chamber
and cooled down to about 6 K. The emitted photolumines-
cence was measured using an infrared photomultiplier tube
(PMT; Hamamatsu Photonics, H10840-68MOD), a single
photon counting module (Boston Electronics Corporation,
SPC-600), and a monochromator.

Curves A and B in Fig. 4(a) represent the acquired spec-
tral profiles of the Si-LED1 and the nonannealed Si wafer,
respectively. Neither curve clearly shows band-edge emis-
sion at wavelengths around 1100 nm, which corresponds
to the bandgap energy of Si. On the contrary, the spectra
were broadened and extended to the longer-wavelength re-
gion, due to a multistep deexcitation inherent to the phonon-
assisted process. Temporal decreases in the photolumines-
cence intensity were measured for the Si-LED1 and the
nonannealed Si wafer after optical pulse irradiation, as
shown by the curves A and B in Fig. 4(b). An exponential
function of the spontaneous emission lifetime τ was used
for least squares fitting to the measured values:

y(t) = y0 + y1 exp(−t/τ ). (3)

As a result, the value τ = 0.90 ± 0.02 ns was obtained
from the curve A. This value was used for the simulation.
Curve B, on the other hand, shows the measured result
for the nonannealed Si wafer. In this case, the spontaneous
emission probability was very low since the nonannealed Si
wafer remained an indirect transition-type semiconductor.
As a result, the values of curve B were very small, which
made it difficult to estimate the value of τ .

Comparing the curves A and B, the remarkable increase
in the spontaneous emission probability and the decrease in
the value of τ enabled the first successful estimation of τ by
this method. The value of τ derived above is as short as that
of direct transition-type semiconductors [7–9].

The values of the other physical quantities used for the
simulations were: Re = 5 �, Ce = 1.5 × 10−10 F, nth =
7.0 × 1013, and B = 0.1. For A, an equation A = 1 −
r1/t0 s−1 was used, where r = 0.0002 is the Fresnel reflec-
tion coefficient at the boundary between the depletion layer
and the p-type/n-type layer, and t0 = 31 fs is the time for the
light to traverse the depletion layer. The value of G was used
as a fitting parameter for the simulation.

4 Results of the simulation and characterization of the
oscillator

The results of the simulation described in Sect. 3.1 are
shown by curves A and B in Fig. 5(a). The voltage and
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Fig. 5 Results of the
simulation. (a) Variation of
photon number (curve A) and
voltage (curve B) for I0 = 1 A
and G = 1.8 × 10−10 s−1.
(b) Relationship between
injection current and oscillation
frequency

Fig. 6 Experimental results of the temporal behaviors of optical power
(curve A) and voltage (curve B) for Si-LED2

photon number varied synchronously. The temporal behav-
ior of the voltage (curve B) exhibited a sawtooth-like profile,
whereas that of the photon number (curve A) was pulse-like.
The pulse width of curve A for the optical power depended
on the spontaneous emission lifetime, τ . The amplitude of
the curve A decreased and exhibited relaxation oscillation
with increasing G. As shown by Fig. 5(b), the oscillation
frequency increased with increasing injection current I0, and
the increase rate was 80 MHz/A.

The curves A and B in Fig. 6 show the measured re-
sults of the temporal profiles of the optical power and the
voltage of the Si-LED2, acquired at room temperature. The
voltage was measured using an oscilloscope, and the op-
tical power was measured using a photodiode. Comparing
the two curves, they varied synchronously, and the oscilla-
tion frequency was 10 kHz. The amplitudes of the curves A
and B were about 3 mWp-p and 50 Vp-p, respectively. The
optical energy integrated over one period of oscillation was
0.14 μJ.

When injection current was applied to Si-LED1 with-
out connecting any external capacitor, the oscillation was
caused by stray parasitic capacitance in the circuit and/or the
Si-LED. The maximum oscillation frequency was 34 kHz.
Comparing the two curves in Fig. 6, the voltage and optical
power oscillated synchronously, and the optical power takes
the maximum value at a time slightly after the voltage takes
the maximum value. This agrees with the simulation result
shown in Fig. 5(a). The reason why the two curves in Fig. 6

change more slowly than those of Fig. 5(a) is due to stray
capacitance, stray inductance, and parasitic resistance of the
circuit.

5 Conclusion

We proposed an optical and electrical relaxation oscillator
making use of an S-shaped negative resistance characteristic
of a recently developed LED using a bulk Si crystal homo-
junction. We validated the device operation and character-
ized its relaxation oscillation via simulations and measure-
ments.

From the simulations, we found that the voltage and opti-
cal power oscillated synchronously, and their oscillation fre-
quency increased with increasing injection current. The syn-
chronous oscillation was also experimentally confirmed us-
ing a device with an area of 9 mm2. We also confirmed that
the optical power took the maximum value at a time slightly
delayed from the maximum voltage value. The amplitude of
the voltage was 50 Vp-p, the amplitude of the optical power
was 3 mWp-p, and the maximum oscillation frequency was
34 kHz. The measured value of the spontaneous emission
lifetime of a Si wafer was 900 ps, which is as short as that
of direct transition-type semiconductors.
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Abstract We fabricated a novel photodetector by subject-
ing a Si crystal having a p–n homojunction to phonon-
assisted annealing. The photosensitivity of this device for
incident light having a wavelength of 1.16 µm or greater
was about three times higher than that of a reference Si-PIN
photodiode. The photosensitivity was increased for incident
light with a wavelength of 1.32 µm by applying a forward
current. When the forward current density was 9 A/cm2, a
photosensitivity of 0.10 A/W was achieved. This value is at
least 4000 times higher than the zero-bias photosensitivity.
This remarkable increase was due to the manifestation of
optical amplification cause by the forward current injection.
For a forward current density of 9 A/cm2, the small-signal
gain coefficient of the optical amplification was 2.2 × 10−2,
and the saturation power was 7.1 × 102 mW.

1 Introduction

Silicon (Si) is an abundant material in the Earth’s crust and
has low toxicity, and it is widely used as a material for many
electronic and optical devices. For example, Si photode-
tectors (Si-PDs) are widely used photoelectric conversion
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devices; however, their photosensitivity limit at the long-
wavelength side is limited by the bandgap energy, Eg, of
Si (= 1.12 eV) [1], and the photosensitivity drops rapidly at
wavelengths above 1.11 µm. Because of this, materials such
as Ge [2], InGaAsP [3], and InGaAs [4] that have a smaller
Eg than Si have been used in optical fiber communications.
However, Ge photodetectors have a large dark current, and
cooling is required in many cases. In addition, InGaAs pho-
todetectors suffer from problems such as the use of highly
toxic metal-organic materials in their fabrication, high cost,
and so forth, and recently, depletion of resources, such as
In, has also been a problem. If the photosensitivity limit of
Si-PDs could be extended past the 1.11 µm wavelength into
the near-infrared region at 1.3 µm and above, these prob-
lems could be overcome. An additional benefit of Si-PDs is
their high compatibility with electronic devices. For this rea-
son, photoelectric conversion devices exploiting effects such
as mid-bandgap absorption [5–7], surface-state absorption
[8, 9], internal photoemission absorption [10, 11], and two-
photon absorption [12, 13] in Si have been reported in the
literature. However, in the case of mid-bandgap absorption,
for example, the photosensitivity at a wavelength of 1.3 µm
is limited to only 50 mA/W [5].

In this research, we realized a novel Si-PD with increased
photosensitivity. We applied the same fabrication method
and light emission principle of a silicon light emitting diode
(Si-LED) based on a phonon-assisted process that we previ-
ously proposed [14, 15]. Specifically, while radiating light,
Joule-heat annealing was performed to control the spatial
distribution of the impurity (boron) concentration in a Si
crystal in a self-organized manner, to efficiently generate
dressed photons. The photocurrent of the novel Si-PD fab-
ricated by this method was varied by a stimulated emission
process driven by the incident light. Because this stimulated
emission process caused optical amplification, the photosen-
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sitivity of this Si-PD was remarkably increased. The operat-
ing principle of the Si-PD is described in Sect. 2, the fabrica-
tion method is described in Sect. 3, device characterization
and evaluation results are presented in Sect. 4, and the paper
concludes with Sect. 5.

2 Operating principle

The operating principle of the Si-PD fabricated in this re-
search is based on a phonon-assisted process caused by
dressed photons [16–20]. A dressed photon is a quasi-
particle representing a coupled state between a photon and
an electron at the nanoscale. The phonon-assisted process
originates in the property of a dressed photon to couple with
a phonon. By using this property, it is possible to create an
electron–hole pair via a two-step excitation even with pho-
tons having an energy smaller than the bandgap energy, Eg,
of the semiconductor. Therefore, the Si-PD can exhibit pho-
tosensitivity even for infrared light with a photon energy
smaller than Eg. This principle has already been applied to
photochemical vapor deposition [16], photovoltaic devices
[17], photolithography [18], subnanometer polishing of a
glass surface [19], optical frequency up-conversion [20], and
other applications.

Electrons in the Si-PD experience a two-step excitation
via processes (1) and (2) described below. (These processes
(1) and (2), as well as processes (1′) and (2′) described later,
are the same as those in the Si-LED previously proposed by
the authors; for details, refer to Ref. [14] and Fig. 1 therein.)

(1) First step: The electron is excited from the initial
ground state |Eg; el〉 ⊗ |Eexthermal;phonon〉 to interme-
diate state |Eg; el〉 ⊗ |Eex;phonon〉. Here, |Eg; el〉 rep-
resents the ground state (valence band) of the electron,
and |Eexthermal;phonon〉 and |Eex;phonon〉 respectively
represent the excited state of the phonon determined
by the crystal lattice temperature and the excited state
of the phonon determined by the dressed photon en-
ergy. The symbol ⊗ represents the direct product of the
ket vectors. Because this is an electric-dipole–forbidden
transition, a dressed photon is essential for the excita-
tion.

(2) Second step: The electron is excited from the interme-
diate state |Eg; el〉 ⊗ |Eex;phonon〉 to the final state
|Eex; el〉 ⊗ |Eex′ ;phonon〉. Here, |Eex; el〉 represents
the excited state (conduction band) of the electron,
and |Eex′ ;phonon〉 represents the excited state of the
phonon. Because this is an electric-dipole–allowed tran-
sition, the electron is excited not only by the dressed
photon but also by propagating light. After this ex-
citation, the phonon in the excited state relaxes to a
thermal equilibrium state having an occupation prob-
ability determined by the crystal lattice temperature,

which completes excitation to the electron excited state
|Eex; el〉 ⊗ |Eexthermal;phonon〉.

Because a phonon is involved in the above excitation of
the electron, this excitation process is known as a phonon-
assisted process [16–20]. When light having a photon en-
ergy smaller than Eg is incident on the Si-PD, electrons are
excited by the two-step excitation described above, generat-
ing a photocurrent. Photosensitivity to this incident light is
manifested by means of the above process.

Note that applying a forward current to the Si-PD causes
the two-step stimulated emission described by processes (1′)
and (2′) below [17].

(1′) First step: When a forward current is applied, an
electron is injected from the external circuit to the
conduction band, and therefore, the state |Eex; el〉 ⊗
|Eexthermal;phonon〉 is the initial state. During this
time, driven by a dressed photon generated in the
p–n junction of the Si-PD by the incident light, the
electron transitions from the initial state |Eex; el〉 ⊗
|Eexthermal;phonon〉 to an intermediate state |Eg; el〉 ⊗
|Eex;phonon〉, creating a dressed photon and prop-
agating light via stimulated emission. Because Si is
an indirect-transition–type semiconductor, there are al-
most no transitions caused by spontaneous emission.

(2′) Second step: The electron transitions from the inter-
mediate state |Eg; el〉 ⊗ |Eex;phonon〉 to a final state
|Eg; el〉⊗ |Eex′ ;phonon〉, causing stimulated emission.
Because this is an electric-dipole–forbidden transition,
only a dressed photon is generated. After this transi-
tion, the phonon in the excited state relaxes to a thermal
equilibrium state determined by the crystal lattice tem-
perature, which completes the transition to the electron
ground state |Eg; el〉 ⊗ |Eexthermal;phonon〉.

Here, if the electron number densities occupying the ini-
tial state |Eex; el〉 ⊗ |Eexthermal;phonon〉 and the intermedi-
ate state |Eg; el〉 ⊗ |Eex;phonon〉, nex and ninter, satisfy the
Bernard–Duraffourg inversion condition (nex > ninter) [21],
the number of photons created by stimulated emission ex-
ceeds the number of photons annihilated by absorption. In
other words, optical amplification occurs. Because the am-
plified light brings about processes (1′) and (2′) again via
dressed photons, the photosensitivity of the Si-PD in the
case where a forward current is applied far exceeds the pho-
tosensitivity based on only processes (1) and (2).

3 Fabrication method

To realize the optical amplification described in Sect. 2, it
is essential to efficiently generate dressed photons in the p–
n junction of the Si-PD. To do so, we adopted a Si-LED
fabrication method that we previously proposed [14]. In this
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method, Joule-heat annealing was performed while radiating
1.32 µm-wavelength light.

First, an n-type silicon substrate with an electrical resis-
tivity of 10 � cm and a thickness of 625 µm, doped with ar-
senic (As), was used as the Si-PD material. This substrate
was doped with boron (B) via ion implantation to form
a p-layer. For the B doping, the implantation energy was
700 keV, and the ion dose density was 5 × 1013 cm−2. Af-
ter forming a p–n homojunction in this way, an indium tin
oxide (ITO) film with a thickness of 150 nm was deposited
at the p-layer side, a chromium film and an aluminum film
with thicknesses of 5 nm and 80 nm were deposited at the
n-substrate side, all by RF sputtering, and these were used as
positive and negative electrodes. Then, the silicon substrate
with these electrodes attached was diced with a dicer to form
a single Si-PD. The area was about 2 mm2.

Next, annealing was performed by applying a forward
current to the Si-PD to generate Joule heating, causing the B
to diffuse and changing the spatial distribution of the B con-
centration. During this time, the device was irradiated, from
the ITO electrode side, with laser light having a photon en-
ergy smaller than Eg of Si (Eg of 0.9 eV, corresponding to a
wavelength of 1.32 µm, and optical power of 120 mW). This
induced the phonon-assisted process, and the B diffusion
due to the annealing was controlled. As a result, a B con-
centration with a spatial distribution suitable for efficiently
generating dressed photons was formed in a self-organized
manner.

The above method is the same as the method of fabri-
cating Si-LEDs previously reported by the authors [14, 15].
Here, however, in order to make use of the stimulated emis-
sion process described in Sect. 2 for the Si-PD to be fabri-
cated, it is necessary to make the probability of generating
stimulated emission larger than the probability of generating
spontaneous emission. To do so, the forward current density
for annealing was kept smaller than that in Ref. [14], namely,
1.3 A/cm2. Determining the number of injected electrons
per unit time and per unit area on this basis gives a value of
8.1 × 1018 s−1 cm−2, which corresponds to the probability
of generating spontaneous emission. On the other hand, the
generation probability of stimulated emission corresponds
to the number of photons per unit time and per unit area,
which is 3.9 × 1019 s−1 cm−2 in the case of the laser power
mentioned above (120 mW). Comparing this with the num-
ber of injected electrons confirms that the probability of gen-
erating stimulated emission is sufficiently large.

When performing Joule-heat annealing under laser irradi-
ation in practice, the surface temperature of the Si-PD, mea-
sured by thermography, showed a temporal variation simi-
lar to Fig. 2(c) in Ref. [14]. Specifically, immediately after
applying the forward current, the surface temperature rose
to 40.7 °C, then dropped due to the generation of stimu-
lated emission and dissipation of its associated Joule energy,

and reached an almost stable temperature (38.6 °C) after
about 10 minutes, at which point the annealing was com-
pleted.

4 Device characterization

In this section we present the results of evaluating the spec-
tral sensitivity characteristics, the voltage–current character-
istics, and the optical amplification characteristics of the fab-
ricated device.

4.1 Spectral sensitivity characteristics

First, we measured the spectral sensitivity characteristics
when a forward current was not applied to the device. Pho-
toelectric conversion in this case is based on the two-step
excitation described by processes (1) and (2) in Sect. 2. As
the light source, we used a xenon lamp, for wavelength se-
lection we used a monochromator, and for photocurrent de-
tection we used a lock-in amplifier. The optical power at
each wavelength was measured with an InGaAs photodiode
(Hamamatsu Photonics, G8370). The measurement wave-
length range was 1.00–1.20 µm. The spectral sensitivity
characteristics measured in the infrared region are shown by
curves A to C in Fig. 1. Curve A shows the values obtained
with a Si-PD fabricated by annealing using the phonon-
assisted process described in Sect. 3. For comparison, curve
B shows values obtained with a Si-PD fabricated without
annealing. Curve C shows the values obtained with a Si-PIN
photodiode (Hamamatsu Photonics, S3590) used as a refer-
ence. Comparing curves A and C, the photosensitivities of
both of them were reduced in the wavelength region longer
than a cutoff wavelength λc = 1.11 µm determined by Eg of
Si, although in curve A the reduction was more gentle, and at
wavelengths above 1.16 µm, the photosensitivity was about
three times higher than that of curve C. In addition, the pho-
tosensitivity values for curve A were larger than the values
for curve B. This was due to the spatial distribution of the B
concentration being controlled in a self-organized manner so
that dressed photons are efficiently generated by annealing
using the phonon-assisted process. Also, the higher photo-
sensitivity values for curve B compared with the values for
curve C indicates that dressed photons are readily generated
inside the Si-PD compared with the case of curve C, as a
result of implantation of a high concentration of B.

Because Joule-heat annealing was performed while ra-
diating 1.32 µm-wavelength light for fabricating the Si-
PD (see Sect. 3), when light having the same wavelength
(1.32 µm) is incident on the device, it is expected that
the photosensitivity will be selectively increased. This
wavelength-selective photosensitivity increase has already
been observed in the case of photovoltaic devices that we
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Fig. 1 Wavelength dependency of photosensitivity. Curve A: de-
vice fabricated by phonon-assisted annealing. Curve B: device fab-
ricated without annealing. Curve C: commercially available photodi-
ode (S3590, Hamamatsu Photonics). The red circles and blue triangles
show the photosensitivity to incident light (wavelength 1.32 µm) for
forward current densities of 60 mA/cm2 and 9 A/cm2, respectively

developed using the phonon-assisted process [17]. There-
fore, photosensitivity for incident light with a wavelength
of 1.32 µm in particular is discussed in the following. We
made a constant forward current flow in the device and eval-
uated the photosensitivity for incident light with a wave-
length of 1.32 µm. Photoelectric conversion in this case in-
volved not only the two-step excitation described by pro-
cesses (1) and (2) in Sect. 2, but also processes (1′) and (2′),
but the contribution of the latter was sufficiently large. A
semiconductor laser was used as the light source, and the
output beam was made incident on the Si-PD after being
intensity-modulated with a chopper. We obtained the cur-
rent variation �I = V/R from the ratio of the voltage vari-
ation V produced at that time and the resistance R of the
Si-PD, and we divided this by the incident light power P to
obtain the photosensitivity �I/P . The results are indicated
by the red circles and the blue triangles in Fig. 1. These
are the measured values for cases where the forward cur-
rent densities of the fabricated Si-PD were 60 mA/cm2 and
9 A/cm2, respectively. The photosensitivity for the current
density of 9 A/cm2 was 0.10 A/W. This is as much as two
times higher than the case using mid-bandgap absorption
[5–7] described in Sect. 1, demonstrating that we achieved
our objective of increasing the photosensitivity. This value
is about 300 times higher than the 60 mA/cm2 case, and
shows the same large values as curve C at a wavelength
of 1.09 µm. This photosensitivity is sufficiently high for
use in long-distance optical fiber communication systems
[22]. The increase in photosensitivity with increasing for-
ward current at a wavelength of 1.32 µm is due to the higher
stimulated emission gain as well as the higher number of
recombining electrons.

Fig. 2 Voltage–current characteristics. Curves A and B are measure-
ment results obtained with and without light irradiation

4.2 Voltage–current characteristics and optical
amplification characteristics

First, we measured the voltage–current characteristics for
cases where the Si-PD was irradiated and not irradiated with
1.32 µm-wavelength, 120 mW-power laser light. The mea-
surement results are shown by curves A and B in Fig. 2.
Both curves show negative-resistance characteristics at for-
ward currents of 80 mA and higher, similarly to the case
of a Si-LED (see Fig. 4 in Ref. [14]). Also, curve A is
shifted toward lower voltages compared with curve B. This
shift was particularly remarkable when the forward current
was 30 mA and higher. The reason for this is that the elec-
tron number density in the conduction band is reduced be-
cause a population inversion occurs around a forward cur-
rent of 30 mA and electrons are consumed for stimulated
emission, and as a result, the voltage required for injecting
the same number of electrons is decreased. On the other
hand, when the forward current is increased further, the
amount of shift is reduced. This is because the probabil-
ity of stimulated emission recombination driven by sponta-
neous emission is increased as the forward current increases,
and as a result, the voltage drop due to stimulated emission
recombination caused by incident light becomes relatively
small.

Next, we measured the relationship between the incident
light power P and the current variation �I . For this mea-
surement, we used forward current densities of 60 mA/cm2

and 9 A/cm2, and we varied the incident light power by us-
ing neutral density filters. In a conventional Si-PD, only ab-
sorption of light is used for photoelectric conversion. In our
Si-PD, however, because stimulated emission is also used,
the current variation �I depends on the number of electron–
hole pairs that recombine due to stimulated emission and
is given by �I = (eP/hν)(G − 1). Here, e is the electron
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Fig. 3 Relationship between incident light power (wavelength
1.32 µm) and current variation. Curves A and B are for forward cur-
rent densities of 60 mA/cm2 and 9 A/cm2, respectively

charge, hν is the photon energy, and G is the stimulated
emission gain.

The relationship between the incident light power at
a wavelength of 1.32 µm and the current variation �I

is shown in Fig. 3. Similarly to Fig. 1, the red circles
and blue triangles show the measurement results for for-
ward current densities of 60 mA/cm2 and 9 A/cm2, re-
spectively. For the forward current density of 60 mA/cm2,
�I saturated as the incident light power increased; whereas
for the forward current density of 9 A/cm2, �I did not
saturate but continued to increase linearly. The curves A
and B show calculation results fitted to the experimen-
tal results using the above relationship �I = (eP/hν) ×
(G − 1). The stimulated emission gain G depends on the
incident light power as exp[g/(1 + P/Ps)] [23], where g

is the small-signal gain coefficient, and Ps is the satura-
tion power. For the fitted results, these values were g =
3.2 × 10−4 and Ps = 17 mW in the case of curve A,
and g = 2.2 × 10−2 and Ps = 7.1 × 102 mW in the case
of curve B. The increases in g and Ps as the forward
current increased were due to the increasing number of
electrons recombining. The experimental values and cal-
culated values showed good agreement in Fig. 3, confirm-
ing that the remarkable increase in photosensitivity shown
by the red circles and blue triangles in Fig. 1 was due
to optical amplification as a result of stimulated emis-
sion.

4.3 Photosensitivity characteristics with reverse bias

In Sects. 4.1 and 4.2 above, it was shown that the remark-
able increase in photosensitivity when a forward current
was applied is due to optical amplification based on stim-
ulated emission. In this subsection, in order to verify this,

Fig. 4 Relationship between reverse-bias voltage and photosensitivity.
The wavelength of the incident light was 1.32 µm

we measured the photosensitivity when a reverse bias volt-
age Vr was applied, while keeping the incident light power
fixed. The photoelectric conversion in this case is based on
the two-step excitation described by processes (1) and (2)
in Sect. 2. For these measurements, we set the stabilized
power supply to a constant-voltage mode and measured the
voltage variation across both ends of a 1 k� load resis-
tor. The red circles in Fig. 4 are the measurement results
of the relationship between the reverse bias voltage and the
photosensitivity. The maximum photosensitivity was about
3×10−4 A/W, which is about 1/300 of the value (0.10 A/W)
indicated by the blue triangles in Fig. 1 (a forward current
density of 9 A/cm2). When Vr = 0, the photosensitivity was
too low to be measured. When the reverse bias voltage was
low, for example, Vr = −1 V, the photosensitivity was about
2.5×10−5 A/W, and therefore, the value of 0.10 A/W above
shows that the photosensitivity at Vr = 0 was amplified by a
factor of at least 4000.

This figure shows that the photosensitivity increases
as the reverse bias voltage increased, and then saturated.
Electron–hole pairs created by light absorption are extracted
from the depletion layer, generating photocurrent, and the
photocurrent is proportional to the width w of the depletion
layer; therefore, we used the expression w = A

√−Vr [24]
representing the relationship between the width w and the
reverse bias voltage Vr , and the curve in this figure shows
the calculation results fitted to the measured values. Be-
cause the photosensitivity saturates as the reverse bias volt-
age increases, no electron avalanche effect [25] occurs. This
means that there is no contribution from an avalanche ef-
fect in the remarkable increase in photosensitivity observed
when a forward current was applied (see Sects. 4.1 and 4.2).
Therefore, it was confirmed that this remarkable increase in
photosensitivity was due to optical amplification based on
stimulated emission.
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5 Conclusion

We fabricated a new photodetector by subjecting a Si crys-
tal having p–n homojunction to a phonon-assisted anneal-
ing process. For incident light with a wavelength of 1.16 µm
and higher, this device showed a photosensitivity about three
times higher than a Si-PIN photodiode used as a reference.
The photosensitivity for 1.32 µm-wavelength incident light
was increased by applying a forward current, and we ob-
tained a photosensitivity of 0.10 A/W for a forward current
density of 9 A/cm2. This value is at least 4000 times greater
than the zero-bias photosensitivity, and the remarkable in-
crease was due to the manifestation of optical amplification
caused by the forward current injection. For a forward cur-
rent density of 9 A/cm2, the small-signal gain coefficient
for optical amplification was 2.2 × 10−2, and the saturation
power was 7.1 × 102 mW. There was no contribution from
an electron avalanche effect in this behavior. In a future pa-
per, we plan to report details of other characteristics, such as
the photosensitivity for incident light in the infrared region
at wavelengths other than 1.32 µm, the signal-to-noise ratio,
and the frequency response band.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.
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   Abstract 

 This paper reviews the theoretical picture of dressed photons 
used to describe the electromagnetic interactions between 
nanometric particles located in close proximity to each other. 
The coupling between a dressed photon and multi-mode 
coherent phonons is also presented, revealing the presence 
of a novel phonon-assisted process in light - matter interac-
tions. Applications of this novel process to innovative opti-
cal devices, fabrication technologies, energy conversion, and 
hierarchical systems are demonstrated.  

   Keywords:    (45.20.dh) Energy conversion;   (42.50.-p) 
Quantum optics;   (42.79.Nv) Optical frequency converters; 
  (42.82.Cr) Fabrication techniques;   (4.282.Gw) Other 
integrated-optical elements and systems;   (78.67.Hc) 
Quantum dots;   (78.68. + m) Optical properties of surfaces.     

  1. Introduction 

 Nanophotonics, proposed by the author in 1993  [1 – 3] , is a 
novel optical technology that utilizes the electromagnetic 
fi elds localized in nanometric space. These fi elds have been 
named optical near-fi elds due to their non-propagating fea-
tures. Nanophotonics enables the realization of qualita-
tive innovations in optical devices, fabrication techniques, 
energy conversion, and hierarchical systems by exploiting 
the novel functions and phenomena enabled by optical near-
fi eld interactions that would otherwise be impossible if only 
conventional propagating light were used. In this sense, the 
principles and concepts of dressed photon technology are 
quite different from those of conventional wave-optical tech-
nology encompassing photonic crystals  [4] , plasmonics  [5] , 
metamaterials  [6, 7] , silicon photonics  [8] , and quantum-
dot photonic devices  [9] . This is because these devices use 
propagating light even though the materials or particles used 
may be nanometer-sized. Advancing these innovations has 
required a deeper understanding of optical near-fi elds. The 
theoretical picture of dressed photons has been proposed to 
describe the electromagnetic interactions between nanomet-
ric particles located in close proximity to each other, giv-
ing birth to a new fi eld known as dressed photon technology. 

This article reviews the unique features of dressed photons 
and demonstrates examples of the innovations that can be 
achieved  [10] .  

  2. Principles 

 The optical near-fi eld is a virtual cloud of photons that always 
exists around an illuminated nanometric particle. A na ï ve 
wave-optical picture of the optical near-fi eld has been given 
 [11] . This picture, however, is not adequate for use as a the-
oretical basis for realizing qualitative innovations; to do so 
requires a quantum optical approach and quantum fi eld the-
ory. A real photon (also called a free photon, i.e., conventional 
propagating scattered light) can be emitted from an electron 
in an illuminated nanometric particle. Independently of the 
real photon, another photon is emitted from the electron, and 
this photon can be re-absorbed within a short duration. This 
photon, i.e., a virtual photon, is nothing more than the opti-
cal near-fi eld, and its energy is localized at the surface of the 
nanometric particle. Since the virtual photon remains in the 
proximity of the electron, it can couple with the electron in a 
unique manner. This coupled state, called a dressed photon, is 
a quasi-particle from the standpoint of photon energy transfer. 
It is the dressed photon, not the free photon, that carries the 
material excitation energy. The dressed photon has been theo-
retically described by assuming a multipolar quantum electro-
dynamic Hamiltonian in a Coulomb gauge and single-particle 
states in a fi nite nano-system  [12] . After a unitary transforma-
tion and some simple calculations, the creation and annihila-
tion operators of the dressed photon are expressed as the sum 
of the operators of the free photon and an electron - hole pair. 

 The real system is more complicated because the nanomet-
ric subsystem (composed of nanometric particles and dressed 
photons) is buried in a macroscopic subsystem composed of 
the macroscopic substrate material and the macroscopic inci-
dent and scattered light fi elds. A novel theory was developed 
to avoid describing all of the complicated behaviors of these 
subsystems rigorously, since we are interested only in the 
behavior of the nanometric subsystem. In this theory, the pro-
jection operator method is effectively employed for describing 
the quantum mechanical states of the system  [13] . As a result 
of this projection, the local electromagnetic interaction in the 
nanometric subsystem is expressed by a screened potential 
using a Yukawa function, which represents the dressed pho-
tons around the nanometric particles. The decay length of this 
potential is equivalent to the particle size. 

 A real nanometric material is composed not only of elec-
trons but also of a crystal lattice. In this case, after a dressed 
photon is generated on an illuminated nanometric particle, 
its energy can be exchanged with the crystal lattice. By this 
exchange, the crystal lattice can excite the vibration mode 
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coherently, creating a multi-mode coherent phonon state. As 
a result, the dressed photon and the coherent phonon can form 
a coupled state. The creation operator of this quasi-particle, 
representing the coupled state, is expressed as the product of 
the creation operator of the dressed photon and a displace-
ment operator of the phonon, which represents the creation 
of the coherent phonon state  [14, 15] . This coupled state 
(the dressed photon carrying the coherent phonon energy, 
or DP-CP for short) is a quasi-particle and is generated only 
when the particle size is small enough to excite the crystal 
lattice vibration coherently.  

  3. Devices 

 To realize optical devices with innovative operating principles 
while decreasing their sizes beyond the diffraction limit and 
reducing the energy consumption required for their opera-
tion, novel dressed photon devices and their associated inte-
grated circuits have been proposed  [16] . As a fi rst example of 
a basic device, an AND gate using three different-sized cubic 
quantum dots (QDs)  –  used as two input ports and one output 
port  –  has been demonstrated  [17] . By fi xing their size ratio to 
  1: 2:2, they satisfy the resonant condition for energy transfer 
by dressed photon exchange. In that study, AND gate opera-
tion was experimentally confi rmed at a temperature of 5 K by 
using cubic copper chloride (CuCl) QDs with sizes of 4 nm, 
6 nm, and 8 nm, separated from each other by 3 nm. The rise 
time of the output signal is 25 ps, which is determined by the 
time constant of the dressed photon exchange and is inversely 
proportional to the dressed photon interaction energy repre-
sented by the Yukawa function. The fall time is 4 ns, which is 
determined by the carrier lifetime. A decrease in the fall time is 
expected by extracting the energy of the lowest exciton energy 
level of the input QD into the other energy levels in the other 
QDs placed adjacent to it. The second example is a NOT gate, 
for which two different-sized QDs are used as input and input 
ports. NOT gate operation was experimentally confi rmed by 
using CuCl QDs, as in the case of the AND gate  [10] . 

 In another study, two layers of InAs QDs were grown on a 
substrate by molecular beam epitaxy in a size- and position-
controlled manner for room-temperature operation of logic 
gates, and the substrate was processed to form a two-dimen-
sionally aligned array of mesa structures (Figure  1  )  [18] . The 
mesa dimensions were 300 nm   ×  300 nm   ×  85 nm, and the 
areal density was 1  ×  10 8  units/cm 2 . Devices that operate as 
AND gates and NOT gates were implemented by adjusting 
the characteristics of the energy transfer via dressed photons 
between two InAs QDs in the upper and lower layers of the 
mesa structures. One hundred and thirty-three devices were 
fabricated, of which 53 devices operated successfully as AND 
gates and 50 devices operated as NOT gates. Figure  2   shows 
the NOT gate operation at room temperature. The Au nano-
particle plays the role of improving the output effi ciency of 
propagating light serving as an output signal of the device. 
That is, since the gallium arsenide (GaAs) constituting the 
barrier layer has a large refractive index, optical signals emit-
ted by the device are scattered backward in the direction of 

the substrate  [19] . The Au nanoparticle shown in Figure 1 
allows a greater portion of the scattered light to be released to 
the outside of the device. By combining AND and NOT gates, 
NOR, OR, and NAND gates can be assembled, allowing a 
complete set of logic gates to be realized for application to 
future information processing systems. 

 Two kinds of optical pulse generators have also been 
invented: One uses cooperative behavior of the induced 
electric dipoles in a chain of closely spaced QDs to realize 
Dicke ’ s super-radiant photon emission  [20] . The other uses 
two QD systems, each consisting of a combination of smaller 
and larger QDs  [21] . With an architecture in which the two 
QD systems take the role of a timing delay and frequency 
up-conversion, sustained pulsation with an oscillation period 
of several nano-seconds was numerically confi rmed. 

 A novel device named an optical nano-fountain has been 
devised as an input terminal to convert incident propagating 
light to dressed photons. Its operation is similar to that of 
the light-trapping antennae in light-harvesting bacteria  [22] . 
Proper device operation has been experimentally confi rmed 
by using CuCl QDs at low temperature. The output optical 
spot diameter was <10 nm, and the time required for energy 
transfer to the central largest QD was about 1 ns, which is 
governed by the time constant for dressed photon exchange. 
For room-temperature operation of this device, multi-layered 
InAs QDs were grown by molecular beam epitaxy, as in the 
case of Figure 1  [23] . A layer of large QDs was sandwiched 
by 30 layers of small QDs. As a result of optical energy trans-
fer, the photoluminescence intensity emitted from the large 
QDs was confi rmed to be 40 times larger than that from a 
solitary layer of large QDs. 

 An output terminal, i.e., effi cient energy conversion from 
dressed photons to propagating light, has been realized by fi xing 
a metallic nanometric particle in close proximity to the output 
QD of a dressed photon device, as was demonstrated in Figure 1. 
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 Figure 1    (A) Cross-sectional profi les of mesa-structured NOT 
gate devices and (B) SEM images. QD1 and QD2 are the larger and 
smaller quantum dots, respectively.    
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 Figure 2    Images of the two-dimensional array of NOT gates. (A) Image taken with an optical microscope. (B) Spatial profi le of the output 
optical signals emitted from the area surrounded by the white lines in (A), which were acquired by microspectroscopic measurements. Upper 
and lower images show the profi le without and with the input optical signal, respectively. The areas surrounded by the dashed circles in the 
lower fi gure correspond to the output optical signals from the mesa-structures reliably operating as NOT logic gates.    

An optical buffering operation has been confi rmed by using 
multiple-quantum wells in a zinc oxide (ZnO) nanorod  [24]  and 
by utilizing the time-delayed energy concentration feature of an 
optical nano-fountain  [25] . A nano-dot coupler using a chain of 
cadmium selenide (CdSe) QDs  [26]  has also been devised. 

 The dressed photon devices reviewed above have several 
unique features that establish their superiority over conven-
tional wave-optical devices  [5 – 9]  for application to next-
generation information processing systems. One feature is 
undoubtedly their nanometer-scale dimensions reaching 
down beyond the diffraction limit, which is an example of 
a quantitative innovation in optical technology. However, it 
should be noted that the true nature of dressed photon devices 
involves their ability to realize qualitative innovations, origi-
nating from their unique features, listed below. 

  Low heat generation and low energy dissipation: A dressed 1. 
photon device dissipates energy only through the relax-
ation from an upper electric-dipole - forbidden energy level 
to a lower electric-dipole - allowed energy level. It was 
found that the bit error rate of a device remained lower 
than 10 -6  if the magnitude of the energy dissipation due to 
the relaxation in the large QD was larger than 25  μ eV  [27] . 
This small value of energy dissipation suggests that the 
heat generation of dressed photon devices could be sub-
stantially lower than that of conventional electronic logic 
devices  [28] . In fact, this low energy dissipation could be 
as low as that of the computational operations in biologi-
cal systems  [29] .  
  Single photon operation: The capability of dressed pho-2. 
ton devices to operate based on single photons has been 
confi rmed by the Hanbury Brown and Twiss method 
 [30] , where two closely spaced CuCl QDs were used at 
15 K  [31] . Single photon emission was guaranteed by 
three blockade mechanisms: tuning the incident light to 
the smaller QD and using an electric-dipole - forbidden 
energy level in the larger QD, using the dressed photon 

interaction to transfer energy from the smaller QD to the 
larger QD, and using a single exciton emission level in 
the larger QD. These mechanisms are supported by the 
large binding energy of the exciton molecule. A 99.3 %  
plausibility of single-photon emission was confi rmed with 
99.98 %  accuracy.  
  Resistance to non-invasive attacks: Conventional elec-3. 
tronic and optical devices need electrical or optical wires 
to dissipate their energies toward the external macroscopic 
loads in order to fi x the output signal intensity. Since it is 
straightforward to monitor the signals transmitted through 
these wires by using electrical or optical sensing probes, 
non-invasive attacks are possible  [32] . In contrast, a dressed 
photon device dissipates energy only through relaxation 
from the higher to lower energy levels in the QD. Because 
the energy is dissipated by non-radiative relaxation to the 
crystal lattice vibration in the QD and also because its 
magnitude is very low, non-invasive attacks are extremely 
diffi cult, and thus, tamper resistance is high  [33] .    

 Based on the three unique features outlined above, dressed 
photon devices have already been employed for demonstrat-
ing novel information processing systems. One example is a 
highly integrated content addressable memory of an optical 
router system  [34] .  

  4. Fabrication technologies 

 Novel fabrication technologies have been developed utiliz-
ing dressed photons. Some examples are reviewed in this 
section. 

  4.1. Photochemical vapor deposition 

 Photochemical vapor deposition (PCVD) involves depositing 
particles or fi lms on a substrate by photo-dissociating organic 
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molecules. In the case of metallic Zinc (Zn) deposition as an 
example, a popularly employed metal-organic molecule is 
gaseous diethylzinc (DEZ), which has been employed as a 
parent gas due to its strong optical absorption  [35] . Its photo-
absorption energy,  E   abs  , and dissociation energy,  E   dis  , are 4.59 
eV and 2.26 eV, respectively. In a novel PCVD method using 
a DP-CP, the molecule can be excited from  |  E   g  ; el   〉   ⊗  |  E   l  ;vib  〉   to 
 |  E   g  ; el   〉   ⊗  |  E   h  ;vib  〉   by absorbing the DP-CP energy, even though 
this transition is electric-dipole - forbidden. Here,  |  E   g  ; el   〉  , 
 |  E   l  ;vib  〉  , and  |  E   h  ;vib  〉   represent the ground electronic state, the 
lowest molecular vibrational energy state, and a high molecu-
lar vibrational energy state, respectively. Such processes are 
named phonon-assisted processes. If the incident photon 
energy  hv  is higher than  E   dis  , transfer of a single DP-CP from 
the fi ber probe tip to the molecule is suffi cient for dissoci-
ation. On the other hand, when  hv   <   E   dis  , a two-step DP-CP 
transfer, i.e.,  |  E   g  ; el   〉   ⊗  |  E   l  ;vib  〉   →  |  E   g  ; el   〉   ⊗  |  E   h  ;vib  〉   →  |  E   ex  ; el   〉   ⊗  
|  E   l  ;vib  〉  , is required for dissociation, by which the molecule 
can be excited to the excited electronic state  |  E   ex  ; el   〉  . One tech-
nical advantage of these phonon-assisted processes is that a 
high-power-consumption short-wavelength light source is not 
required. In principle, one can use a longer-wavelength light 
source even if its photon energy is lower than  E   dis  , which rep-
resents a qualitative innovation of this novel PCVD method. 

 Figures  3 (A), (B), and (C) show AFM images of the nano-
metric Zn particles deposited on a sapphire substrate as a 
result of dissociating DEZ molecules by phonon-assisted 
PCVD using ultraviolet ( hv   =  3.81 eV; wavelength  =  325 nm), 
blue ( hv   =  2.54 eV; wavelength  =  488 nm), and red ( hv   =  1.81 
eV; wavelength  =  684 nm) light sources, respectively, for gen-
erating the DP-CP at the fi ber probe tip  [36] . 

 Figure 3(D) shows the relation between the photon fl ux, I , 
of the light incident on the fi ber probe tip for generating 
the DP-CP and the deposition rate,  R , of the Zn nanomet-
ric particles on the substrate, which can be expressed as 
 R   =   aI  +  bI  2  +  cI  3  +  … , where the fi rst, second, and third terms rep-
resent single-, two-, and three-step excitation by the DP-CP, 

respectively. Since the relation  hv   >   E   dis   holds in the case of 
the ultraviolet light source [Figure 3(A)], single-step excita-
tion is suffi cient to dissociate the DEZ molecules. Thus, the 
experimental results are fi tted by  R   =   aI . Since  hv   >   E   dis   also 
holds in the case of the blue light [Figure 3(B)], single-step 
excitation is suffi cient here, too. However, by increasing the 
incident light intensity  I , two-step excitation becomes pos-
sible. Thus, the experimental results are fi tted by  R   =   aI  +  bI  2 . 
Since  hv   <   E   dis   holds in the case of the red light [Figure 3(C)], 
two-step excitation is essential for dissociation. By increas-
ing  I , even three-step excitation becomes possible. Thus, 
the experimental results are fi tted by  R   =   bI  2  +  cI  3 . Theoretical 
studies have shown that the ratios between the coeffi cients 
 a,b,c , …  satisfy the relation  b/a   =   c/b   =….  This relation was 
confi rmed experimentally by measuring the values of  b/a  
and  c/b , which were found to be on the order of 10 -15   [37] . 
It should be pointed out that a nanometric Zn particle can 
be deposited even by dissociating optically inactive zinc-
bis(acetylacetonate) [Zn(acac) 2 ] molecules  [37] .  

  4.2. Photolithography 

 Conventional photolithography is well-established and has 
matured as information technology has moved towards min-
iaturization with the associated exponential increase in the 
density of transistors that can be fabricated on computer 
chips. In a laboratory setting, lithographic patterns with a 
line resolution of about 100 nm have been obtained using 
193 nm-wavelength UV radiation  [38] . Although several 
studies of optical near-fi eld lithography have recently been 
reported  [39] , it is unlikely to fi nd industrial applications and 
can be considered only as a complementary method to other 
photolithographic techniques. To solve these problems, the 
phonon-assisted process described above has been applied 
also to photolithography to pattern widely available com-
mercial photoresists by using a visible light source, even 
though such photoresists are sensitive only to UV light. To 
confi rm this patterning ability, a fi lm of commercial photo-
resist (OFPR) was coated on a substrate, and a photomask 
having a sub-wavelength sized aperture was mounted on 
it. Irradiating the photomask and photoresist with visible 
light generated a DP-CP at the edge of the aperture of the 
photomask, and its energy was transferred to the photore-
sist, thereby activating and patterning the photoresist by the 
phonon-assisted process  [40] . Figure  4  (A) shows an AFM 
image of the linear pattern formed on the OFPR photore-
sist. The linewidth of the fabricated pattern was as narrow 
as 90 nm, which is equivalent to the width of the aperture 
and is much narrower than the wavelength (550 nm) of the 
incident visible light. For comparison with conventional 
photolithography, which is based on an adiabatic process, 
the same OFPR photoresist and the same photomask were 
used. Here, they were illuminated by UV light, to which the 
OFPR photoresist was sensitive. As shown in Figure 4(B), 
the resultant linewidth of the pattern was as wide as 300 nm, 
which is much broader than that of Figure 4(A). The broader 
linewidth was due to diffraction of the propagating UV light 
passing through the aperture. 
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Figure 3 Experimental results of depositing nanometric Zn parti-
cles on a sapphire substrate by phonon-assisted PCVD. (A), (B), (C) 
AFM images of the deposited nanometric Zn particles using ultra-
violet, blue, and red light sources, respectively. (D) Relation between 
the incident photon fl ux and the deposition rate.
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 Figure 4    Photolithography by phonon-assisted process and con-
ventional adiabatic process. (A), (B) AFM images of OFPR photore-
sist patterned by visible and UV light, respectively.    

 Based on the results outlined above, a prototype machine 
has been constructed for producing commercial patterned 
devices  [41] . It occupies an area as small as 1 m 2 . It uses a 
conventional xenon (Xe) lamp as a light source and is oper-
ated by computer-controlled robotics. A resolution of 20 – 50 
nm is guaranteed for a substrate area of 50 mm  ×  60 mm. It 
should be pointed out that a metallic photomask may degrade 
the resolution due to diffraction of the plasmonic wave. To 
solve this problem, the plasmonic wave on the photomask 
surface must be suppressed; it has been confi rmed that Si is a 
suitable photomask material for this purpose. 

 A linear pattern with a minimum linewidth of 22 nm has 
been realized by using high-resolution photoresist  [41] . Other 
examples of fabricated structures include diffraction gratings 
and Fresnel zone plates for soft X-rays with a wavelength of 
0.5 – 1.0 nm. These devices were fabricated by using green 
light, whose wavelength is more than 500 times longer than 
that of soft X-rays. For the diffraction gratings, corrugations 
of 7600 lines/mm were patterned on a Si substrate, as shown 
in Figure  5  (A), and were then coated with molybdenum/
silicon dioxide (Mo/SiO 2 ) multilayer fi lms. The evaluated 
diffraction effi ciency was as high as 3 %  in the soft X-ray 
wavelength range of 0.5 – 1.0 nm. This is higher than that of a 
commercially available diffraction grating fabricated using a 
Potassium Hydrogen Phtalate (KAP) crystal lattice  [42] . For 
Fresnel zone plates, concentric circular patterns were fabri-
cated on a tantalum (Ta) fi lm  [43] ; SEM images are shown 
in Figure 5(B). The outer diameter, linewidth at the rim, and 
number of rings were 400  μ m, 420 nm, and 230, respectively. 
The thickness of the Ta was 65 nm. By evaluating the contrast 
of the pattern as a function of the order of the rings [Figure 
5(C)], it was confi rmed that the phonon-assisted photolithog-
raphy realized higher contrast than the conventional photo-
lithography, especially for rings of higher order. A notable 
advantage of this method of fabricating soft X-ray devices is 
its mass-production capability. For example, with an exposure 
of several minutes, a pattern consisting of a two-dimensional 
array of Fresnel zone plates prepared on the photomask was 
transferred to the photoresist, allowing 49 Fresnel zone plates 
to be fabricated simultaneously.  

  4.3. Self-proceeding smoothing 

 Novel methods of smoothing surfaces are reviewed in this 
subsection, which are high-throughput fabrication technolo-
gies because neither a fi ber probe nor a photomask is required. 
The key to these methods is to exploit the fact that DP-CPs 
can always be generated on a nanometrically rough material 
surface when it is illuminated with propagating light. The 
generated DP-CPs cause smoothing of locally rough parts, 
which then become fl at, and the smoothing stops spontane-
ously because DP-CPs are no longer generated. Thus, they are 
called self-proceeding processes. Two methods are reviewed 
here. 

  1. Etching  [44] : Substrates with ultra-fl at surfaces of sub-
nanometer roughness are required for various applications, 
including the manufacture of high-quality, extreme-UV 
optical components, high-power lasers, ultra-short-pulse 
lasers, and future optical devices with dimensions at the 
sub-100-nm scale. It is estimated that the required surface 
roughness,  R   a  , will be <0.1 nm  [45] . Conventionally, chemi-
cal-mechanical polishing (CMP) has been used to fl atten the 
surface  [46] . However, CMP has diffi culties in reducing  R   a   
to <0.2 nm because the polishing pad roughness is as large 
as 10  μ m, and the diameters of the polishing particles in the 
slurry are as large as 100 nm. In addition, polishing causes 
scratches or digs due to the contact between the polishing 
particles and/or impurities in the slurry and the substrate. To 
solve these problems, phonon-assisted photochemical etch-
ing was developed for smoothing the surface of glass. In 
this process, a quartz glass substrate with nanometric sur-
face roughness is installed in a vacuum chamber fi lled with 
gaseous chlorine (Cl 2 ) molecules. Although the absorption 
band edge wavelength of these molecules is 400 nm, green 
propagating light with a wavelength as long as 532 nm is 
used for photochemical etching. The Cl 2  molecules remain 
stable above the fl at glass surface because of the absence of 
DP-CPs. However, when DP-CPs are generated at the tips of 
bumps on the illuminated rough surface, by the exchange of 
DP-CPs between the bumps and the Cl 2  molecules, the Cl 2  
molecules are dissociated (as in Subsection 4.1) to produce 
chlorine (Cl) radicals, which etch the tips of the bumps. By 
this phonon-assisted process, the photochemical etching 
starts spontaneously to remove the bumps when the glass 
surface is illuminated with incident propagating light, and it 
stops spontaneously when the glass surface becomes so fl at 
that DP-CPs are no longer generated.

As shown in Figure  6  , the magnitude of the roughness, 
 R   a  , evaluated by atomic force microscopic measurements, 
decreased to 0.13 nm after 30 min of photochemical etch-
ing. In order for  in situ  real-time monitoring of the change in 
surface roughness during the photochemical etching, red CW 
laser light (wavelength  =  633 nm) was radiated onto the sub-
strate surface in addition to the green CW laser light used for 
etching, and the scattered red light intensity was monitored 
 [47] . As shown in Figure 6, the monitored results are consis-
tent with the results of the  R   a   measurements.

After the photochemical etching, high-refl ectivity fi lms were 
coated on the glass substrate to produce a mirror suitable for 
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 Figure 5    Fabricated soft X-ray devices. (a) SEM image of the dif-
fraction grating. (b), (c) SEM image of the Fresnel zone plate and 
the relation between the order of the rings and the contrast, respec-
tively. Zigzag lines A and B represent the contrasts of the Fresnel 
zone plates fabricated by phonon-assisted and conventional adiabatic 
lithography, respectively.    

high-power lasers  [48] . Its laser damage threshold was evalu-
ated by shooting the mirror with 355 nm laser pulses, which is a 
standard evaluation method (the  “ 200 on 1 ”  method in compli-
ance with the international standard ISO 11254). The damage 
threshold was 14.0 J/cm 2 , which was 1.7 times higher than that 
of a mirror made from a conventional CMP substrate.

The methods reviewed above can be applied not only to 
planar substrates but also to convex and concave substrates. 
They can also be applied to the inner surface of a cylinder 
if it can be illuminated by propagating light. Side-walls 
of the corrugations of a diffraction grating pattern in soda 
lime glass have been also polished with this technique  [49] . 
Furthermore, they can also be applied to a variety of materi-
als, such as glasses, crystals, ceramics, metals, plastics, and 
so on. They can be used to polish surfaces of magnetic disks, 
photomasks for high-resolution photolithography, and so on.  

2.   Desorption  [50] : Transparent polycrystalline ceramics 
are attracting interest for applications in optical technol-
ogy  [51 – 54] , particularly for use as gain media for solid 
state lasers or optical windows  [55 – 58] . To realize higher 
lasing effi ciency or to reduce the scattering loss in optical 
windows, it is necessary to decrease the surface roughness. 
To meet this requirement, CMP is diffi cult to apply to poly-
crystalline ceramics because of their anisotropic interaction 
with the polishing medium. A key problem with CMP is 
that it may cause scratches because of collisions with the 
abrasive grains in the slurry. Furthermore, CMP may cause 
bumps on the surface, due to the difference in etching rates 
between adjacent grains and the polycrystal. To solve these 
problems, phonon-assisted desorption has been developed 
for smoothing the surface of transparent alumina (Al 2 O 3 ), 
which is a hard polycrystalline ceramic, with the aim of 
fabricating low-loss gain media for ceramic lasers to be 
used in laser-driven spark plugs for the ignition systems in 
automobile engines. It is expected that the surface rough-
ness, including the scratches formed in the preliminary 
grinding by diamond abrasive grains, will be repaired by 
sputtering Al 2 O 3  particles and phonon-assisted desorption. 
For this purpose, Al 2 O 3  particles are deposited on the sub-
strate by RF sputtering. The substrate is illuminated with 
visible light (power density, 400 mW/cm 2 ) whose wave-
length (473 nm) is longer than that of the absorption band 
edge wavelength (260 nm) of the Al 2 O 3  particles. By this 
illumination, DP-CPs are generated on the ridges of the 
scratches, which causes the Al 2 O 3  particles to be activated, 
increasing the migration length, or which causes them to be 
desorbed from the ridges. By this phonon-assisted process, 
the deposition at the ridges is suppressed, whereas the bot-
toms of the scratches are fi lled by the Al 2 O 3  particles, and 
fi nally, the scratches are repaired. Experimental results are 
shown in Figure  7  , which shows a drastic change in the 
surface profi le. Statistical analysis using a Hough transform 
revealed that the average width of the scratches decreased 
from 128 nm to 92 nm using this method. The average depth 
decreased from 3 nm to 1 nm.      

  5. Energy conversion 

 This section reviews novel methods of conversion between 
optical and electrical energies by using DP-CPs. 

  5.1. Optical to optical energy 

 Frequency up-conversion of infrared light is advantageous 
for many applications, such as expanding the effective band-
width of photodetectors or imaging sensors. Although second 
harmonic generation (SHG)  [59]  and phosphorescence using 
a multistep transition  [60]  are popular alternatives, SHG 
requires high-power, coherent light or a built-up cavity for 
high effi ciency, and phosphorescence suffers from problems 
with saturation of the emitted light intensity. To increase the 
frequency up-conversion effi ciency and to avoid these prob-
lems, a novel optical energy up-conversion method has been 
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 Figure 6    Results of phonon-assisted photochemical etching of a glass substrate surface. (A), (B) AFM images of the glass surfaces before and 
after the etching. (C) Relation between the etching time, the surface roughness,  R   a  , and scattered light intensity.    

 Figure 7    AFM images of alumina substrate surface (A) before and 
(B) after RF sputtering under visible light illumination.    

realized by using powdery grains of 4-dicyanomethylene-2-
methyl-6-p-dimethylaminostyryl-4H-pyran (DCM) organic 
dye molecules as a test specimen  [61] . Although the absorp-
tion band-edge wavelength of the DCM is as short as 670 
nm, the grains are illuminated by near-infrared light with a 
wavelength of 805 nm. This illumination generates DP-CPs 
at the edges of the grains, which are then exchanged between 
adjacent grains. As a result of this exchange, an electron in 
an adjacent grain is excited by a phonon-assisted process and 
then emits photons whose energies are higher than that of the 
incident light due to the contribution of the phonon energy. 

 Curve A in Figure  8   shows the spectral profi le of the fre-
quency up-converted light. For comparison, curve B is the 
spectral profi le of the conventional fl uorescence excited by 
the 402 nm-wavelength light. The spectral profi les show 
similar shapes in the wavelength range shorter than 660 nm, 
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 Figure 8    Spectral profi les of frequency up-converted light. Curve 
A is the spectrum obtained by applying near-infrared light with a 
wavelength of 805 nm. Curve B is the conventional fl uorescence 
spectrum. The inset photos show optical microscope images of the 
up-converted light and conventional fl uorescence.    

which means that the up-converted light is emitted from the 
electrons in the same excited state as that involved in emit-
ting the fl uorescence. The spectral intensity of curve A in the 
longer wavelength range is as high as that of its spectral peak, 
which means that the longer wavelength light is emitted from 
a long-lived electronic excited state to which the electron 
relaxes after the phonon-assisted excitation. Inset images in this 
fi gure show optical microscope images of the frequency up-
converted light and conventional fl uorescence. The lower image 
shows an inhomogeneous spatial distribution of the emitted 
light intensity because the light was emitted selectively from 
the edges of the grains, showing the phonon-assisted process 
due to the DP-CPs. In the upper image, the spatial distribution 
of the fl uorescence intensity is homogenous, in contrast to that 
of the lower image. Figure  9  (A) shows the relation between 
the incident photon fl ux used for excitation and the frequency 
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 Figure 9    Frequency up-converted light intensity and the effi ciency of conversion. (a) Relation between the incident photon fl ux and the emit-
ted photon fl ux. Curves A and B represent the intensity of the wavelength components of 650 nm and 690 nm, respectively. (b) Effi ciency of 
the frequency up-conversion as a function of the incident light power density (curve A). For comparison, the effi ciency of the second harmonic 
generation from a KDP crystal is also shown (line B).    

up-converted photon fl ux emitted from the DCM. Experimental 
results are presented for the wavelength components of 650 nm 
and 690 nm, to which the second-order curve was least-squares 
fi tted. The fi tted results are represented by solid curves A and 
B. These curves show that the frequency up-conversion is due 
to the two-step excitation by the DP-CPs  [62] . The curve A in 
Figure 9(B) shows the relation between the incident light power 
density and the effi ciency of the frequency up-conversion. For 
comparison, the line B shows the effi ciency of conventional sec-
ond harmonic generation from a popular Potassium Dihydrogen 
Phosphate (KDP) crystal, which has the same optical thickness 
as that of the powdery grains of DCM. It is easily found that 
the effi ciency of the frequency up-conversion is more than 100 
times greater than that of the second harmonic generation for an 
incident light power density lower than 1 W/cm 2 . By increas-
ing the incident light power density, the second-step excitation 
of the phonon-assisted process becomes dominant, and thus, 
the conversion effi ciency increases in proportion to the inci-
dent light power density. Therefore, the conversion effi ciency 
remains higher than that of the second harmonic generation 
even at higher incident power density. 

 It has been found that non-degenerate two-step excitation 
can also emit higher-frequency light by using two mutually 
independent light beams with different wavelengths  [63] . 
Using this excitation, a novel system for optical pulse shape 
measurement has been developed: Due to the two non-degen-
erate optical pulses, the DCM is excited by the two-step pho-
non-assisted process. By measuring the emitted light intensity 
with a conventional visible-light photodetector as a function 
of the time delay of the incident reference optical pulse, the 
optical pulse shape to be measured can be acquired. Using 
the DCM, the shape of the 800 nm-wavelength optical pulse 
was measured with a temporal resolution of 0.8 ps, which 
was limited by the lifetime of the intermediate state involved 
in the two-step excitation. The measured optical pulse shape 
has low jitter because the measurement system employs only 
optical processes, unlike the conventional streak-camera 
system employing electro-optical processes. By using other 
commercially available dye molecules, such as Coumarin, the 

measurable wavelength range can be extended to 1.3 – 1.55 
 μ m with a temporal resolution of 0.8 ps, which enables opti-
cal pulse shape measurement for optical fi ber transmission 
systems.  

  5.2. Optical to electrical energy 

 A key issue in the progress of optical technologies is improv-
ing the performance of semiconductor photovoltaic devices, 
for example, increasing their conversion effi ciency. Although 
it is also essential to expand their working wavelength range, 
the long-wavelength cutoff,   λ    c  , is governed by the bandgap 
energy,  E   g  , of the semiconductor material used as the active 
medium for these devices. To expand the wavelength range, 
lower  E   g   is required, which can be achieved by exploring 
novel semiconductor materials or structures. This subsection 
reviews a novel method of expanding the working wavelength 
range of a photovoltaic device beyond the one limited by  E   g  , 
even though the semiconductor materials remain untreated. It 
utilizes a phonon-assisted process to convert optical energy 
to electrical energy with frequency up-conversion to realize 
selective photocurrent generation in the transparent wave-
length range of the photovoltaic device material  [64] . This 
frequency up-conversion can extend the photo-detection 
bandwidth of photovoltaic devices, which has been confi rmed 
by using a poly(3-hexylthiophene) (P3HT) organic thin fi lm 
as a p-type semiconductor and a ZnO fi lm as an n-type semi-
conductor. The absorption band-edge wavelength, i.e., the 
long-wavelength cutoff,   λ    c  , is 570 nm, which is governed by 
the bandgap energy,  E   g  , of the P3HT. An ITO layer and an 
silver (Ag) layer were used as electrodes of the device. 

 The phonon-assisted process is used twice: once for effi -
cient photocurrent generation in the wavelength range beyond 
the one limited by  E   g  , and once for fabricating a metallic 
electrode for the device, in which the morphology of the Ag 
electrode surface can be controlled in a self-organized manner 
 [65]  so that the phonon-assisted process is effi ciently induced 
for photocurrent generation. For this self-organized control, 
Ag is deposited by RF-sputtering under light illumination 

Brought to you by | University of Tokyo / Tokyo Daigaku (University of Tokyo / Tokyo Daigaku)
Authenticated | 172.16.1.226

Download Date | 7/19/12 4:30 AM



M. Ohtsu: Dressed photon technology  91

on a previously deposited Ag thin fi lm while the P3HT/ZnO 
pn-junction is reversely biased with a DC voltage  V   b  . Here, 
 V   b   was fi xed to -1.5 V, and the wavelength,   λ   0 , of the incident 
light was 660 nm, which is longer than   λ    c   of the P3HT. It 
is expected that this deposition with light illumination con-
trols the morphology of the Ag fi lm as a result of the phonon-
assisted process induced by the DP-CPs. When the Ag fi lm 
with this controlled morphology is used as an electrode of 
the photovoltaic device, it is also expected that a conspicu-
ous phonon-assisted process will be induced for photocurrent 
generation. 

 The mechanism of controlling the morphology is as fol-
lows: Under light illumination, a dressed photon is generated 
on the Ag surface. This dressed photon excites a coherent 
phonon at the pn-junction, resulting in generation of a DP-CP. 
By the two-step phonon-assisted process, induced by the 
DP-CP, electrons can be excited to create electron - hole pairs 
at the pn-junction even though the photon energy of the inci-
dent light is lower than  E   g  . The created electron - hole pairs 
disappear because the electrons and positive holes are sepa-
rated from each other due to the electric fi eld of the reverse 
bias voltage. As a result, the positive holes are injected into 
the deposited Ag. Since the sputtered Ag is positively ionized 
due to the transmission of the Ag through the argon plasma 
or due to the collision of the argon plasma with the Ag target 
used for RF-sputtering, these positively ionized Ag particles 
are repulsed from the area of the positively charged Ag fi lm 
into which the positive holes have been injected in the manner 
described above. This means that subsequent deposition of 
Ag is suppressed in the area in which the DP-CP energy den-
sity is higher than in other areas. As a result, a unique granular 
Ag fi lm is formed, which depends on the spatial distribution 
of the DP-CP energy density. This granular Ag fi lm grows in 
a self-assembled manner with increasing RF-sputtering time, 
resulting in the formation of a unique morphology. 

 By using this morphology-controlled Ag fi lm as an elec-
trode of the photovoltaic device and by applying the inci-
dent light from the rear surface of the sapphire substrate, it is 
expected that the DP-CPs can be effi ciently generated on the 
electrode. Thus, electron - hole pairs can be created effi ciently 
by the phonon-assisted process if this device is illuminated 
by light with the same wavelength,   λ   0 , as the one used for 
controlling the morphology. On the other hand, if it is illumi-
nated by light of a different wavelength,   λ   1 , the effi ciency of 
the electron - hole pair creation should be lower because the 
spatial profi le and the photon energy of the generated DP-CPs 
are different from those in the case where wavelength   λ   0  is 
used. Thus, this device should exhibit wavelength-selectivity 
in the photocurrent generation, which should take a maximum 
at the wavelength λ     0 . Furthermore, since this wavelength is 
longer than   λ    c  , the working wavelength becomes longer than 
that limited by  E   g  . 

 By depositing Ag on the previously fabricated Ag fi lm 
by RF sputtering, a fi rst device (Device 1) was fabricated 
without applying the bias voltage,  V   b  , or the incident light 
power,  P , which was used as a reference to evaluate the per-
formance of a second device (Device 2). For Device 2,  V   b   
and  P  were -1.5 V and 70 mW, respectively. Inset photos 

 Figure 10    Dependence of the generated photocurrent densities on 
the wavelength of the incident light. Curves A and B are for Devices 
1 and 2, respectively. Inset photos show SEM images of Ag fi lm sur-
faces for Devices 1 and 2.    

in Figure  10   show SEM images of the Ag fi lm surfaces of 
Devices 1 and 2. By comparing them, it is clear that the Ag 
surface of Device 2 was very rough, with larger grains than 
those of Device 1. The average and standard deviation of the 
grain diameters of Device 2 were 86 nm and 32 nm, respec-
tively. Since the sum of the thicknesses of the Ag and P3HT 
was estimated to be <70 nm, it is expected that the DP-CPs 
generated on the Ag grains of Device 2 can extend to the 
pn-junction. As a result, it is expected that these DP-CPs 
effi ciently create electron - hole pairs at the pn-junction by 
the phonon-assisted process. 

 The wavelength dependences of the photocurrent generation 
in the longer wavelength range beyond  E   g   of P3HT are shown 
in Figure 10. Based on a linear relation between the incident 
light power and the generated photocurrent density, the power 
density of the incident light, which was radiated through the 
transparent ITO electrode, was fi xed to 125 mW/cm 2  (optical 
power  =  1 mW). The photocurrent density from Device 1 was 
very low, but it is shown by curve A as a reference. Curve B 
represents the measured photocurrent densities from Device 
2, generated by incident light with wavelengths up to   λ    i    =  670 
nm, which clearly demonstrates the extension of the working 
wavelength range beyond that limited by  E   g   of P3HT. The 
photocurrent of curve B was the highest at   λ    ip    =  620 nm. Thus, 
Device 2 effectively functions as a wavelength-selective pho-
tovoltaic device for incident light with a wavelength beyond 
that limited by  E   g  . The wavelength   λ    ip   is 40 nm shorter than 
  λ   0 , which is attributed to the DC Stark effect induced by the 
reverse bias voltage,  V   b  , applied in the process of controlling 
the morphology. The photocurrent density was 0.15 mW/cm 2  at 
the peak of curve B, which corresponds to a quantum effi ciency 
of 0.24 % , which is as high as that of a conventional hetero-
junction photovoltaic device using P3HT  [66] . However, it 
should be pointed out that Device 2 realized such high quantum 
effi ciency even for wavelengths longer than the one limited by 
 E   g   of P3HT. This morphology-controlling technology using 
DP-CPs can be applied not only to the device described here 
using the organic P3HT thin fi lm but also to a variety of other 
photovoltaic devices, including solar cell batteries. 

 The morphology was analyzed, and a stochastic model was 
constructed in order to understand the principles behind the 
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self-organized pattern formation process  [67] . The modeling 
includes the geometrical characteristics of the structures, their 
associated dressed photons, and the matter that fl ows in and 
out of the system. The numerical simulation exhibited behav-
ior consistent with the experimental results. These phenom-
ena can be regarded as a new kind of self-organized criticality 
taking account of dressed photons.  

  5.3. Electrical to optical energy 

 Although silicon (Si) is a semiconductor having low toxicity and 
no concerns about depletion of resources, its photon emission 
effi ciency is low because it is an indirect transition type semi-
conductor. However, because of the growing concern over envi-
ronmental issues, light emitting diodes (LEDs) using Si have 
recently been investigated. For example, in the visible region, 
porous Si  [68] , silicon/silicon dioxide (Si/SiO 2 ) superlattice 
structures  [69, 70] , and Si nanoprecipitates in SiO 2   [71]  have 
been used, and in the infrared region, erbium-doped Si  [72]  and 
silicon-germanium (Si-Ge)  [73]  have been used. However, their 
emission effi ciencies are still lower than 1 %   [74] . 

 In this subsection, a novel fabrication technology and 
operation of a highly effi cient, broadband LED using a 
bulk crystal Si having a simple homojunction structure are 
reviewed. The spatial distribution of the dopant density in 
the Si is varied by annealing using a phonon-assisted pro-
cess induced by a dressed photon  [36] . By this process, an 
electron - hole pair is created even if light having a photon 
energy smaller than the Si bandgap energy,  E   g  , is incident. 
The reason for this is that it is possible for electrons in the 
valence band to be excited to the conduction band via an 
electric-dipole - forbidden transition to the phonon level. This 
excitation is a two-step transition, as in the cases described in 
Subsections 5.1 and 5.2. 

 There is an inverse process to this process, namely, the two-
step spontaneous emission process  [64] . Some of the DP-CPs 
spontaneously emitted by this two-step process are converted 
to observable propagating light, allowing an LED to be real-
ized. The emission wavelength of this device depends not on 
the bandgap energy,  E   g  , but on the energy of the DP-CP gen-
erated in the vicinity of the p-n junction. 

 It is well-known that a phonon is needed for an indirect 
transition type semiconductor to spontaneously emit propa-
gating light. This is because, for spontaneous emission, the 
wavenumber must be conserved. A DP-CP, however, has 
multiple modes that satisfy the wavenumber conservation law 
because the photons are strongly coupled with multi-mode 
phonons  [36, 75] , and thus, the probability of spontaneous 
emission due to the DP-CP is extremely high. In addition, this 
phonon-assisted process can also involve a two-step stimu-
lated emission process. 

 To realize an LED device, the two-step phonon-assisted 
process involving DP-CPs was used twice: once for operating 
the device to obtain spontaneously emitted light, and once for 
fabricating the device, in other words, for self-organized con-
trol of the spatial distribution of the dopant density suitable 
for high-effi ciency spontaneous emission. The second usage 
method is described in the following. 

 To fabricate the device, an arcenic (As)-doped n-type Si 
crystal wafer was used, which was then doped with boron (B) 
by ion implantation to form a p-layer. After forming a p-n 
homojunction in this way, an ITO layer and an Al layer were 
deposited, to be used as positive and negative electrodes, 
respectively. Finally, a forward bias voltage of 16 V was 
applied to generate Joule heating for performing annealing, 
which diffuses the B and varies the spatial distribution of its 
concentration. During this process, laser light (optical power 
density  =  10 W/cm 2 ) with a photon energy ( hv   anneal    =  0.95 eV, 
wavelength  =  1.30  μ m) smaller than the bandgap energy of Si 
( E   g    =  1.12 eV)  [76]  was radiated from the ITO electrode side. 

 This radiation induced a phonon-assisted process, modify-
ing the B diffusion by annealing, and forming characteristic 
minute inhomogeneous domain boundaries in a self-organized 
manner. This was due to the following three reasons: Because 
the forward bias voltage (16 V) is much higher than  E   g  (  =  1.12 
eV), the difference between the quasi-Fermi energies of the 
conduction and valence bands is higher than  E   g  , thus satisfy-
ing the Bernard - Duraffourg inversion condition. Also, when 
light with a photon energy  hv   anneal   below  E   g   is radiated, this 
light propagates in the substrate without being absorbed in the 
Si and generates dressed photons at the domain boundaries 
of the inhomogeneous distribution of B  [77] . These dressed 
photons excite coherent phonons close to the p-n junction, 
forming DP-CPs. Because the DP-CP energy is the sum of 
the dressed photon energy and the energy of the induced pho-
non, this energy is large enough to cause stimulated emission 
of photons even though  hv   anneal    <   E   g  . Thus, a part of the Joule 
heating energy due to the forward bias is spent in the stimu-
lated emission of photons, and therefore, the annealing rate is 
decreased. That is, at sites where the phonon-assisted stimu-
lated emission is easily generated, the shape and dimensions 
of the inhomogeneous domain boundaries of B become more 
diffi cult to change. However, it is expected that the shapes 
and distribution of the domain boundaries formed in this way 
will be optimal for effi ciently inducing the phonon-assisted 
process during device operation. 

 After the surface temperature suddenly increased to 154 ° C 
by the Joule heating due to the bias current, it dropped and 
reached a stable value (140 ° C) after about 6 min. This tem-
perature variation is consistent with the above discussion 
related to annealing under light irradiation. Specifi cally, once 
the DP-CPs are generated in the domain boundary and com-
mence stimulated emission, part of the Joule heating is dis-
sipated in the form of light, and the temperature drops, soon 
reaching the stationary state. The forward bias was applied 
for 30 min while irradiating the device with light, which com-
pletes the fabrication of the device. 

 Figures  11  (A) and (B) show photographs of the exter-
nal appearance of the non-biased and forward-biased (cur-
rent density  =  4.2 A/cm 2 ) device taken with an infrared CCD 
camera (photosensitive band  =  0.73 – 1.38 eV, wavelength  =  
0.90 – 1.70  μ m) at room temperature. Figure 11(B) reveals 
strong emitted light, for which the applied electrical power 
was 11 W, and the emitted power reached as high as 1.1 W. 
Curve A in Figure  12   shows the extremely weak emission 
spectrum when an injected current density of 0.2 A/cm 2  was 
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Emitted light spot

A B

 Figure 11    Photograph of emitted light at room temperature, cap-
tured with an infrared camera under fl uorescent light illumination: 
(a) current density  I   d    =  0; (b) current density  I   d    =  4.2 A/cm 2 .    
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 Figure 12    Emission spectra. Curve A: Emission spectrum of com-
mercially available Si photodiode. Curves B – D: Emission spectra of 
fabricated devices. Annealing times were 1 min, 7 min, and 30 min, 
respectively. The downward pointing arrow on curve D indicates the 
photon energy of the light irradiated during annealing.    

made to fl ow in a commercially available Si photodiode. In 
this graph, like the results in Ref.  [74] , the emission spectrum 
was distributed on the high-energy side of  E   g   (  =   1.12 eV). This 
is due to phonon scattering in the indirect band structure of the 
Si. Curves B – D are the emission spectra of devices fabricated 
by annealing for 1 min, 7 min, and 30 min, respectively. The 
injected current density was 1.5  ±  0.5 A/cm 2 . Unlike curve A, 

the emission spectrum extended to energies lower than  E   g  . The 
decrease in the emission spectral intensity in the energy region 
below 0.8 eV was due to the sensitivity limit of the photo-
detector. The 1-min annealed device had an intense emission 
peak close to  E   g  , which extended as far as 0.75 eV (wave-
length  =  1.65  μ m), as shown in curve B. A new emission peak 
appeared close to 0.83 eV (wavelength  =  1.49  μ m) in the emis-
sion spectrum of the 7-min annealed device (curve C). In the 
30-min annealed device (curve D), there was no intense emis-
sion peak at  E   g  ; however, a peak (downward pointing arrow in 
the fi gure) appeared in the region corresponding to the photon 
energy ( hv   =  0.95 eV, wavelength  =  1.3  μ m) of the light irradi-
ated during annealing. In addition, the peak in the low-energy 
region (0.83 eV) was higher than in curve C. 

 Figures  13  (A) shows the relationship between the output 
optical power and the electrical driving power of the 30-min 
annealed device. When 11 W of electrical power was sup-
plied, the external power conversion effi ciency was 1.3 % . 
The differential external power conversion effi ciency was 
5.0 % , which was derived from the gradient of the straight 
broken line in this fi gure. To obtain the quantum effi ciency, 
Figure 13(B) shows the relationship between the emitted opti-
cal power density  P   d   and the current density  I   d   of the 30-min 
annealed device. The measured values, indicated by the closed 
squares, were fi tted by the quadratic curve   20.04d dP I=  shown 
by the solid curve. In other words,  P   d   is proportional to   

2
dI  in 

this device, in contrast to conventional devices in which  P   d   
is proportional to  I   d  . This is because the two-step spontane-
ous emission process is dominant; in other words, a single 
electron is converted to two photons. The external quantum 
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 Figure 13    Relations between electrical and optical energies. (A) 
Relation between applied electrical power and emitted optical power. 
(B) Relation between injected current density and emitted optical 
power density.    
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94  M. Ohtsu: Dressed photon technology

effi ciency is 15 %  at  I   d    =  4.0 A/cm 2 , and the differential exter-
nal quantum effi ciency is 40 %  at  I   d    =   3.0 – 4.0 A/cm 2 . 

 It should be possible to realize an LED in the visible wave-
length region by using other indirect transition type semicon-
ductors. This approach can also be applied to laser oscillators.   

  6. Hierarchy and its applications 

 There are multiple layers associated with the physical scale 
between the macro-scale world and the atomic-scale world, 
which are primarily governed by propagating light and elec-
tron interactions, respectively. Between those two extremes, 
typically in scales ranging from a few nanometers to the 
wavelength scale, dressed photon interactions play a crucial 
role, and they exhibit hierarchical properties  [66, 78] . 

 We can make use of physical differences in optical near-fi eld 
and far-fi eld effects for a wide range of applications. The behav-
ior of conventional optical elements, such as diffractive optical 
elements, holograms, or glass components, is associated with 
their optical responses in the optical far-fi eld. Nanostructures 
can exist in such optical elements as long as they do not affect 
the optical responses in the far-fi eld. Therefore, designing 
nanostructures that are accessible only via DP-CPs can provide 
additional, or hidden, information recorded in those optical ele-
ments while maintaining the original optical responses in the 
far-fi eld. A  “ hierarchical hologram ”  and a  “ hierarchical diffrac-
tion grating ”  have been experimentally demonstrated  [79, 80] . 

 There is hierarchy at scales smaller than the optical wave-
lengths  [66] . The electromagnetic interactions between two 
nano-materials are maximized when these sizes are compa-
rable. Based on this principle, hierarchical memory retrieval 
was demonstrated using an array of Au nanoparticles, each 
with a diameter of 80 nm, distributed over a SiO 2  substrate 
in a 200 nm-radius ring. The output signal increased linearly 
corresponding to the number of nanoparticles, demonstrating 
successful hierarchical memory retrieval from nanostructures 
via dressed photon interactions. 

 Such a hierarchical property has also been applied to nano-
fabrication. By inducing fabrication processes selectively at 
the positions where dressed photons are generated, a small-
er-scale structure can be generated even from a larger-scale 
one via dressed photon interactions. The principle has been 
experimentally confi rmed by using ZnO nanoneedles fabri-
cated through metal-organic vapor phase epitaxy (MOVPE) 
followed by a photo-induced MOVPE procedure, where 
smaller-scale generated structures were clearly observed with 
the help of light irradiation  [81] . 

 Shape-engineering of metal nanostructures is a promising 
asset in realizing hierarchical optical responses thanks to the 
progress of technologies in fabricating fi ne nanostructures 
 [82, 83] . Optical near- and far-fi eld responses from metal 
nanostructures can be understood in a unifi ed manner by 
examining induced electric currents in individual nanostruc-
tures and their associated DP-CPs between the nanostructures 
 [84] . Based on this picture, a quadrupole-dipole transform 
has been theoretically and experimentally demonstrated by 
using two stacked layers of nanostructures  [85, 86] . Such 

functionality is useful in ensuring product authentication or 
certifi cation, where a system should work only when the two 
nanostructures match, just like a lock and key.  

  7. Conclusion 

 Dressed photons have allowed the realization of qualitative 
innovations in optical technologies, i.e., enabling novel optical 
devices, fabrication technologies, energy conversion, and hier-
archical systems that would be unrealizable if only conventional 
propagating light were used. For example, in the case of fab-
rication technologies, it should be noted that large, expensive, 
high-power-consumption, short-wavelength light sources are 
not required; the fabrication equipment has low power con-
sumption, as discussed in Section 4. The phonon-assisted pho-
tochemical etching described in Subsection 4.3 does not involve 
the use of rare-earth metals, in contrast to the conventional CMP 
method which uses a large amount of cerium dioxide (CeO 2 ), a 
typical rare-earth metal, for polishing quartz glass. It should also 
be noted that silicon, used for the energy conversion described 
in Subsection 5.3, has low toxicity and no concerns about deple-
tion of resources. These notable features, realized by using 
dressed photon technology, are advantageous for energy saving 
and environmental protection for future society. 
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Abstract
Optics has been playing crucial roles in security applications ranging from authentication and
watermarks to anti-counterfeiting. However, since the fundamental physical principle involves
optical far-fields, or propagating light, diffraction of light causes severe difficulties, for
example in device scaling and system integration. Moreover, conventional security
technologies in use today have been facing increasingly stringent demands to safeguard
against threats such as counterfeiting of holograms, requiring innovative physical principles
and technologies to overcome their limitations. Nanophotonics, which utilizes interactions
between light and matter at the nanometer scale via optical near-field interactions, can break
through the diffraction limit of conventional propagating light. Moreover, nanophotonics has
some unique physical attributes, such as localized optical energy transfer and the hierarchical
nature of optical near-field interactions, which pave the way for novel security functionalities.
This paper reviews the physical principles and describes some experimental demonstrations of
systems based on nanophotonics with respect to security applications such as tamper
resistance against non-invasive and invasive attacks, hierarchical information retrieval,
hierarchical holograms, authentication, and traceability.

Keywords: optical security, nanophotonics, optical near-field, nanostructure, quantum dot,
energy transfer

(Some figures may appear in colour only in the online journal)

1. Introduction

The security aspects of optics have been studied extensively,
and some of them have been commercialized, such as in
optical document security [1]. The physical attributes of light,
such as spatial parallelism, amplitude, phase, polarization,
and so forth, have been successfully exploited in optical
security [2]. However, since all of the existing optical security
principles and technologies, such as Fourier optics [3],
are based on optical far-fields, or propagating light, they
suffer from associated limitations such as the difficulty of
miniaturizing devices and systems beyond dimensions limited

by the diffraction of light [4]. Moreover, the conventional
security technologies in use today have been required to
safeguard against even greater security threats, such as
side-channel attacks [5], counterfeiting of holograms [6], etc,
necessitating innovative physical principles and technologies
to overcome their limitations.

Nanophotonics, which utilizes interactions between
light and matter at the nanometer scale via optical
near-field interactions, can break through the diffraction
limit of light [7]. Moreover, nanophotonics has unique
physical attributes, such as localized optical energy transfer
via optical near-field interactions and the hierarchical
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Figure 1. Optical security based on near-field processes. We can utilize optical energy transfer and hierarchical properties enabled by
optical near-field interactions, not just for overcoming the diffraction limit of propagating light.

nature of optical near-fields [8, 9], which pave the
way for novel security functionalities [10–17]. More
generally speaking, there is wide scope for nanoscale
optical near-field processes to be exploited in optical
security applications. This paper reviews the physical
principles and describes some experimental demonstrations
of systems based on nanophotonics, with regard to security
applications such as tamper resistance against non-invasive
and invasive attacks [10], hierarchical information retrieval
or information hiding [11], hierarchical holograms [12, 13],
authentication [14, 15], and traceability [16, 17].

Technologically, the geometry of nanostructures, such
as their size, position, shape, and layout, should be
well controlled to obtain the intended optical near-
field interactions. The rapid progress of technologies for
fabricating nanostructures, such as size-controlled InAlAs
quantum dots (QDs) [18], ZnO QDs [19, 20], shape-controlled
QDs [21], shape-controlled metal nanostructures [22, 23],
and so forth, has enabled even room-temperature operation
of nanophotonic devices [24], and further advancements
in nanotechnology are inevitable. The issue to consider is
the design of novel means of optical security based on
nanophotonics which will meet the even higher security
demands that will be vitally important in the future. Also, the
hierarchical nature of nanophotonics allows the co-existence
of optical security aspects both in the propagating-light
regime and in the subwavelength regime. This concept is
schematically summarized in figure 1.

This paper is organized as follows. Section 2 discusses
the tamper resistance of optical excitation transfer via optical
near-field interactions. The contents of sections 3–6 are based
on the hierarchical properties of optical near-fields and their
security applications. Section 3 considers hierarchical infor-
mation retrieval. Section 4 presents hierarchical holograms.
Section 5 discusses authentication or certification functions
based on shape-engineering of nanostructures. Section 6
discusses traceability based on nanophotonics. Section 7
concludes the paper.

2. Secure signal transfer via optical near-field
interactions

One of the most critical security threats in present
electronic devices is so-called side-channel attacks, by

which information is tampered with either invasively or
non-invasively. This may be achieved, for instance, merely
by monitoring their power consumption patterns [5]. In
this section, we briefly introduce the physics of optical
excitation transfer via near-field interactions, and show
that the nanoscale devices mediated by optical near-field
interactions are more tamper-resistant than their conventional
electronic counterparts. We note that the flow of information
in nanoscale devices cannot be completed unless they are
appropriately coupled with their environment [25], which
could possibly be the weakest link in terms of their
tamper resistance. We present a theoretical approach to
investigate the tamper resistance of optical excitation transfer,
including a comparison with electrical devices, for example
a single charge tunneling device [26], and we describe
numerical calculations based on a theoretical model of optical
near-fields [27].

2.1. Optical excitation transfer via optical near-field
interactions

Here, we define tampering with information as involving
simple signal transfer processes, since our primary focus is
on their fundamental physical properties. We begin with the
interaction Hamiltonian between an electron and an electric
field, which is given by

Ĥint = −

∫
ψ̂†(Er) Eµψ̂(Er) · ÊD(Er) dEr, (1)

where Eµ is the dipole moment, ψ̂†(Er) and ψ̂(Er) are,
respectively, the creation and annihilation operators of the

electron at Er, and ÊD(Er) is the operator of electric flux

density. In usual light–matter interactions the operator ÊD(Er)
is a constant since the electric field of propagating light
is considered to be constant on the nanoscale. Therefore,
as is well known, we can derive optical selection rules by
calculating a transfer matrix of an electrical dipole. As a
consequence, in the case of cubic quantum dots for instance,
transitions to states containing an even quantum number are
prohibited. In the case of optical near-field interactions, on
the other hand, thanks to the steep electric field of optical
near-fields in the vicinity of nanoscale material, an optical
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Figure 2. Model of tamper resistance in devices based on (a) optical excitation transfer and (b) single charge tunneling. Dotted curves show
the scale of a key device, and dashed curves show the scale of the environment required for the system to work. (c) A model of an invasive
attack by an attacker. (d), (e) Evolution of the population of the B1-level without QD C (solid curve), the B1-level with QD C (dashed
curve), and the C1-level (dotted curve).

transition that violates conventional optical selection rules is
allowed. The detailed theory can be found in [9, 28].

Using near-field interactions, optical excitations in
nanostructures, such as quantum dots, can be transferred to
neighboring ones [28–30]. For instance, assume two cubic
quantum dots whose side lengths L are a and

√
2a, which

we call QDA and QDB, respectively, as shown in figure 2(a).
Suppose that the energy eigenvalues for the quantized exciton
energy level specified by quantum numbers (nx, ny, nz) in a
QD with side length L are given by

E(nx,ny,nz) = EB +
h̄2π2

2ML2 (n
2
x + n2

y + n2
z ), (2)

where EB is the energy of the bulk exciton, and M is the
effective mass of the exciton. According to equation (2), there
exists a resonance between the level of quantum number
(1, 1, 1) for QDA and that of quantum number (2, 1, 1) for
QDB. There is an optical near-field interaction, denoted by
U, due to the steep electric field in the vicinity of QDA.
Therefore, optical excitation in QDA can move to the (2, 1,
1)-level in QDB. Note that such a transfer is prohibited in
propagating light since the (2, 1, 1)-level in QDB contains an
even number. In QDB, the excitation sees a sublevel energy
relaxation, denoted by 0, which is faster than the near-field
interaction, and so the excitation goes to the (1, 1, 1)-level
of QDB. We should also note that the sublevel relaxation

determines the uni-directional optical excitation transfer from
QDA to QDB.

2.2. Tamper resistance of optical excitation transfer

In order to compare the tamper resistance capability,
we introduce here an electronic system based on single
charge tunneling, where a tunnel junction with capacitance
C and tunneling resistance RT is coupled to a voltage
source V via an external impedance Z(ω), as shown in
figure 2(b). In order to achieve single charge tunneling,
in addition to the condition that the electrostatic energy
EC = e2/2C of a single excess electron be greater than the
thermal energy kBT the environment must fulfill appropriate
conditions [26]. For instance, with an inductance L in the
external impedance, the fluctuation of the charge is given
by 〈δQ2

〉 = e2/4ρ coth(βh̄ωs/2) where ρ = EC/h̄ωS, ωS =

(LC)−1/2, and β = 1/kBT . Therefore, charge fluctuations
cannot be small even at zero temperature unless ρ � 1. This
means that a high-impedance environment is necessary, which
makes tampering technically easy, for instance by adding
another impedance circuit.

Here we define two scales to illustrate tamper resistance:
(I) the scale associated with the key device size, and (II) the
scale associated with the environment required to operate the
system, which are respectively indicated by the dotted and
dashed curves in figures 2(a) and (b). In the case of figure 2(b),
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scale I is the scale of a tunneling device, whereas scale II
covers all of the components. It turns out that the low tamper
resistance of such wired devices is due to the fact that scale
II is typically the macro-scale, even though scale I is the
nanometer scale.

In contrast, in the case of the optical excitation transfer
shown in figure 2(a), the two QDs and their surrounding
environment are governed by scale I; it is also important to
note that scale II is the same as scale I. More specifically,
the transfer of an optical excitation from QDA to QDB
is completed due to the non-radiative relaxation process
occurring at QDB, which is usually difficult to tamper with.
Theoretically, the sublevel relaxation constant is given by

0 = 2π |g(ω)|2D(ω), (3)

where h̄g(ω) is the exciton–phonon coupling energy at
frequency ω, h̄ is Planck’s constant divided by 2π , and D(ω)
is the phonon density of states. Therefore, tampering with
the relaxation process would require somehow ‘stealing’ the
exciton–phonon coupling, which would be extremely difficult
technically.

We should also note that the energy dissipation occurring
in the optical excitation transfer, derived theoretically as
E(2,1,1) − E(1,1,1) in QDB based on equation (2), should
be larger than the exciton–phonon coupling energy of h̄0,
otherwise the two levels in QDB cannot be resolved. This
is similar to the fact that the condition ρ � 1 is necessary
in the electron tunneling example, which means that the
mode energy h̄ωs is smaller than the required charging
energy EC. By regarding h̄0 as a kind of mode energy in
the optical excitation transfer, the difference between the
optical excitation transfer and a conventional wired device
is the physical scale at which this mode energy is realized:
the nanoscale for the optical excitation transfer, and the
macro-scale for electrical circuits.

Another possible method of attack is to use a probe,
i.e. an invasive attack, to tamper with the excitation transfer.
This is modeled by the system shown in figure 2(c), where
the original two quantum dots are denoted as A and B,
and the attacker is represented by C. Based on a theoretical
model of optical near-fields [8, 27], the solid curves shown
in figures 2(d) and (e) show the calculated evolution of the
population of the lower level of B (=B1) in the absence of
the attacker dot C. The interdot interaction time is assumed
to be 100 ps (U−1), and the sublevel relaxation at B is
assumed to be 10 ps (0−1), as typical parameters. Now, in
the presence of C, the dashed curve and the dotted curve in
figure 2(d) respectively show the evolution of the lower levels
of B (B1) and C (C1). It is clear that there is little population
in C1, meaning that tampering is difficult, since the sublevel
relaxation at B is faster than the interaction between B2 and
C2. Now, suppose that the interaction between B2 and C2
could be made faster (for example, 30 ps); then the attacker
could have a higher population, as shown by the dotted curve
in figure 2(e). However, at the same time, the population of
B1 (dashed curve) is degraded accordingly, meaning that the
attack is detectable from the performance degradation of the
original system.

2.3. Remarks

One additional remark regarding optical excitation transfer
is that the lower bound of energy dissipation occurring at
QDB has also been investigated by considering possible
interferences among adjacent signal transfer channels [31],
which turns out to be about 25 µeV, a significantly small
value. Another remark is that using different ratios of the
number of QDA and QDB in a unit area leads to different
patterns of optical excitation flow, leading to different spectral
characters [32]. Also, modifying the distances between QDA
and QDB results in different photoluminescence spectra [33],
or different points in a chromaticity diagram [1]. The ratio of
the numbers of QDs or distances between QDs, or generally
speaking a network of optical near-field interactions, are other
resources allowing optical excitation transfer to be used for
security applications.

3. Hierarchical information retrieval

3.1. Hierarchy in optical near-field interactions and the
architecture of hierarchical nanophotonic systems

Another notable feature in optical near-field interactions is
their inherent hierarchy, meaning that the interactions behave
differently at different scales, as indicated in the inset of
figure 3(a). The interactions are theoretically analyzed based
on dipole–dipole interactions [34], described in section 3.2
below, a quantum mechanical model [35], and an angular
spectrum representation of an electromagnetic field at the
nanoscale [36].

Such hierarchical properties allow hierarchical nanopho-
tonic architectures where multiple functions are associated
with the physical scales involved, as schematically rep-
resented in figure 3(b). Hierarchical information retrieval,
discussed in section 3.2 below, is one realization of such
an architecture, exploiting the fact that different information
is retrievable at different physical scales. For security
applications, multiple-level security information can be
embedded; for example, less-critical security information
can be retrieved at a coarser scale, while higher security
information is associated with a finer scale. This is also
called multi-level information hiding using optical near-field
interactions. The contents of sections 4–6 are all based on such
a hierarchical architecture.

In particular, the hierarchical hologram shown in
section 4 utilizes the physical differences between optical
near-fields and far-fields. The behavior of usual optical
elements, for instance diffractive optical elements, holograms,
or glass components, is associated with their optical responses
in the far-field. Nanostructures can exist in these optical
elements as long as they do not affect the optical responses in
the far-field. Designing nanostructures that are accessible only
via optical near-fields allows additional, or hidden, watermark
information to be recorded in those optical elements while
maintaining the original optical responses in the far-field.
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Figure 3. (a) Hierarchy in optical near-field interactions. (b) Hierarchical nanophotonic architecture. (c) Signal contrast as a function of the
ratio of the radii of the sample and the probe based on dipole–dipole interactions. (d)–(g) Hierarchical information retrieval, or hierarchical
information hiding. (d) Each section consists of small particles. (e) Experimental setup. (f) SEM image of a Au particle array and intensity
pattern captured by a fiber probe having a 500 nm diameter aperture. (g) Calculated scattering cross-sections depending on the number of
particles in each section (square marks), and peak intensity of each section in intensity profile shown in (f).

3.2. Hierarchical information retrieval in optical near-fields

Here we briefly describe a physical model of hierarchy
in optical near-field interactions based on dipole–dipole
interactions [34]. It should be noted that a quantum optical
model has also demonstrated hierarchy [35]. Suppose that a
probe, which is modeled by a sphere of radius rP, is placed
close to a sample to be observed, which is modeled as a sphere
of radius rS. The inset in figure 3(a) shows three different
sizes for the probe and the sample. When they are illuminated
by incident light whose electric field is E0, electric dipole
moments are induced in both the probe and the sample; these
moments are respectively denoted by pP = αPE0 and pS =

αSE0. The electric dipole moment induced in the sample, pS,
then generates an electric field, which changes the electric
dipole moment in the probe by an amount 1pP = 1αPE0.
Similarly, pP changes the electric dipole moment in the
sample by1pS = 1αSE0. These electromagnetic interactions
are called dipole–dipole interactions. The scattering intensity
induced by these electric dipole moments is given by

I = |pP +1pP + pS +1pS|
2

≈ (αP + αS)
2
|E0|

2
+ 41α(αP + αS)|E0|

2 (4)

where 1α = 1αS = 1αP. The second term in equation (4)
represents the intensity of the scattered light generated by
the dipole–dipole interactions, containing the information of
interest, which is the relative difference between the probe and
the sample. The first term in equation (4) is the background
signal for the measurement. Therefore, the ratio of the second
term to the first term of equation (4) corresponds to a signal
contrast, which will be maximized when the sizes of the
probe and the sample are the same (rP = rS), as shown
in figure 3(a) [34]. Thus, one can see a scale-dependent
physical hierarchy in this framework, where a small probe
can nicely resolve objects with a comparable resolution,
whereas a large probe cannot resolve detailed structure but
can resolve structure with a resolution comparable to the
probe size. Therefore, although a large-diameter probe cannot
detect smaller-scale structure, it could detect certain features
associated with its scale.

Based on the above simple hierarchical mechanism,
hierarchical information retrieval was demonstrated [11].
Consider, for example, a maximum of N nanoparticles
distributed in a region of subwavelength scale. Those
nanoparticles can be nicely resolved by a scanning near-field
microscope if the size of its fiber probe tip is comparable
to the size of individual nanoparticles. In this way, the
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first-layer information associated with each distribution of
nanoparticles is retrievable, corresponding to 2N-different
codes. By using a larger-diameter fiber probe tip instead,
although the distribution of the particles cannot be resolved,
a mean-field feature with a resolution comparable to the size
of the probe can be extracted, namely, the number of particles
within an area comparable to the size of the fiber probe
tip. Thus, the second-layer information associated with the
number of particles, corresponding to (N + 1)-different level
of signals, is retrievable. Therefore, one can access a different
set of signals, either 2N or N + 1, depending on the scale
of observation. This leads to hierarchical data retrieval by
associating this information hierarchy with the distribution
and the number of nanoparticles by using an appropriate
coding strategy. For example, in encoding N-bit information,
(N − 1)-bit signals can be encoded by distributions of
nanoparticles while associating the remaining 1 bit with the
number of nanoparticles [11].

In order to experimentally demonstrate such principles,
an array of Au particles, each with a diameter around 80 nm,
was distributed over a SiO2 substrate in a 200 nm radius
circle, as shown in figure 3(c). These particles were fabricated
by a liftoff technique using electron-beam (EB) lithography
with a Cr buffer layer. The groups of Au particles were
2 µm apart. A scanning electron microscope (SEM) image
is shown in the lower side of figure 3(f), in which the
values indicate the number of particles within each group.
In order to illuminate all Au particles in each group and
collect the scattered light from them, a near-field scanning
optical microscope (NSOM) with a metallized fiber probe
having a large-diameter aperture (500 nm) was used in
an illumination–collection setup, as schematically shown in
figure 3(d). The light source used was a laser diode with an
operating wavelength of 680 nm. The distance between the
substrate and the probe was maintained at 750 nm. The upper
side of figure 3(f) shows an intensity distribution captured
by the probe, from which the second-layer information
is retrieved. The solid circles in figure 3(e) indicate the
peak intensity of each section, which increased linearly and
agrees with the scattering cross-sections as a function of the
number of particles calculated based on a finite-difference
time-domain (FDTD) simulation indicated by solid circles in
figure 3(e). These results show the validity of hierarchical
memory retrieval from nanostructures.

4. Hierarchical hologram

Holography, which generates natural three-dimensional
images, is one of the most common anti-counterfeiting
techniques [1]. In the case of a volume hologram, the
surface is ingeniously formed into microscopic periodic
structures which diffract incident light in specific directions. A
number of diffracted light beams can form an arbitrary three-
dimensional image. Generally, these microscopic structures
are recognized as being difficult to duplicate, and therefore
holograms have been widely used in the anti-counterfeiting
of bank notes, credit cards, etc. However, conventional
anti-counterfeiting methods based on the physical appearance

of holograms are nowadays not completely secure [6].
Nanophotonic solutions, utilizing light–matter interactions
on the nanoscale, would provide higher anti-counterfeiting
capability as well as potentially enabling other applications,
such as artifact-metric systems [37].

The hierarchical hologram works in both optical far-fields
and near-fields, the former being associated with conventional
holographic images (figure 4((a) (i)) and the latter being
associated with the optical intensity distribution based on
a nanometric structure (figure 4((a) (ii)) that is accessible
only via optical near-fields (figure 4((a) (iii)). In principle, a
structural change occurring at the subwavelength scale does
not affect the optical response functions, which are dominated
by propagating light. Therefore, the visual aspect of the
hologram is not affected by such a small structural change on
the surface. Additional data can thus be written by engineering
structural changes in the subwavelength regime so that they
are only accessible via optical near-field interactions without
having any influence on the optical responses obtained via the
conventional far-field light. By applying this hierarchy, new
functions can be added to conventional holograms.

There are at least two strategies for realizing a
hierarchical hologram.

One strategy is to apply nanometric structural changes
to the surface structure of a conventional hologram.
In [12], a thin metal layer is coated on a conventional
hologram and diffraction grating, followed by nanostructure
patterning by a focused ion-beam machine. Additional
information corresponding to the fabricated nanostructures
was successfully retrieved while preserving the macroscopic
view of the original hologram or the diffraction efficiency of
the diffraction grating.

The other strategy, employed in the case of embossed
holograms composed of diffraction gratings, is to locally
engineer the original patterns of the hologram from the
beginning, that is, to embed nanostructures within the original
patterns of the hologram [13]. In this case, since the original
hologram is basically composed of one-dimensional grating
structures, evident polarization dependence is obtained in
retrieving the nanostructures via optical near-fields, as
detailed below. There are some additional benefits with
this approach: one is that we can fully utilize the existing
industrial facilities and fabrication technologies that have
been developed for conventional holograms, yet provide
additional information in the hologram. Another is that
the polarization dependence facilitates the readout of
nanostructures via optical near-fields, as mentioned below.

As shown in figure 4(a), we created a sample device
to experimentally demonstrate retrieval of the nanostructures
embedded within an embossed hologram. The entire device
structure, whose size was 15 mm × 20 mm, was fabricated
by electron-beam lithography on a Si substrate, followed by
sputtering a 50 nm thick Au layer. The cross-sectional profile
is shown in figure 4(b).

As indicated in figure 4((a) (i), we can observe a
three-dimensional image of the earth reconstructed from
the device. More specifically, the device was based on
the design of a Virtuagram R©, developed by Dai Nippon
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Figure 4. Hierarchical hologram. ((a) (i) Far-field view of the fabricated hierarchical hologram. Its design is based on a Virtuagram R©.
((a) (ii) Nanometric square- or rectangular-shaped patterns are embedded in the hologram. A discontinuity is induced along the
one-dimensional grating structure. ((a) (iii) A retrieved near-field scanning optical microscope (NSOM) image. (b) Cross-sectional profile of
the device. (c), (d) Polarization dependences in obtained NSOM images. (e) Explanation of I(x) and 〈I(x)〉env used to evaluate
recognizability figure-of-merit. (f) Recognizability of the nanostructures measured by NSOM. Evident polarization dependency was
exhibited in nanostructures embedded in hologram, unlike isolated nanostructures, which showed little dependency.

Printing Co., Ltd, Japan, which is a high-definition
computer-generated hologram composed of binary-level one-
dimensional modulated gratings, as shown in the scanning
electron microscope image in figure 4((a) (ii). Within the
device, we slightly modified the shape of the original
structure of the hologram so that the nanostructural change
was accessible only via optical near-field interactions. As
shown in figure 4((a) (ii), square- or rectangular-shaped
structures, whose associated optical near-fields correspond
to the additional or hidden information, were embedded
in the original hologram structures. The unit size of

the nanostructures ranged from 40 to 160 nm. Note
that the original hologram was composed of arrays of
one-dimensional grid structures, spanning along the vertical
direction in figure 4((a) (ii). To embed the nanophotonic
codes, the grid structures were partially modified in
order to implement the nanophotonic codes. Nevertheless,
the grid structures remained topologically continuously
connected along the vertical direction. On the other hand,
the nanostructures were always isolated from the original
grid structures. These geometrical characteristics provide
interesting polarization dependence.
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The input light induces oscillating surface charge
distributions due to the coupling between the light and
electrons in the metal. Note that the original 1D grid
structures span along the vertical direction. The y-polarized
input light induces surface charges along the vertical
grids. Since the grid structure continuously exists along
the y-direction, there is no chance for the charges to
be concentrated. However, in the area of the embedded
nanophotonic code, we can find structural discontinuity in
the grid; this results in higher charge concentrations at the
edges of the embedded nanostructure. On the other hand,
the x-polarized input light sees structural discontinuity along
the horizontal direction due to the vertical grid structures,
as well as in the areas of the embedded nanostructures.
It turns out that charge concentration occurs not only in
the edges of the embedded nanostructures but also at other
horizontal edges of the environmental grid structures. When
square-shaped nanophotonic codes are isolated in a uniform
plane, both x- and y-polarized input light have equal effects
on the nanostructures. These mechanisms indicate that the
nanostructures embedded in holograms could exploit these
polarization dependences.

In the experimental demonstration, optical responses
in near-mode observation were detected using a near-
field scanning optical microscope (NSOM) operated in an
illumination–collection mode with an optical fiber tip with a
radius of curvature of 5 nm. The observation distance between
the tip of the probe and the sample device was set at less than
50 nm. The light source used was a laser diode (LD) with
an operating wavelength of 785 nm, and scattered light was
detected by a photomultiplier tube (PMT).

We examined NSOM images in the vicinity of
nanostructures that were embedded in the hologram and
nanostructures that were not embedded in the hologram
using a linearly polarized radiation source from 0◦- to
180◦-rotated polarizations at 20◦intervals, as summarized
in figures 4(c) and (d), respectively. (In the figure, the
NSOM images obtained at 40◦intervals are shown.) In the
case of nanostructures embedded in the hologram, clear
polarization dependence was observed; for example, from
the area of the nanophotonic code located in the center,
a high-contrast signal intensity distribution was obtained
with polarizations around 80◦. To quantitatively evaluate the
polarization dependence of the embedded nanophotonic code,
we adopted a figure-of-merit, what we call recognizability,
for the observed NSOM images, defined as follows. Let the
horizontal intensity profile along the dashed line in figure 4(e),
which crosses the area of the nanostructure, be denoted by
I(x), where x represents the horizontal position. Also, let the
average intensity along the vertical direction at the horizontal
position x within a range of 2.5 µm be denoted by 〈I(x)〉env,
which indicates the environmental signal distribution. When
a higher intensity is obtained selectively from the area of
the nanostructure, the difference between I(x) and 〈I(x)〉env
should be large. On the other hand, if the intensity distribution
is uniform along the vertical direction, the difference between
I(x) and 〈I(x)〉env should be small. Thus, the difference
between I(x) and 〈I(x)〉env indicates the recognizability of the

nanostructures. With respect to the polarization angle θ , we
evaluate the recognizability R(θ) as

R(θ) =
∑

x
|I(x)− 〈I(x)〉env|. (5)

The square and circular marks in figure 4(f) respectively show
R(θ) based on the NSOM images of isolated nanostructures
and those embedded in the hologram. Clear polarization
dependence is observed in the case of the nanostructures
embedded in the holograms, facilitating near-field information
retrieval.

5. Authentication function based on near-field
processes

5.1. Principles

In this section we demonstrate that two metal nanostructures,
called shape A and shape B hereafter, can be designed
to exhibit far-field radiation only when their shapes
are appropriately configured and when they are closely
stacked [14, 15]. Such functionality is useful in ensuring
product authentication or certification, where a system should
work only when the two nanostructures match, just like a
lock and key. We explain the operating principle by observing
induced electrical currents and their associated optical
near-fields, and also describe experimental demonstrations.

We have previously proposed a theoretical scheme that
is useful for examining the relation between the shapes of
nanostructures and the resulting light polarization in their
optical near-field and far-field [38]. In that study, the geometry
of a given nanostructure can be understood in terms of
‘individual element’ and ‘layout’ factors, where the former
represents the shapes of individual elements, and the latter
their spatial arrangement. There are two important physical
aspects in analyzing their corresponding optical responses.
One is that input light induces electric currents within
individual elements of the metal nanostructure. The other is
the optical near-fields between those individual elements. We
can understand those two processes in a unified manner as
vectorial elements in the system [38].

Shape A and shape B were designed as aligned
rectangular units on an xy-plane at constant intervals
horizontally (along the x-axis) and vertically (along the
y-axis), as respectively shown in figures 5(a) and (b).
When we irradiate shape A with x-polarized light, surface
charges are concentrated at the horizontal edges of each of
the rectangular units. The relative phase difference of the
oscillating charges between the horizontal edges is π , which
is schematically represented by + and − marks in figure 5(a).
Now, consider the y-component of the far-field radiation from
shape A, which is associated with the charge distributions
induced in the rectangle. When we draw arrows from the +
marks to the − marks along the y-axis, we find that adjacent
arrows are always directed oppositely, indicating that the
y-component of the far-field radiation is externally small. In
other words, shape A behaves as a quadrupole regarding the
y-component of the far-field radiation. It should also be noted
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Figure 5. Authentication, or lock and key, based on nanophotonics. (a)–(c) The shape and the distribution of induced charge density:
(a) shape A, (b) shape B, and (c) stacked structure of shapes A and B. (d) Comparison of calculated far-field intensity for various
combinations of shapes. Far-field intensity appears strongly only when shape A matches the appropriate shape B, that is to say, when lock
and key match. (e) A schematic cross-sectional diagram of the fabricated device. (f) Measured polarization conversion efficiency for three
areas of the fabricated device. Conversion efficiency exhibited a larger value specifically in the areas where the stacked structure of shapes
A and B was located. SEM images of each area are also shown.

that near-field components exist in the vicinity of the units
in shape A. With this fact in mind, we put the other metal
nanostructure, shape B, on top of shape A. Through the optical
near-fields in the vicinity of shape A, surface charges are
induced on shape B. What should be noted here is that the
arrows connecting the + and − marks along the y-axis are
now aligned in the same direction, and so the y-component of
the far-field radiation appears; that is, the stacked structure of
shape A and shape B behaves as a dipole (figure 5(c)). Also,
shape A and shape B need to be closely located to invoke such
effects since the optical near-field interactions between shape

A and shape B are critical. In other words, far-field radiation
appears only when shape A and shape B are correctly stacked;
that is to say, a quadrupole–dipole transform is achieved
through shape-engineered nanostructures and their associated
optical near-field interactions.

In order to verify this mechanism, we numerically
calculated the surface charge distributions induced in the
nanostructures and their associated far-field radiation based
on FDTD electromagnetic simulations. The designs of shape
A and shape B consist of arrays of gold rectangular units;
each unit has a length of 500 nm, and a width and a height
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of 100 nm, which are identical to the dimensions of the
experimental devices discussed later below. As the material,
we assumed the Drude model of gold with a refractive index
of 0.16 and an extinction ratio of 3.8 at a wavelength of
688 nm [39].

When irradiating these three structures with continuous-
wave x-polarized input light at a wavelength of 688 nm,
the right-hand side of figures 5(a)–(c) shows the induced
surface charge density distributions (simply called surface
charge hereafter) obtained by calculating the divergence of the
electric fields. For the shape A-only structure (figure 5(a)),
we can find a local maximum and local minimum of the
surface charges, denoted by plus and minus signs. When we
draw arrows from the plus signs to the minus signs between
adjacent rectangular units, as already introduced above, we
can see that adjacent arrows are always directed opposite to
each other, meaning that the shape A-only structure behaves
as a quadrupole for the y-component of the far-field radiation.
For the shape B-only structure (figure 5(b)), the electron
charges are concentrated at the horizontal edges of each of the
rectangular units, and there are no y-components that could
contribute to the far-field radiation. Figure 5(c) shows the
surface charge distributions induced in shape B when it is
stacked on top of shape A. We can clearly see that the electron
charges are induced at the vertical edges of each of the
rectangular units, and they are arranged in the same directions.
In other words, a dipole arrangement is accomplished with
respect to the y-component, leading to a drastic increase in
the far-field radiation.

In figure 5(d), we also consider the output signals when
we place differently shaped structures on top of shape A,
instead of shape B. With shape B′, shape B′′, and shape B′′′,
whose shapes are respectively represented in the insets of
figure 5(d), the output signals do not appear, as shown from
the fourth to the sixth row in figure 5(d), since the condition
necessary for far-field radiation is not satisfied with those
shapes; namely, the correct key is necessary to unlock the lock.

5.2. Experiment

We fabricated structures consisting of (i) shape A-only,
(ii) shape B-only, and (iii) shape A and shape B stacked.
Although the stacked structure should ideally be provided
by combining the individual single-layer structures, in the
following experiment the stacked structure was integrated in
a single sample as a solid two-layer structure to avoid the
experimental difficulty in precisely aligning the individual
structures mechanically. The fabrication process was detailed
in [15].

Figure 5(e) schematically represents cross-sectional
profiles of these fabrication processes, where (i) shape A-only
structures were fabricated in the first layer, (ii) shape B-only
structures were fabricated in the second layer, and (iii) stacked
structures had shapes A and B in the first and second layers,
respectively. The lower part in figure 5(f) also shows SEM
images of fabricated samples of (i)–(iii). Because the stacked
structure was fabricated as a single sample, the gap between
shape A and shape B was fixed at 200 nm.

The performance was evaluated in terms of the
polarization conversion efficiency by radiating x-polarized
light on each of the areas (i)–(iii) and measuring the intensity
of the y-component in the transmitted light. The light source
was a laser diode with an operating wavelength of 690 nm.
Two sets of Glan–Thompson prisms (extinction ratio 10−6)
were used to extract the x-component for the input light
and to extract the y-component in the transmitted light. The
intensity was measured by a lock-in controlled photodiode.
The position of the sample was controlled by a stepping motor
with a step size of 20 µm.

Figure 5(f) shows the polarization conversion efficiency
as a function of the position on the sample, where it exhibited
a larger value specifically in the areas where the stacked
structure of shapes A and B was located, which agrees well
with the theoretically predicted and calculated results.

6. Traceability using nanophotonics

6.1. Principle

As mentioned in section 3.1, different functions can be
associated with different physical scales. In this section, we
associate one of the hierarchical layers with energy dissipation
processes. Specifically, a two-layer system is demonstrated,
where (i) at smaller scale, called scale 1, the system should
exhibit a unique response, and (ii) at a larger scale, called
scale 2, the system should output two different signals.
Such a hierarchical response can be applied to functions
like traceability or tamper evidence in combination with a
localized energy dissipation process at scale 1 [16]. Optical
access to this memory will be automatically recorded due to
energy dissipation occurring locally in scale 1, while at the
same time, information will be read out based on the scale 2
behavior, as depicted in figure 6(a). These functions will be
useful in applications such as tamper-evident or high-security
optical memory (confidentiality can be ensured), managing
digital content, or privacy protection [40].

Shape-engineered metal nanostructures can exhibit
hierarchal features like those described above, where the finer
scale is used for implementing traceability [17]. Here, two
types of shapes were assumed. The first one (shape I) had
two triangular metal plates aligned in the same direction,
and the other one (shape II) had them facing each other, as
shown in figure 6(a). The metal was gold, the gap between
the two apices was 50 nm, the horizontal length of one
triangular plate was 173 nm, the angle at the apex was 30◦,
and the thickness was 30 nm. An incident uniform plane wave
with a wavelength of 680 nm was assumed for input light.
The polarization was parallel to the x-axis in the inset of
figure 6(b). Now, scale 1 is associated with the scale around
the gap of the triangles, and scale 2 is associated with the scale
covering both of the triangles, as shown in figure 6(a).

Regarding the optical response at scale 1, as shown in
figure 6(b), the electric field near the surface (1 nm away from
the metal surface) showed an intensity nearly five orders of
magnitude higher than the surrounding area. It should also
be noted that nearly comparable electric field enhancements
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Figure 6. (a) Traceability using hierarchy in optical near-fields based on shape-engineered nanostructures. (b) In scale 1, both shape I and
shape II exhibit comparable electric field enhancement, whereas (c) in scale 2, they exhibit different responses. (d) Profiles of the
x-component of phase in the electric fields. (e) Ratio of the electric field intensity from identically oriented dipoles to that of dipoles facing
each other. (f) Experimental intensity profiles for scale 2 signals for both shapes I and II.

were observed near the apices of shapes I and II, which are
respectively denoted by the squares and circles in figure 6(b).

On the other hand, shapes I and II exhibited different
responses at scale 2. As shown in figure 6(c), shape I exhibited
a larger scattering cross-section compared with shape II. This
indicates that a digital output is retrievable by observing
the scattering from the entire structure (scale 2), where, for
example, digital 1 and 0 are respectively associated with shape
I and shape II.

One physical reason behind such a character is the
following. As shown in Figure 6(d), the phases of the
x-component of the electric field inside the metal differ
by almost 180◦ between the apex and the opposite side.
Therefore, the system is approximated by two dipoles
orientated in the same direction for shape I and in opposite
directions for shape II, which are schematically indicated
by two dipoles d1 and d2 in figure 6(d). Based on the
formula describing an electric field from oscillating dipoles,
figure 6(e) demonstrates that the electric field intensity from
the identically oriented dipoles increases rapidly compared
with that from the oppositely oriented dipoles as the distance
between the dipoles and the observation position, denoted by
D in the inset, increases. In other words, we see that shapes

I and II effectively behave as a dipole and a quadrupole,
respectively. Figure 6(e) also indicates that comparable
intensities are obtained for both shapes when the observation
position is close to the dipoles, which is the intended system
response at scale 1.

6.2. Experiment

In order to experimentally demonstrate the principle, shapes I
and II were fabricated in gold metal plates on a glass substrate
by a liftoff technique using electron-beam lithography. A
NSOM was used in an illumination–collection setup with a
fiber probe having an aperture of diameter 500 nm. The light
source used was a laser diode with an operating wavelength
of 780 nm. The distance between the substrate and the probe
was maintained at 375 nm. Figure 6(f) shows the electric field
intensity depending on the shape of the metal plates, where
the shape I series exhibited larger values compared with the
shape II series, as expected.

7. Summary

In summary, this paper describes the physical principles
and numerical and experimental demonstrations of systems
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based on nanophotonics, with regards to security-related
applications, such as tamper resistance against non-invasive
and invasive attacks, hierarchical information retrieval,
hierarchical holograms, authentication, and traceability. In
addition to overcoming the limitations faced by conventional
propagating light, such as the diffraction limit, we can
make use of the unique attributes of optical near-field
interactions on the nanoscale, namely optical excitation
transfer and hierarchy, for security applications. As is clear
with the hierarchical hologram demonstration, nanophotonic
security principles could co-exist with various existing optical
security technologies, which would provide qualitatively new
functions and/or offer a higher level of security. It should
be emphasized that we need more detailed characterizations,
including detailed quantitative performance analysis [41], and
technological improvements, both in the design of systems
and in fabricating nanostructures, for future deployment.
Also, there are many other unique attributes offered by
nanophotonics, such as phonon-assisted processes [42, 43],
based on a theoretical dressed photon model [44], that
can potentially contribute to security applications. Further
exploration of nanophotonics may lead to nano-intelligence
and contribute to security in our lives and society, and is
also expected to establish novel dressed photon science and
technologies.
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Abstract Single-crystalline ZnO nanocrystals were fabri-
cated by room-temperature photo-chemical vapor deposi-
tion (PCVD). We further enhanced the growth of high-
quality single-crystalline ZnO nanocrystals using dressed
photons and phonons (DPPs). This resulted in greater po-
sition control and the growth of high-quality ZnO nanocrys-
tals. The ZnO nanocrystals produced with DPPs had excel-
lent cathodoluminescence characteristics, indicating that the
near-field PCVD process could be a promising technique for
nanophotonic integrated circuit production.

1 Introduction

Future optical transmission systems require nanometer-scale
photonic devices (nanophotonic devices [1]) composed of
quantum dots (QDs) to increase data transmission rates and
capacity. One representative device studied by the authors
is a nanophotonic switch [2, 3]. Recently, Kawazoe et al.,
succeeded in fabricating AND-gate and NOT-gate devices
that operated at room temperature using InAs QD pairs [4],
in which switching dynamics are controlled by a dipole-
forbidden optical energy transfer among resonant energy
levels in QDs via an optical near field.

To fabricate nanophotonic devices and their integrated
circuits, QDs must be deposited on a substrate with nano-
scale position control. To achieve this level of control,
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we have demonstrated the feasibility of nanoscale chemi-
cal vapor deposition (CVD) by scanning a near-field fiber
probe [5] as well as the deposition of 60-nm Zn dots
with nanoscale control [6]. Although selective growth of
semiconductor QDs via a self-assembly has recently been
demonstrated by either metal catalyst-assisted [7, 8] or
catalyst-free methods [9, 10], only limited semiconductor
nanomaterials, substrates, and growth temperatures were
used.

2 Dressed-photon-assisted near-field process

To achieve greater position control, we used the optical near-
field. The optical near-field is a virtual photon that couples
with an excited electron. The quasiparticle representing this
coupled state is called a dressed photon (DP) [11]. The en-
ergy of a dressed photon is larger than the energy of a free
photon due to the contribution from coupling with the ex-
cited electron energy. In addition to excite electron coupling,
the DP interacts with the crystal lattice structure of the nano-
material by coupling with the multimodes of the phonons.
As a result, the DP can dress the energy of phonons in a co-
herent state [12]. The coupled state of the DP and the coher-
ent phonon (dressed photon and phonon or DPP) is a quasi-
particle. The energy of the DPP is larger than that of the DP
and the incident free photon, contributed from the electron
and phonon. The use of DPPs has facilitated novel nanoscale
technology [13, 14].

The ZnO nanocrystal is potentially ideal for room-
temperature nanophotonic device production due to its high
exciton-binding energy [15–17] and great oscillator strength
[18]. For this reason, ZnO was used to demonstrate the fea-
sibility of room-temperature nanocrystal growth by DPPs.

mailto:yatsui@ee.t.u-tokyo.ac.jp
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Fig. 1 (a) TEM image of the
ZnO nanocrystals deposited on
a sapphire substrate.
(b) Magnified TEM image in
the area indicated by the white
open square in (a). (c) and
(d) high-resolution TEM
images. (e) FFT image of (d).
(f) The selection area diffraction
(SAD) pattern of (d) taken from
the (011) direction. (g) XRD
θ–2θ scan result of (a)

ZnO nanocrystals grown using photochemical vapor depo-
sition (PCVD). PCVD reduces the growth temperature by
producing reactive radicals via the photolysis of their pre-
cursors [19]. As a result, higher position alignment can be
realized due to the reduction in the thermal diffusion of the
nanoparticles deposited on the substrate.

3 Room temperature growth of ZnO nanocrystal using
photochemical vapor deposition

As a preliminary study of the position selective growth of
nanocrystals by DPPs, we carried out conventional PCVD
for ZnO nanocrystal growth. Diethyl zinc (DEZn) and oxy-
gen were used as II and VI sources. Argon was used as
the carrier gas for DEZn. The II/VI ratio was 9/20,000.
The total pressure in the reaction chamber was 5.0 Torr.
Q-switch pulsed laser light (5.82 eV, λ = 213 nm, 20 Hz,
pulse width = 5 ns) was used as the light source for PCVD
growth. The photon energy of the light source exceeds the
absorption band-edge energy of DEZn (4.59 eV) [20]. The
growth time was 3 hours.

Low-magnification transmission electron microscopy
(TEM), shown in Figs. 1(a) and 1(b), revealed rod-shaped
structures with 50–100 nm in length and 5–10 nm in di-
ameter. High-resolution TEM images (Figs. 1(c) and 1(d))
and the corresponding fast Fourier transform (FFT) pattern
(Fig. 1(e)) revealed a periodic structure indicating single-
crystalline formation. Using inverse FFT, we determined
that the lattice spacing (0.280, 0280, 0.163 nm) matched
the ZnO wurtzite planes; 0.284 nm along the (100) plane,
0.281 nm along the (010) plane, and 0.165 nm along
the (110) plane. From these results, the TEM images of
Figs. 1(c) and 1(d) are of the wurtzite ZnO crystal from
the (001) direction. These results were also confirmed by
selection area diffraction (SAD) patterns obtained from the
(011) direction (Fig. 1(f)), where the selective spot indicated
by the white open circles matched the lattice spacing of
wurtzite ZnO (11̄1), (12̄2), and (01̄1). The X-ray diffrac-
tion (XRD) θ–2θ scans, shown in Fig. 1(g), indicate three
peaks at 31.77 (Ia), 34.42 (Ib), and 36.25 (Ic) degrees, cor-
responding to ZnO (100), ZnO (001), and ZnO (101), re-
spectively. These results confirm that the obtained structure
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Fig. 2 (a) Temperature-
dependent PL spectra of
deposited ZnO nanocrystals.
(b) Room-temperature (300 K)
PL spectrum. (c) Temperature
dependence of the emission
peak energy. Solid lines show
the calculated
temperature-dependent PL peak
position using Varshni’s
equation

was a wurtzite ZnO single crystal and deposited with ran-
dom direction with respective to the substrate.

Photoluminescence (PL) was used to evaluate the op-
tical properties of the deposited nanocrystals. We used a
continuous-wave He–Cd laser (λ = 325 nm) as the excita-
tion light source. The temperature-dependent PL spectrum
(Fig. 2(a)) shows a strong sharp peak at 3.361 eV (I2) at 6 K.
This PL peak originates from the bound exciton in wurtzite
ZnO [18]. As the temperature increased, the PL intensity of
this peak decreased dramatically. In addition, a new peak
(labeled IFX) emerged at temperatures above 100 K; IFX re-
mained visible even at room temperature. Figure 2(b) shows
the magnified PL spectrum at room temperature (300 K)
with a sharp peak at 3.30 eV. Its full width at half max-
imum (FWHM) is 173 meV, which is comparable to that
of a single-crystalline ZnO nanorod (158 meV) grown by
metal-organic vapor phase epitaxy (MOVPE) under 450 °C
high-growth temperature conditions [21]. These characteris-
tics presumably resulted from the recombination of the neu-
tral donor-bound exciton to the free exciton in wurtzite ZnO.
The temperature dependence of the energy at the peaks I2

and IFX is fitted using Varshni’s equation (solid curves in
Fig. 2(c)) [22], which defines the temperature dependence of
the band gap. These results indicated that the ZnO nanocrys-
tals synthesized by PCVD at room temperature were as high

quality as the ZnO synthesized using MOVPE with a high
growth temperature of 450 °C.

4 Room temperature growth of ZnO nanocrystal using
dressed-photon-assisted near-field process

Based on the experimental results of the conventional PCVD
described above, we proceeded to grow ZnO nanocrystals
at room temperature using the DPP process. To generate
DPPs, a patterned substrate with 200-nm-diameter holes and
a 400-nm center-to-center period was fabricated on a 40-nm-
thick SiO2 film (Fig. 3(a)). A Q-switched pulsed laser with
lower energy (3.49 eV, λ = 355 nm, 20 Hz, pulse width =
5 ns) was used to prevent DEZn dissociation at the free
space. DEZn can be selectively dissociated at the pattern
edge by the DPP (Fig. 3(b)). Although no nanoparticles
were deposited after 10-minute gas flow without irradiation
(Fig. 3(c)), the deposition of nanoparticles at the rim of the
hole (indicated by the white arrows) was confirmed after 10-
minute gas flow with light irradiation of 3.49-eV (Fig. 3(d)).
The nanoparticle deposition sites were sparse, despite the
fact that the spot irradiated by the 3.49-eV light source was
1 mm in diameter. We evaluated the distance d between the
nearest edge of the 100-nm hole and the nanoparticle cen-
ter. The shapes of the nanoparticles were approximated by
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Fig. 3 (a) SEM image of the
hole array substrate.
(b) Schematic of
ZnO-nanocrystal deposition
using a DPP. SEM images the
substrate after (c) 10-minutes
without irradiation and
(d) 10-minutes with irradiation.
(e) Histogram of the obtained
distance d . (Inset: schematic of
the distance d between the
nearest edge of the hole and the
center of the nanoparticle)

circles of equal area. Figure 3(e) shows the histogram of d .
From this result, 40-% of the nanoparticles were deposited
within 20 nm of the edge, indicating that deposition was re-
alized by DPPs generated at the rim of the hole structure.
The results have shown the potential of DPPs for higher
position-selective alignment.

We used cathodoluminescence (CL) to evaluate the op-
tical properties of the deposited nanoparticles. Figures 4(a)
and 4(b) show the scanning electron microscopy (SEM) im-
age of the deposited nanoparticles and the corresponding CL
mapping at 3.36 eV taken at 93 K, which corresponds to the
energy of the free exciton emission peak of wurtzite ZnO
nanocrystals (blue solid curve in Fig. 4(c)). In addition, the
room-temperature CL spectrum has a high peak at 3.29 eV
with a width of 140-meV (red solid curve in Fig. 4(c)),
which is comparable to that fabricated using MOVPE un-

der high growth temperature (450 °C). From these results,
we confirmed that the deposited nanoparticles were high-
quality wurtzite ZnO.

5 Conclusion

The use of PCVD allowed room-temperature growth of
single-crystalline ZnO nanocrystals. Additionally, using a
DPsP generated in the nanoscale structure, we realized
room-temperature growth of high-quality ZnO nanocrystals.
We confirmed their excellent CL characteristics at room
temperature. Because the deposition technique uses a pho-
tochemical reaction at room temperature, it can be applied
to other materials and other substrates.



Room-temperature growth of high-quality ZnO nanocrystals using a dressed-photon-assisted near-field 641

Fig. 4 (a) Typical SEM image
of the deposited ZnO
nanocrystal and (b) the
corresponding CL image at
3.36 eV obtained at 93 K.
(c) CL spectra obtained at 93 K
(blue solid curve) and 300 K
(red solid curve)
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Using one-dimensionally aligned ZnO nanorod multiple-quantum-well structures (MQWs), we

observed a superradiance, i.e., a cooperative spontaneous emission. We confirmed that the

excitation power dependence of the emissions from the MQWs originated from the coherent

coupling of the QWs due to the well organization at nanoscale. We identified two QWs with

cooperative emission. Additionally, we evaluated the number of coherently coupled QWs sets of

four that resulted in the superradiance. Our findings provide criteria for designing nanoscale

synergetic devices without the use of an external cavity. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4725514]

Cooperative spontaneous emission from coherently

coupled two-level systems was predicted by Dicke,1 and this

work was followed by several theoretical investigations.2–7

When two-level systems in the optical-wavelength region

coherently interact via a single radiation field and all of them

are excited to a population inversion as an initial condition,

the result is a pulsed emission that originates from the quan-

tum fluctuation of the radiation field. This phenomenon is

called superfluorescence,5,6 and the observations were in an

atomic8 and molecular9 systems. More recently, superfluor-

escence was observed in solid samples consisting of ensem-

ble quantum dots (QDs).10

Dicke’s cooperative emission was not limited to super-

fluorescence. An additional cooperative emission, superra-

diance, does not start with the initial population inversion

condition but originates from the giant initial polarization

when the two-level systems are coherently coupled.1,3,4 In

superradiance, the number of initially excited two-level sys-

tems depends on the excitation power. If more than half of

the two-level systems are excited (high-excitation power-

condition), pulsed single-peak emission is obtained rather

superfluorescence. Conversely, if fewer than half of the two-

level systems are excited (low-excitation power-condition),

emission with and exponentially decayed profile is obtained,

which has a faster decay time and greater emission intensity

compared with independent spontaneous emission. Recent

observations of superradiance from single QD11 J-aggre-

gate,12 and ensemble QDs13 were realized under low-excita-

tion-power conditions. Because the cooperative phenomenon

is thought to be suppressed by dephasing in the disordered

system, we introduced a well-organized nanoscale structure

so we could control the initial interactions among all the ele-

ments and thereby overcome the dephasing and obtain super-

radiance. By performing time-resolved spectroscopy of ZnO

nanorod quantum-well structures (QWs) aligned in one

dimension and found that multiple-QWs (MQWs) exhibited

higher emission intensities and faster decay times than did

single-QWs (SQWs). We confirmed that the excitation-

power dependence of the emissions exceeding the spontane-

ous emission originated from the coherent coupling of the

QWs due to the well-organization at nanoscale. Our findings

provide criteria for designing nanoscale synergetic devices

without the use of an external cavity, which provides a route

for miniaturization below the operating wavelength.

To observe the interaction among ZnO/ZnMgO quantum

structures, two samples were prepared using metal-organic

vapor-phase epitaxy14 (Fig. 1(a)): (1) SQWs with a well-

layer thickness Lw of 3.25 nm and (2) MQWs with

Lw¼ 3.25 nm (consisting of nine QWs separated by

S¼ 9 nm). Figure 1(b) shows the Z-contrast transmission

electron microscopic (TEM) image of the MQWs, in which

it is clear that the ZnO QWs were aligned in one dimension.

The far-field photoluminescence (PL) spectra were obtained

using a continuous-wave, 3.81 eV photon energy, He-Cd

laser and the emission signal was collected using an achro-

matic lens (f¼ 50 mm). In addition to the spectral peak at

3.380 eV from the ZnO stem (IZnO), a blue-shifted PL peak

was observed at 3.420 eV (IQW) (Figs. 1(c) and 1(d)). We

believe that the peak energy IQW originated from the exciton

ground-state emission of the ZnO QWs because their energy

was consistent with the ZnO well-layer thickness of 3.25 nm

(3.433 eV), calculated using a finite square-well potential fora)Electronic mail: yatsui@ee.t.u-tokyo.ac.jp.
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the quantum confinement effect in ZnO SQWs.15 The theo-

retical calculation used 0.28 m0 and 1.8 m0 for the effective

electron and hole masses in ZnO, respectively, a ratio of con-

duction and valence band offsets (DEc/DEv) of 9, and a band

gap offset (DEg) of 250 meV. Taking into account those pa-

rameters, the carrier penetration depth from QWs was

0.7 nm. Therefore, the large separation between adjacent

QWs (9 nm) prevented carrier tunneling and resultant elec-

tron interactions. This is, the excitons between adjacent QWs

coupled via optical interactions only.16

Figures 2(a) and 2(b) show the time-resolved PL

(TRPL) for the SQWs and MQWs, respectively, using the

third harmonic of a mode-locked Ti:sapphire laser (4.025 eV

photon energy, 80-MHz frequency, 1-ps pulse duration, and

100-lm beam-spot size). Although the decay time was simi-

lar, the SQWs peak intensity increased as the excitation-

power density increased (solid squares in Figs. 3(a) and

3(b)). The decay time of SQWs remained constant, with an

average decay time of 383 ps (sSQW), and the peak intensity

of the SQWs became saturated over time as the excitation-

power density increased; this supports the conclusion that

the emission originated from isolated SQWs. However,

although the MQWs peak intensity increased as the

excitation-power density increased, a faster decay time was

observed as the excitation-power density increased (solid

circles in Figs. 3(a) and 3(b)).

Based on these results, we evaluated the number of

QWs (m) with cooperative emission in M-QWs (M is the

number of coherently coupled QWs). Given that the time

evolution of the emission peak intensity is given by the time
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FIG. 1. ZnO/ZnMgO nanorod quantum-

well-structures. c: c-axis of the ZnO stem.

(a) Schematic of ZnO/ZnMgO single-

quantum-well structures (SQWs) and mul-

tiple-quantum-well structures (MQWs).

(b) Z-contrast TEM image of MQWs,

clearly showing the compositional varia-

tion, with the bright layers indicated by

white arrows representing the ZnO well

layers. Scale bar: 50 nm. PL spectra of

SQWs (c) and MQWs (d).

FIG. 2. The excitation-power-density dependence of time-resolved PL

(TRPL) signals of (a) SQWs and (b) MQWs.
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differential of the emitted photon number, the time-

integrated PL intensity is proportional to the number of

excited QWs, m. Figure 3(c) shows the excitation-power

density dependence of the time-integrated PL intensity, indi-

cating that the time-integrated PL intensity did not saturate

as observed for SQWs. The solid curve in Fig. 3(c) shows

the fitted integrated PL intensity for the SQWs. Using this

result, we determined the value of m. As shown in Fig. 3(d),

the value of m increased to 2 at an excitation power density

of 60 mW/cm2.

Based on the above evaluation, we determined the value

of M by the Dicke theory.1 An isotropic system is assumed,

and the position dependence of the QWs is neglected. The

emission intensity of M coherently coupled two-level sys-

tems is given by

IðtÞ ¼ 2p
XM�1

m¼0

ðmþ 1ÞðM � mÞG2nmþ1;MðtÞ; (1)

where G is the interaction coefficient and is obtained from

G ¼ c3

8p2x2
exsSQW

� �1
2

, sSQW is the average decay time of SQWs

(Fig. 3(a)), nm;M is the population of the m excited state in

the M coherently coupled two-level systems, and xex is the
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FIG. 3. Excitation power dependence of

(a) decay time and (b) PL peak intensity

(solid squares: SQWs, solid circles:

MQWs). (c) Time-integrated of SQWs

(solid squares) and MQWs (solid circles).

(d) Evaluated value of the number of

excited QWs, m.

FIG. 4. Time-resolved PL intensity of numerical simu-

lation (solid curves) and experimental results (solid

circles) of MQWs. The PL intensity for MQWs was

normalized by the PL intensity for SQWs, ISQWs, which

was obtained from fitting curve (solid black curve) for

SQWs in Fig. 3(b). Calculated results for MQWs (I/
ISQWs) for (a) M¼ 3 (solid black curve: m¼ 1, solid

blue curve: m¼ 2) and (b) M¼ 4 (solid black curve:

m¼ 1, solid blue curve: m¼ 2), respectively, using Eqs.

(1) and (2). sSQWs¼ 383 ps. Dashed curves in (a) and

(b) are proportional to expð�t=sSQWsÞ, corresponds to

the results for SQWs.
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resonant frequency of a two-level system. In this system, all

QWs are approximated as two-level systems that interact

with the photon field only. From Eq. (1), the emission inten-

sity is determined by the population, which is determined by

following hierarchical rate equation:

@

@t
nm;MðtÞ ¼

8p2

c3
x2

exðmþ 1ÞðM � mÞG2nmþ1;MðtÞ

� 8p2

c3
x2

exmðM � mþ 1ÞG2nm;MðtÞ: (2)

The solid curves in Figs. 4(a) and 4(b) show the calculated

time evaluation of the PL intensity for M¼ 3 and 4, respec-

tively, using Eqs. (1) and (2). In Figs. 4(a) and 4(b), the ex-

perimental PL intensity for MQWs was also plotted. Since

the experimental excitation power density for MQWs and

SQWs were different, the PL intensity for MQWs was nor-

malized by the PL intensity for SQWs, ISQWs, which was

obtained from fitting curve (solid black curve) for SQWs in

Fig. 3(b). From these results, it is reasonable to consider that

the initial condition of m¼ 2 and M¼ 4 is comparable to the

experimental results at the high-excitation power density of

63.60 mW/cm2. The coherent exciton length in ZnO is esti-

mated to be 30 nm,17 which is consistent with the length of

QWs exhibiting coherently coupling with M¼ 4 (9� 3

þ 3:25� 4 ¼ 40 nm). From these results, it was concluded

that the superradiance effect originated from the coherent

coupling of the populations among the QWs. The slow decay

component at t/sSQWs> 0.2 should originate from the

decoherence, leading to the conclusion that the emission

profile follows spontaneous emission, as described by

expð�t=sSQWsÞ, at t/sSQWs> 0.2.

In conclusion, we observed a superradiance from one-

dimensionally aligned ZnO MQWs in nanorod. We eval-

uated the number of coherently coupled QWs, as achieved

by the well-alignment of the QWs. For larger numbers of

excitons with cooperative emission, a decrease in the separa-

tion of the QWs is required to avoid exciton decoherence. To

reduce the separation, a higher Mg concentration in the bar-

rier layers is required, so that the wave-functions of adjacent

quantum wells do not overlap. This can be achieved using an

Mg concentration of 50% with a band-gap offset (DEg) of

680 meV.18 Under these conditions, the separation between

QWs can be as small as 1 nm without a wave-function

overlap. It is estimated that this would increase the number

of cooperative radiation excitons m to 8 (1� 7þ 3:25

� 8 ¼ 33 nm). Because the emission intensity of the super-

radiance increases as NðN=2þ 1Þ=2, a 20-fold increase in in-

tensity would be expected using MQWs. Nanoscale devices

have low output efficiencies due to their small volume, so

this type of cooperative radiation can play a significant role

at nanoscale light sources without the use of an external cav-

ity, greatly facilitating the miniaturisation process.19
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Abstract We fabricated several near-infrared Si laser de-
vices (wavelength ∼1300 nm) showing continuous-wave
oscillation at room temperature by using a phonon-assisted
process induced by dressed photons. Their optical res-
onators were formed of ridge waveguides with a width of
10 µm and a thickness of 2 µm, with two cleaved facets,
and the resonator lengths were 250–1000 µm. The oscilla-
tion threshold currents of these Si lasers were 50–60 mA.
From near-field and far-field images of the optical radiation
pattern, we observed the high directivity which is character-
istic of a laser beam. Typical values of the threshold current
density for laser oscillation, the ratio of powers in the TE
polarization and TM polarization during oscillation, the op-
tical output power at a current of 60 mA, and the external
differential quantum efficiency were 1.1–2.0 kA/cm2, 8:1,
50 µW, and 1 %, respectively.

Because silicon (Si) is an indirect-transition-type semicon-
ductor, it is difficult to use it as a material for optical devices
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such as light-emitting diodes (LEDs) and lasers. Neverthe-
less, Si has been the subject of extensive research for use
in fabricating lasers since it shows excellent compatibility
with electronic devices [1]. For example, there are reports
in the literature on Raman lasers [2] and lasers utilizing
quantum size effects [3]; however, parameters such as the
operating temperature, efficiency, wavelength and so forth
are still not adequate for practical adoption of these devices.
To solve these problems, in the research described here, we
developed a Si laser showing continuous-wave operation at
room temperature. To do so, we applied the same fabrication
method and operating principle used for a Si-LED that we
previously developed, which used a Si crystal having a p–n
homojunction [4]. We report the results here.

Similar to the fabrication of Si LEDs that we have already
reported, in this work, first we formed a p–n homojunction
by introducing a p dopant into an n-type Si substrate by
ion implantation. Then, while irradiating the structure with
light, we applied an electrical current to generate Joule heat-
ing, causing annealing. Stimulated emission was produced
via a two-step transition process driven by the light irradia-
tion. This process is described below [4, 5].

(i) First step: Dressed photons are generated by the light
irradiation in regions where the dopant concentration
in the p–n junction has a non-uniform spatial distri-
bution. A dressed photon is a quasi-particle represent-
ing a coupled state due to the mutual interaction be-
tween a photon and an electron on the nanometer scale.
The dressed photon then couples with a multi-mode
phonon, generating stimulated emission that causes a
conduction-band electron to transition from an initial
state |Eex; el〉 ⊗ |Eexthermal;phonon〉 to an intermedi-
ate state |Eg; el〉 ⊗ |Eex;phonon〉. Here, |Eex; el〉 and
|Eg; el〉 respectively represent the excited state (con-
duction band) and ground state (valence band) of the
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electron; |Eexthermal;phonon〉 and |Eex;phonon〉 respec-
tively represent the thermal equilibrium state and ex-
cited state of the phonon; and the symbol ⊗ represents
the direct product of the ket vectors. Because this tran-
sition is an electric-dipole–allowed transition, propagat-
ing light and a dressed photon are generated.

(ii) Second step: A transition from the intermediate state
|Eg; el〉 ⊗ |Eex;phonon〉 to the final state |Eg; el〉 ⊗
|Eex′ ;phonon〉 occurs, producing stimulated emission.
Here, |Eex′ ;phonon〉 is the excited state of the phonon,
but it differs from |Eex;phonon〉 in process (i) above.
Because this is an electric-dipole–forbidden transition,
only a dressed photon is generated. After this transition,
the phonon relaxes to the thermal equilibrium state.

The two-step transition process described above, referred
to as a phonon-assisted process, has already been applied to
photochemical vapor deposition [6], photolithography [7],
photoetching [8], optical frequency up-conversion [9], pho-
tovoltaic devices [10], and so on.

When the electron number densities in the initial state
|Eex; el〉 ⊗ |Eexthermal;phonon〉 and the intermediate state
|Eg; el〉⊗ |Eex;phonon〉, nex and ninter, satisfy the Bernard–
Duraffourg inversion condition (nex > ninter) [11], opti-
cal amplification gain occurs. In Si, which is an indirect-
transition-type semiconductor, the spontaneous emission
probability is low, and the probability of the first-step tran-
sition in process (i) occurring in the absence of externally
incident light is low. However, if the fabricated devices have
an optical cavity structure for confining the emission energy
in the p–n junction, and if the optical amplification gain is
larger than the cavity loss, there is a possibility of laser os-
cillation occurring as a result of spontaneous emission.

To examine this possibility, we fabricated Si lasers by the
following method. We used an As-doped n-type Si crystal
with an electrical resistivity of 10 � cm and a thickness of
625 µm as a device substrate. This substrate was doped with
boron (B) by ion implantation to form a p-type layer. The
implantation energy for the B doping was 700 keV, and the
ion dose density was 5×1013 cm−2. After forming a p–n ho-
mojunction, an indium tin oxide (ITO) film with a thickness
of 150 nm was deposited on the p-layer side of the Si sub-
strate, and an aluminum (Al) film with a thickness of 80 nm
was deposited on the n-substrate side, both by RF sputter-
ing, for use as electrodes. Next, the Si substrate was diced
to form the device. The device area was about 400 mm2.
Similarly to [4], the substrate was irradiated with laser light
having a wavelength of 1320 nm and a power density of
200 mW/cm2, during which annealing was performed by
applying a forward-bias current of 1.2 A to generate Joule
heating, causing the B to disperse.

With this method, the spatial distribution of the B con-
centration changes, forming microdomain boundaries in a
self-organized manner, which allows efficient generation of

the phonon-assisted process. These domain boundaries have
a shape and distribution suitable for efficiently inducing the
phonon-assisted process described above during light emis-
sion [4, 5].

Next, to fabricate a Si laser, the ITO electrode and the
Al electrode on the Si substrate were removed by etching.
Then, the ridge waveguide structure was fabricated by us-
ing conventional photolithography. An SiO2 film, used as a
mask in wet chemical etching of Si by KOH, was deposited
by means of tetraethyl orthosilicate chemical vapor deposi-
tion (TEOS-CVD). After transferring the mask pattern, with
a line width of 10 µm, to the SiO2, KOH etching was con-
ducted to fabricate a ridge waveguide structure with a depth
of 2 µm. Then, an SiO2 film for isolating the Si wafer and the
electrode was deposited by TEOS-CVD, and a contact win-
dow was formed on top of the ridge waveguide. After that,
an Al electrode was deposited by DC sputtering. The sub-
strate was then polished to a thickness of 100 µm, and Al was
deposited on the reverse side of the Si substrate. The sample
was cleaved to various cavity lengths, and the cleaved facets
served as mirrors. We fabricated several Si laser devices with
the above method. Note that all of the experiments described
below were conducted at room temperature (15–25 °C).

Figure 1(a) illustrates the device structure. From sec-
ondary ion mass spectrometry (SIMS) measurements, we
confirmed that the active layer formed in the p–n junction
was located at a depth of 1.5–2.5 µm from the surface of
the Si substrate. This corresponds to the bottom of the ridge
waveguide. Figure 1(b) shows optical micrographs of a fab-
ricated Si laser. The width and thickness of the ridge waveg-
uide constituting the resonator were 10 µm and 2 µm, respec-
tively. We fabricated several Si lasers with resonator lengths
of 250–1000 µm. The guiding loss in the ridge waveguide
and the optical scattering loss at the cleaved facets were esti-
mated to be about 70 % for the TE-polarization component.
Because this ridge waveguide does not exhibit optical con-
finement in the thickness direction, the guiding loss is large;
it can be estimated to be 90 % or more. However, because
an active layer that efficiently generates dressed photons is
formed in the p–n junction by the phonon-assisted anneal-
ing process, the effective refractive index of the active layer
is higher than the refractive index of the surrounding area.
Therefore, the actual guiding loss is smaller than the above
value. We measured the current density dependency of the
optical amplification gain resulting from irradiating the Si
laser with 1320 nm-wavelength laser light and obtained a
transparent current density of Jtr = 26.3 A/cm2. This value
is about 1/10 of that for a conventional laser device made us-
ing a direct-transition-type semiconductor [12], demonstrat-
ing the possibility that this ridge waveguide with the p–n
homojunction structure has adequate performance for use as
a laser.

Of the several Si lasers that we fabricated, the current–
voltage characteristic for the laser with a resonator length
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Fig. 1 (a) Schematic diagram
for explaining structure of
fabricated Si lasers. (b) Optical
micrographs

of 750 µm is shown in Fig. 2(a). The red squares and the
blue circles are the results of measurements obtained while
increasing the current and decreasing the current, as shown
by the red and blue arrows, respectively. In both cases, the
voltage value showed a large change at a current value of
50 mA, which corresponds to the threshold current for laser
oscillation. This can be explained using the optical radiation
pattern of the Si laser. Far-field images of the optical radia-
tion pattern are shown next to numerals ① to ⑤ in Fig. 2(a).
A near-field image is also shown next to numeral ③. There
is a ridge waveguide with a width of 10 µm at the center of
the circle indicated with the white dotted line in this near-
field image. At an injection current of 50 mA and above, the
optical radiation pattern was concentrated inside the ridge
waveguide, and the optical power was increased. This con-
centration indicates that the directivity of the optical radi-
ation pattern was high due to the laser oscillation. At an
injection current below 50 mA, on the other hand, the di-
rectivity was low; this is because the main components of
the optical radiation pattern are spontaneous emission and
amplified spontaneous emission (ASE).

The left side of Fig. 2(b) shows near-field images for
the TM- and TE-polarization components forming the op-
tical radiation pattern at ③ in Fig. 2(a). The right side of
Fig. 2(b) shows the cross-sectional light intensity profiles
taken along the white dotted lines in these near-field im-
ages. From these figures, the TM-polarization component
from the Si laser was spread over the entire device, whereas
the TE-polarization component was concentrated at the lo-
cation of the ridge waveguide. Because the output beam
from a conventional semiconductor laser during oscillation
contains the TE-polarization [13], this measurement result
also confirms that laser oscillation occurred. In this mea-
surement, the intensity ratio of the TE-polarization and the
TM-polarization was 8:1. On the other hand, in a usual semi-
conductor laser, the intensity ratio of the two polarizations
is 100:1 or greater [13]. The reason for the difference be-
tween our result and this value is that there is no optical
confinement structure in the thickness direction of the ridge
waveguide, and also because the spectral wavelength bands
of the spontaneous emission and ASE are extremely wide.

Fig. 2 Images of optical radiation pattern from Si laser (resonator
length 750 µm). (a) Current–voltage characteristic of Si laser. Red
squares and blue circles are results measured while increasing and de-
creasing the current, as shown by the red and blue arrows, respectively.
Far-field images of the output optical radiation pattern are shown be-
side numerals ① to ⑤. A near-field image is also shown beside nu-
meral ③. The circle indicated with the white dotted white line shows
the ridge waveguide structure. (b) The left-hand side shows near-field
images of the TM-polarization and TE-polarization in the output light
from the Si laser. These correspond to ③ in (a). The circle indicated
with the white dotted white line shows the ridge waveguide structure.
The right-hand side shows the cross-sectional light intensity profiles
taken along the white dotted lines in the near-field images at the left

Figure 3(a) shows the output light spectral characteristics
of the Si laser. In these measurements, in order to separately
observe each longitudinal mode, we used a device having
a shorter resonator (resonator length 250 µm) than that in
Fig. 2. A sharp peak showing laser oscillation at an injection
current of 60 mA was observed at 1356 nm (the position
indicated by the upward-pointing arrow in the figure); how-
ever, the tip of the peak went off the top edge of the graph



662 T. Kawazoe et al.

Fig. 3 Spectral characteristics of output light from Si laser. (a) Current
dependency of output light spectrum (resonator length = 250 µm). The
inset shows an enlarged view in the vicinity of the peak in the oscilla-
tion spectrum during laser oscillation (current = 60 mA). The upward–
pointing arrows show the positions of the longitudinal modes. (b) Cur-
rent dependency of output optical power. The white circles are values
obtained by integrating the optical power with respect to wavelength,
in the wavelength range 1220–1380 nm. The black squares are values
of the spectral power density at a wavelength of 1356 nm. (c) Output
light spectra from Si laser (resonator length 500 µm) above the oscil-
lation threshold (current 57 mA) and below the oscillation threshold
(55 mA)

due to saturation of the photo-receiver sensitivity of the mea-
surement equipment. The inset shows a magnified view of
the vicinity of the oscillation spectral peak during laser os-
cillation, where several longitudinal modes (positions indi-
cated by the upward-pointing arrows in the inset) were ob-
served at a wavelength spacing of 1.0 nm, corresponding to
the resonator length (250 µm). Figure 3(b) shows the cur-
rent dependency of the output light power. The white circles
are values obtained by integrating the optical power with re-

spect to wavelength in the wavelength range 1220–1380 nm.
At an injection current of 60 mA, the optical output power
was 50 µW, and the external differential quantum efficiency
was 1 %. This value is as high as that reported for a 1.3 µm-
wavelength double heterojunction laser using InGaAsP/InP,
which is a direct-transition-type semiconductor [14]. The
black squares are values of the spectral power density at a
wavelength of 1356 nm. At the injection current of 60 mA,
the spectral power density was 150 µW/nm. Because this
device had a wide emission wavelength band, as the current
increases, the optical power of the spontaneous emission and
ASE also increase; therefore, the measurement results indi-
cated by the white circles do not show a sudden increase in
the optical output power due to laser oscillation. The black
squares, on the other hand, do show this, and the threshold
current for laser oscillation was found to be 50 mA, giving
a threshold current density of 2.0 kA/cm2.

To measure the optical power and spectral linewidth at
the peak wavelength in the laser oscillation spectrum, we
measured the output spectrum during laser oscillation (cur-
rent = 57 mA) using a different Si laser (resonator length =
500 µm) from that used in Figs. 3(a) and 3(b). The results are
shown in Fig. 3(c). The vertical axis of this graph is a loga-
rithmic scale. At an injection current of 55 mA or less, only
a wide emission spectrum was measured; however, above
the threshold current (about 56 mA), a sharp laser oscilla-
tion spectrum was observed, with a center wavelength of
1271 nm. The full width at half maximum (FWHM) was
the wavelength resolution (0.9 nm) or less. In addition, from
these measurement results, we confirmed that the threshold
current density for laser oscillation was 1.1 kA/cm2.

In summary, we fabricated several near-infrared Si lasers
(1300 nm wavelength band) showing continuous-wave os-
cillation at room temperature. For the fabrication and op-
eration of these Si lasers, we used a phonon-assisted pro-
cess induced by dressed photons. The optical resonators
of these lasers were formed of a 10 µm-wide, 2 µm-thick
ridge waveguide with two cleaved facets, and the resonator
lengths were 250–1000 µm. The oscillation threshold cur-
rents of these Si lasers were 50–60 mA. From near-field
and far-field images of the optical radiation patterns, we ob-
served the high directivity which is characteristic of a laser
beam. Typical values of the threshold current density for
laser oscillation, the ratio of powers of the TE-polarization
and the TM-polarization during oscillation, the optical out-
put power for a current of 60 mA, and the external quantum
efficiency were 1.1–2.0 kA/cm2, 8:1, 50 µW, and 1 %, re-
spectively.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.
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We theoretically and experimentally evaluated energy dissipation of nanophotonic devices based on

energy transfer via near-field interactions and their interfaces with optical far-fields. The lower bound is

about 104 times more energy-efficient than electronic devices. We also examined some fundamental

differences between near-field-mediated optical energy transfer logic and electrical logic in terms of

energy dissipation. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729003]

Energy efficiency is one of the most important aspects

of today’s optical technologies.1–4 Energy efficiency of

optical processes has been highlighted in the context of

exploiting the low-loss, wavelength-multiplexed, high-

bandwidth nature of optical communications.4 Another fea-

ture of photons for efficient energy usage is their unique

attributes exhibited on the nanometer scale, namely, energy

transfer mediated by optical near-field interactions between

quantum nanostructures.1 Nanophotonic devices based on

optical near-field interactions have been experimentally

demonstrated at room temperature based on stacked quan-

tum dots (QDs).5 Previously, we have theoretically ana-

lyzed the lower bound of energy dissipation required for

elemental optical excitation transfer from a smaller QD to a

larger one by analyzing the energy dissipation occurring at

the destination quantum dot.1 The purpose of the study

described in this letter is to analyze the energy dissipation

in energy transfer via optical near-field interactions as a

total system, including the energy dissipation of the input

and output interfaces with optical far-fields, while consider-

ing the number of photons required for photodetection. The

lower bound of total energy dissipation was estimated to be

138 eV theoretically and 155 eV experimentally, which are

both about 104 times more energy-efficient than electrically

wired devices, as discussed below. The tradeoff between

device redundancy and operating speed is also evaluated.

We also examined some fundamental differences between

near-field-mediated optical energy transfer logic and elec-

trical logic in terms of energy dissipation.

Optical energy transfer occurs from a smaller quantum

dot, denoted by QDS in Fig. 1(a), to a larger one (QDL) via op-

tical near-field interactions in the resonant energy sublevels.1,6

The energy dissipation occurring in the larger dot, namely,

relaxation from L2 to L1 in Fig. 1(a), allows uni-directional

signal flow from QDS to QDL. Such energy transfer enables

versatile functionality, such as nanophotonic logic gates5 or

energy concentration.6,7 When we operate these nanophotonic

devices, input and output interfaces are needed in practice.

Figure 1(b) schematically represents a system model consid-

ered in this letter, composed of (i) an input interface convert-

ing an optical far-field to an optical near-field, (ii) a

nanophotonic logic device (e.g., a NOT gate), and (iii) an out-

put interface converting the optical near-field to the optical

far-field, followed by a photodetector.

The input interface can be realized by multiple combina-

tions of energy transfer, called an optical nanofountain7 or

cascaded energy transfer (CET),6 as schematically shown in

the left hand side of Fig. 1(b). The conversion efficiency

from the input optical energy to the largest QD in the system

is known to be high, similarly to a light harvesting antenna.8

The energy dissipation associated with such input interfaces

involves inter-sublevel relaxations occurring in the larger

QD. Here gin denotes the transmission efficiency at the input

interface, that is, the efficiency of the conversion from the

optical far-field to the optical near-field at the input. The

input signal is then transferred to a nanophotonic logic gate

(e.g., NOT gate), which consists of one smaller and one

larger QD, as shown in the middle of Fig. 1(b). The output

optical near-field is scattered by a metal nanoparticle located

in the vicinity of the quantum dot, is converted to an optical

far-field, and is captured by a photodetector, as depicted in

the right hand side of Fig. 1(b). Here, the output conversion

efficiency from the optical near-field to the optical far-field

is denoted by gout, which is analyzed in detail later below.

Also, we need to take into account the number of photons

per time slot arriving at the photodetector, denoted by np,

which should yield sufficiently low error rate in the photode-

tection. The operating speed of the total system depends

on the architecture of the system, as discussed at the end of

this letter.a)Electronic mail: naruse@nict.go.jp.
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We evaluate each of the parameters based on theoretical

and experimental data. The architecture discussed in Fig. 1(b)

will be experimentally fabricated as shown in Fig. 1(c), which

is based on the technology of stacked quantum dots in which

energy transfer occurs from smaller QDs to larger ones.5

[Input interface] The energy dissipation associated

with the input interface is given by gin¼ 1� ed, where ed is

the overall inter-sublevel relaxation occurring in the optical

excitation transfer via optical near-field interactions. As dis-

cussed above, the transfer efficiency is high, similarly to

light harvesting antennae in nature. Here, we assume that

ed< 0.1, meaning that gin is greater than 0.9.

[Logic gate] The energy dissipation associated with the

logic gate based on energy transfer via the near-field interac-

tion is the inter-sublevel energy dissipation, whose lower

bound is theoretically derived to be Ed(th)¼ 25 leV (Ref. 1)

and experimentally estimated to be Ed(exp)¼ 65 meV in the

case of a nanophotonic NOT gate based on two layers of

InAs QDs.5

[Output interface] The efficiency of the output interface

is estimated based on experimental data in two layers of InAs

QDs working as a NOT gate.5 It is evaluated by the following

three steps. In the two layers of QDs, the size of the QDs in the

first layer is smaller than those in the second layer, which is

achieved by optimizing the parameters in the molecular beam

epitaxy (MBE) process used to fabricate them.5 First, consider

the system shown in Fig. 2(a), where InAs QDs are encapsu-

lated in GaAs barrier layers. Let the radiation from the output

QD (QDL) in this setup be given by Pemit. Due to Fresnel

refraction, the ratio of the optical power extracted from the

QD, Pextract, is given by Pextract=Pemit ¼ ½ðnG � 1Þ=ðnG þ 1Þ�2,

where nG is the refractive index of GaAs. Second, as shown

in Fig. 2(b), the device is fabricated in a mesa structure. We

experimentally evaluated that the optical power from the

mesa device, Pmesa, is half of that in the system shown in

Fig. 2(a); that is, Pmesa/Pextract¼ 0.5. Third, by placing a

metal nanoparticle on top of the mesa structure (Fig. 2(c)),

whose emitted optical power is denoted by Pm, we can

expect enhanced light scattering compared with the system

shown in Fig. 2(b). Figure 2(d) shows a cross-sectional

image of the system shown in Fig. 2(d) taken by a scanning

transmission electron microscope.5 The interactions between

semiconductor QDs and metal nanostructures have been

studied in depth,9–13 but they have still not been clearly

understood, particularly regarding the upper bound of the

enhancement; for instance, a more than fivefold increase, as

well as quenching in certain conditions, has been observed in

CdSe/ZnS nanocrystals on metal surfaces by various

groups,10–12 while modest increases have been reported in

InGaAs QD/metal composites.13 In Ref. 5, thanks to the

placement of an Au nanoparticle, the enhancement factor

was experimentally estimated at 3. Based on this experimen-

tal value, which we also consider modest, in this letter we

assume Pm/Pmesa¼ 3.0. Summing up, the output interface

efficiency is given by

gout ¼ Pm=Pemit

¼ ðPm=PmesaÞ � ðPmesa=PextractÞ � ðPextract=PemitÞ; (1)

which yields 0.45 based on the numerical values evaluated in

the three steps discussed above.

We assume that 100 photons (np¼ 100) are required in

order to obtain an error rate of 10�9, assuming that an optical

preamplifier is employed,14 which we consider one realistic

operation. Thus, the energy required for the detector, denoted

by Edet, is given by Edet¼ nph�, where � is the optical fre-

quency of the output beam and h is Planck’s constant. Tak-

ing into account the efficiencies at the input, internal, and

output stages, the required optical input energy, Ein, is given

by Ein¼ np(h�þEd)/(gingout), which was estimated to be

235 eV (theoretical) and 251 eV (experimental, wavelength

1.3 lm). Therefore, the total energy dissipation in the system

is given by Ed,total¼Ein�Edet, which is 140 eV (22.4 aJ)

(theoretical) and 156 eV (25 aJ) (experimental). Figure 3(a)
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represents the breakdown of energy dissipation. We can

find that the energy dissipation is dominated by the output

interface, whereas that for the input interface, which is

given by edEin, is small, and that for energy transfer, given

by npEd/gingout, is nearly negligible. This indicates that

developing an improved output interface would significantly

improve the energy efficiency. The energy dissipation of

electronic wired devices, including interfacing, is estimated to

be 6.3 MeV,15 indicating that the energy dissipation of nano-

photonic devices is about 104 times more energy-efficient

than their electrical counterparts (Fig. 3(b)).

The operating speed of the total system depends on the

architecture of the device. First, suppose that there is one

logic gate in the system, as shown in Fig. 1(b) and at the

upper left in Fig. 3(c). Since the energy transfer time from

the smaller dot to the large one is estimated to be s¼ 50 ps,5

the minimum duration of the time slot required to determine

a single bit, requiring 100 photons (np¼ 100), i.e., np/gout

excitons passing the device, is given by nps/gout, which is

about 17 ns, corresponding to a total system operating fre-

quency of about 60 MHz. However, when we assume multi-

ple identical devices operating in parallel or device

redundancy, as schematically shown at the upper right in

Fig. 3(c), the minimum duration for a single information bit

could be shortened, enabling a higher operating speed. The

tradeoff between such device redundancy and operating

speed was also evaluated when np¼ 21, which is the quan-

tum limit of detection yielding an error rate of 10�9,14 pro-

viding higher operating speed with the same parallelism

compared with np¼ 100.

Finally, we make a few additional remarks. First, assum-

ing electrical circuits with 30 nm feature size gives sub-

picosecond gate time and a dissipated switching energy of

�50 aJ.16 The comparison above considers energy dissipa-

tion including interfacing,15 which leads to 104 times higher

energy efficiency with optical energy transfer. Superficially,

however, the 50 aJ switching energy in electronics and the

total energy dissipation for optical energy transfer in logic

gates are comparable.

Second, when we consider multiple-input devices

based on optical energy transfer, for instance, NOT gates or

AND gates as in Ref. 5, we make use of energy resonance

or off-resonance between quantum dots or state filling

effects induced at larger quantum dots. It should be noted

that the near-field–mediated optical energy transfer logic

demonstrated in Ref. 5 and references therein is quite dif-

ferent in concept from other attempts in the field.17 In

particular, it should be noted that additional input light,

denoted by Ea, is needed for inducing energy-resonance in

implementing a NOT gate, for example, leading to addi-

tional input energy, but this does result in negligible energy

dissipation (ed � Ea) or heat generation within the device;

namely, almost all of the energy is dissipated from the de-

vice under study as photon radiation. This is another unique

mechanism inherent in logic based on optical energy trans-

fer, in contrast to electronic devices, where the energy con-

tributes to heat generation, which is the most severe issue

in state-of-the-art electronics.

One final remark is that system architectures and appli-

cations based on optical energy transfer could be very differ-

ent from those based solely on silicon electronics. For

example, the parallel and autonomous features of optical

energy transfer18 and optical interfaces with the real-world,

including light energy inputs (wireless connections to power

supplies) and sensors, would provide unique architectures

and applications19–21 for nanophotonic devices and systems.

In summary, we theoretically and experimentally ana-

lyzed the energy dissipation in energy transfer mediated by

optical near-field interactions and their interfaces with optical

far-fields. Our findings provide insights that will aid in the fur-

ther development of nanophotonic devices and systems.
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Abstract We formed a p–n homojunction by implanting
nitrogen ions, serving as a p-type dopant, into an n-type
ZnO crystal. A forward bias current was injected into the
crystal while irradiating it with light, bringing about Joule
heating which annealed the crystal and changed the spa-
tial distribution of the N-dopant concentration. This acti-
vated the N-dopant, causing its concentration distribution
to be modified in a self-organized manner so as to be suit-
able for generating dressed photons. A light-emitting diode
fabricated by this dressed-photon assisted annealing method
showed electroluminescence at room temperature. In a de-
vice fabricated by annealing under irradiation with 407 nm-
wavelength light, at a forward bias current of 20 mA, the
peak wavelength of the electroluminescence was 436 nm,
the optical output power was 6.2 µW, and the external quan-
tum efficiency was 1.1×10−4. The emission spectral profile
depended on transitions from intermediate phonon states.

1 Introduction

ZnO is a direct-transition, wide bandgap semiconductor and
is expected to be used as a material for fabricating optical de-
vices such as UV light-emitting diodes and laser diodes [1].
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In general, using a semiconductor that can form p–n junc-
tions allows straightforward fabrication of light-emitting
diodes and laser diodes [2–5]; however, this is difficult in
the case of ZnO. The reason why is that it is difficult to form
a p-type crystal because the acceptors are compensated due
to the numerous oxygen vacancies and interstitial zinc in the
ZnO crystal acting as donors [6]. Therefore, despite the nu-
merous efforts that have been made [7–13], until now there
have been very few reports of EL emission at room tempera-
ture [11, 12]. Because the radius of N ions is approximately
the same as that of oxygen ions, they are promising candi-
dates to serve as p-type dopants in ZnO [1], and N doping
by, for example, ion implantation has been examined [14].
However, the large number of lattice defects generated in
normal ion implantation cannot be removed even with ther-
mal annealing, and therefore, no p-type crystals of sufficient
quality for fabricating devices have been obtained [14].

On the other hand, according to recent research by the au-
thors, the possibility of fabricating p-type ZnO has been in-
creased by employing annealing using dressed photons [15],
a technique known as dressed-photon assisted annealing.
This annealing method has already been applied to Si, an
indirect-transition semiconductor, to realize high-efficiency
p–n homojunction-structured LEDs using bulk Si crystal
[16]. Also, processing methods based on the same principle
have been applied to organic thin-film photovoltaic devices
[17], frequency up-conversion via organic dye grains [18],
photolithography [19], and subnanometer polishing of glass
surfaces [20].

In this study, we successfully fabricated a p–n homojunc-
tion-structured LED that emits at room temperature by ap-
plying dressed-photon assisted annealing to a bulk ZnO
crystal. The principle of the annealing technique, the device
fabrication method, and the characteristics of the fabricated
devices are described in the following.

mailto:kawazoe@ee.t.u-tokyo.ac.jp


294 K. Kitamura et al.

2 Principle of dressed-photon assisted annealing

In this study, we used an n-type bulk ZnO crystal implanted
with N ions (N dopant) serving as a p-type dopant. In pre-
vious work by the authors, when a bulk Si crystal was im-
planted with boron (B) serving as a p-type dopant, the B was
readily activated to form acceptors, thus creating a p–n ho-
mojunction [16]; in the present study, however, where we
employed ZnO, the N dopant was not readily activated [6].
Therefore, first we tried to activate the N dopant.

Specifically, Joule heating brought about by a forward
bias current was used to anneal the crystal, activating the
N dopant. An overview of this principle is as follows: if a
forward bias current is applied directly after implanting the
N dopant, the N is not activated much; therefore, only elec-
trons, which are majority carriers, carry the electrical cur-
rent. Also, because no holes exist, recombination emission
does not take place either. Therefore, the p–n junction re-
mains highly resistive, and when a constant current is ap-
plied, the voltage applied across the p–n junction is high. As
a result, a high level of Joule heating occurs, diffusing the
N dopant and considerably changing the concentration dis-
tribution, causing the N dopant to be activated. Therefore,
because holes also become current carriers, the resistance
decreases. Because ZnO is a direct-bandgap semiconductor,
a part of the electrical energy is converted to spontaneous
emission optical energy through recombination of electrons
and holes, and this is radiated from the crystal. The Joule
heating drops due to this energy dissipation and the decrease
in resistance mentioned above and, therefore, the concentra-
tion distribution of the N dopant eventually reaches a steady
state. This completes the N dopant activation process.

Next, we use dressed-photon assisted annealing simul-
taneously with the activation described above. The process
can be explained as follows: a p–n homojunction is formed
in the ZnO crystal by implanting N ions; however, because
this structure is simple, the electrons and holes both ex-
hibit wide spatial distributions. Therefore, their recombina-
tion probability is low, and the emission intensity is also low.
The dressed-photon assisted process is used to increase the
emission intensity. Specifically, while applying a forward
bias current during the annealing, the crystal surface is irra-
diated with light having a low photon energy compared with
the band gap energy. This light is not absorbed in the ZnO
crystal and reaches the p–n junction in the form of exciton
polaritons. Because the N dopant present in the p–n junction
is introduced by ion implantation, its concentration distri-
bution is not homogeneous [21], and centers of localization
of electrons and holes are formed at regions of high con-
centration. Therefore, when these centers of localization are
irradiated with the above exciton polaritons, the exciton po-
laritons are localized. As a result, localized dressed photons
are generated in the vicinity of the localized exciton polari-
tons. These dressed photons can excite multimode coherent

phonons in the vicinity of the p–n junction [22], resulting in
a state where the dressed photons and phonons are coupled;
in other words, dressed-photon phonons are created. On the
other hand, because it is difficult to form centers of local-
ization in regions where the N dopant concentration is low,
dressed photons and dressed-photon phonons are not created
there.

When Joule heating is generated by the forward bias cur-
rent, the N dopant in the p–n junction is diffused; however,
at regions where dressed photons are generated by the pro-
cess described above, stimulated emission occurs, driven by
the dressed photons. Furthermore, in the p–n junction, be-
cause an electron population inversion is formed between
the conduction band and the valence band, the stimulated
emission light produced is amplified by this population in-
version. Therefore, part of the electrical energy given by the
forward bias current is efficiently converted to the stimu-
lated emission photon energy and is radiated from the crys-
tal. At the same time, spontaneously emitted light is also
radiated externally, similar to the case where activation is
performed, as described above. Therefore, the amount of
thermal energy produced in these regions is small compared
with regions where dressed photons are not generated, and
thus the N dopants are not easily diffused. As a result, at
regions where dressed photons are generated with high effi-
ciency, the concentration distribution of the N dopant hardly
changes, maintaining the high dressed-photon generation ef-
ficiency.

The electronic transitions related to the above process
will now be explained using Fig. 1. A dressed-photon
phonon is created by light irradiation, which means that
an intermediate state |Eg; el〉 ⊗ |Eex;phonon〉 represented
by the direct product of the valence band electronic state
|Eg; el〉 and the phonon excited state |Eex;phonon〉 is cre-
ated. At this time, an electron transitions from the upper state
|Eex; el〉 ⊗ |Eexthermal;phonon〉, represented by the direct
product of the conduction band electronic state |Eex; el〉 and
the phonon thermal equilibrium state |Eexthermal;phonon〉,
to the above mentioned intermediate state |Eg; el〉 ⊗ |
Eex;phonon〉, and a photon is generated by spontaneous
emission (arrow Sp in Fig. 1). Then the electron transi-
tions to the lower state |Eg; el〉⊗|Eex′ ;phonon〉 represented
by the direct product of the valence band electronic state
|Eg; el〉 and the phonon low-energy state |Eex′ ;phonon〉,
during which another photon is generated by stimulated
emission driven by a dressed photon (arrow St in Fig. 1).
As a result, because the concentration distribution of the N
dopant is maintained at regions where dressed photons are
generated with high efficiency, as described above, Joule-
heating annealing and stimulated emission proceed there,
eventually forming, in a self-organized manner, a concen-
tration distribution that is suitable for inducing the dressed-
photon assisted process with the optimum efficiency. Af-
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Fig. 1 Principle of stimulated
emission driven by a dressed
photon. Arrows Sp and St
represent spontaneous emission
and stimulated emission,
respectively

ter the annealing, the number of regions with a high ef-
ficiency of generating dressed photons is higher than that
before the annealing. Hence, considering that the sponta-
neous emission probability is proportional to the stimulated
emission probability, a light-emitting diode that efficiently
generates spontaneous emission can be fabricated by using
this dressed-photon assisted annealing process.

3 Device fabrication

In this study, we used an n-type ZnO single crystal fabri-
cated by the hydrothermal growth method [23]. The crystal
axis direction was (0001), the thickness was 500 µm, and
the electrical resistivity was 50–150 � cm N2+ ions were
implanted into the crystal at an energy of 600 keV and
an ion dose density of 1.0 × 1015 cm−2. The implantation
depth was confirmed to be about 3 µm by secondary ion
mass spectrometry (SIMS). This allowed the N dopant to
be distributed in the vicinity of the crystal surface, form-
ing a p-type ZnO layer. As a result, we realized a p–n ho-
mojunction structure. Using RF sputtering, a 150 nm-thick
indium tin oxide (ITO) film was deposited on the surface
of the p-type ZnO layer, and a 5 nm-thick Cr film and a 100
nm-thick Al film were deposited on the surface of the n-type
ZnO layer to serve as electrodes. Then, the crystal was diced
to form a device with an area of about 9 mm2.

Annealing was performed by causing a forward bias cur-
rent to flow through the device to generate Joule heating. To
do so, the current was made to flow by bringing a W probe
into contact with the positive electrode and attaching a Cu
film to the negative electrode.

We fabricated the following two types of devices.

Device 1: A device fabricated by annealing with a forward
bias current alone, without light irradiation, to activate the
N dopant.

Device 2: A device fabricated by dressed-photon assisted
annealing. (To do so, during annealing with the forward

bias current, the device was irradiated with laser light hav-
ing a photon energy hν = 3.05 eV (λ = 407 nm) lower
than the bandgap energy of ZnO (3.4 eV), from the ITO
electrode side.)

The forward bias current density for annealing both de-
vices was made as high as possible without causing thermal
destruction of the device, namely 0.22 A/cm2. For Device 2,
the irradiation power was set as high as possible without
causing the crystal temperature to rise, namely, about 1/10
of the input power, or about 2.2 W/cm2. Figure 2(a) shows
a thermographic image of the surface of Device 2 about 1
minute after commencing annealing. Figure 2(b) shows the
change in surface temperature with time at the center of the
device. The surface temperature rose to 100 ◦C when an-
nealing commenced, and then dropped, reaching a constant
temperature of 74 ◦C after about 60 minutes. This tempera-
ture drop was caused by the generation of dressed photons as
annealing progressed, bringing about stimulated emission,
and by part of the electrical energy added to produce Joule
heating being dissipated in the form of optical energy. To
confirm this stimulated emission effect, Fig. 2(c) shows the
results of measuring the change in surface temperature with
time for another identical sample of Device 2, when the ir-
radiated light power was turned on and off every 5 minutes.
The temperature during light irradiation dropped, confirm-
ing the stimulated emission effect.

4 Device characterization

Based on the results in Fig. 2(b), we fabricated the two de-
vices described above via dressed-photon assisted annealing
for 60 minutes.

First, the characteristics of Device 1 will be described.
The three curves in Fig. 3(a) are EL emission spectra of
Device 1 at room temperature. These spectra are formed
of a high-intensity, narrow-band emission component in the
ultraviolet region close to a wavelength of 382 nm and a
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Fig. 2 Surface temperature of ZnO crystal annealed while being ir-
radiated with light, showing (a) surface temperature distribution one
minute after commencing annealing; (b) change in surface tempera-
ture with time at center of crystal surface; and (c) change in surface
temperature with time at center of crystal surface when laser irradia-
tion during annealing was turned on and off every 5 minutes

low-intensity, wide-band emission component in the visi-
ble region above 490 nm. The former is attributed to the
band edge transition in ZnO, and the latter is attributed
to emission from defect levels [24]. The emission from
the defect levels is not related to the dressed-photon as-
sisted process in the case of Device 2, described below,
and depends on the substrate quality. In other words, from
these spectra, the emission from Device 1 was confirmed
to be mainly due to the band edge transition. As shown in
Fig. 3(b), the I–V characteristic of this device showed the
same rectifying properties as an ordinary diode, confirming

Fig. 3 Characteristics of Device 1, showing (a) EL emission spectra
and (b) I–V characteristic

that a suitable p–n homojunction was formed by the anneal-
ing.

Next, the characteristics of Device 2 will be described.
EL emission spectra of Device 2 at room temperature are
shown by the three curves A, B, and C in Fig. 4(a). Curves
A, B, and C show the results obtained with forward bias
currents of 10 mA, 15 mA, and 20 mA, respectively. The
emission peak wavelength of curve A was 393 nm, which is
attributed to the band edge transition, similar to the case of
Device 1 (Fig. 3(a)). Comparing curves B and C with curve
A, the spectral centroid of the emission spectrum of Device 2
shifted to the long wavelength side as the forward bias cur-
rent was increased. However, this shift was not attributed
to a change in the bandgap energy induced by Joule heat-
ing [25], because the emission peak attributed to the band
edge transition in Device 1 did not show this kind of shift.
Furthermore, as shown in the inset, the emission (arrow C1)

attributed to the band edge transition, although weak, was
also found in curve C (20 mA). Therefore, we can ignore
the long-wavelength shift of the emission spectra attributed
to Joule heating at forward bias currents in the range of 10–
20 mA. Attributing this long-wavelength shift to stimulated
emission driven by dressed photons, not Joule heating, is ex-
plained as follows.
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Fig. 4 Characteristics of
Device 2. (a) EL emission
spectra, where curves A, B, and
C are for forward bias currents
of 10, 15, and 20 mA,
respectively. Inset is a magnified
view of curve C around the
photon energy corresponding to
the band edge transition. Arrows
B1, B2, and B3 show the
positions of the peak and two
bumps in curve B, respectively.
Arrow C1 in the inset shows the
position of a bump in curve C.
Arrows C2 and C3 show the
positions of the peak and a
bump in curve C, respectively.
(b) Diagram for explaining
transitions involving phonons
during light emission

A dressed-photon assisted process is involved not only
in the device fabrication described in Sect. 3 but also during
device operation. Light emission during LED operation, like
the stimulated emission process during annealing (Fig. 1),
is attributed to a two-step transition, i.e., from |Eex; el〉 ⊗
|Eexthermal;phonon〉 to |Eg; el〉 ⊗ |Eex;phonon〉 (the pink ar-
row at ② in Fig. 4(b)) and from |Eg; el〉 ⊗ |Eex;phonon〉 to
|Eg; el〉⊗|Eex′ ;phonon〉 (the green arrow at ② in Fig. 4(b)).
Because the second-step transition is an electric-dipole–
forbidden transition, only dressed photons are emitted, and
these dressed photons are scattered by the inhomogeneous
N dopant concentration and are converted to propagating
light. The photon energy of the emitted dressed photons is
determined by the photon energy of the light radiated dur-
ing annealing (3.05 eV, wavelength 407 nm). This is because
the N dopant concentration distribution is formed in a self-
organized manner by the dressed-photon assisted annealing
described in Sect. 3, with the result that, in Device 2, a tran-
sition via the intermediate phonon level corresponding to the
photon energy of the irradiation light easily occurs. There-
fore, in curve B in Fig. 4(a), the peak photon energy of 3.03
eV (409 nm; arrow B1) is the same as the photon energy of
the irradiation light.

On the other hand, the photon energy of light gener-
ated in the first-step transition is given by the energy differ-
ence between |Eex; el〉 ⊗ |Eexthermal;phonon〉 and |Eg; el〉 ⊗
|Eex;phonon〉. Comparing the blue arrow at ① in Fig. 4(b)
and the green arrow at ② in Fig. 4(b), this photon energy
is 0.20 eV. (The blue arrow at ① represents the band edge
transition of ZnO, whose energy is 3.25 eV (382 nm) ac-
cording to Fig. 3(a).) This first-step transition is an electric-
dipole-allowed transition; however, because the occupation
probability of such high-energy phonons is low, propagat-
ing light is not emitted, and only dressed photons, which
can couple with multimode coherent phonons, are gener-
ated. In addition, when the stimulated emission driven by
the dressed photons emitted in the first-step transition is re-
peated one more time and two more times, new intermedi-
ate phonon levels |Eg; el〉 ⊗ |Eex′′ ;phonon〉 (③ in Fig. 4(b))
and |Eg; el〉 ⊗ |Eex′′′ ;phonon〉 (④ in Fig. 4(b)) are formed
whose eigenenergies are lower by amounts corresponding
to an integer multiple of the photon energy of the dressed
photons. Thus, the energies of the photons emitted via these
new intermediate phonon levels are lower by amounts cor-
responding to the energy of the dressed photons emitted in
the first-step transition (0.20 eV). In the case of ③ and ④,
these photon energies are 2.85 eV (435 nm) and 2.65 eV
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Fig. 5 Dependence of EL emission intensity on forward bias current.
Curves A and B show Devices 1 and 2, respectively

(468 nm), respectively, as shown by the yellow arrow and
the red arrow in Fig. 4(b). These are similar to the emis-
sion peaks measured in the conventional optical transition
of bulk ZnO crystal, which are an integer multiple of the LO
phonon energy (72 meV) [24]. However, unlike the conven-
tional optical transition, in the transition driven by dressed
photons, the energy that is exchanged is an integer multiple
of the energy determined by dressed-photon phonons among
the multiple phonon modes involved, rather than a material-
specific phonon mode. The slope of curve B (forward bias
current of 15 mA) shows two bumps (arrows B2 and B3 in
curve B), whose positions were found to be 2.84 eV (436
nm) and 2.64 eV (470 nm), respectively, by the curve fitting
based on the second-derivative spectroscopy method [26].
These agree well with the photon energies indicated by the
yellow and red arrows at ③ and ④ in Fig. 4(b). In addition,
curve C (20 mA) also shows a peak (arrow C2) and one
bump (arrow C3) at 2.84 eV (436 nm) and 2.63 eV (471
nm), respectively. These also agree well with the photon en-
ergies indicated by the yellow and red arrows at ③ and ④ in
Fig. 4(b).

Light emission via the intermediate phonon levels occurs
not only due to single- or two-step stimulated emission at ③

and ④ in Fig. 4(b) but also due to multistep stimulated emis-
sion, therefore, when the forward bias current is increased,
the emission intensity at the low-energy side also increases,
which explains the long-wavelength shift in Fig. 4(a). Note
that the emission intensity due to the band gap transition in
curve B is small; this is attributed to the fact that the transi-
tion ① involving stimulated emission is faster than the tran-
sition ② involving only spontaneous emission, because elec-
trons in the conduction band for stimulated emission relax to
the intermediate phonon level.

To compare the performance of Devices 1 and 2, curves
A and B in Fig. 5 respectively show how the optical output
power of the two devices depended on the forward bias cur-
rent. The optical output power was obtained by integrating
the curves A, B, and C in Fig. 4 in the wavelength range

350–600 nm. For curve B, at the forward bias current of 20
mA (current density 0.22 A/cm2), the optical output power
from Device 2 was 6.2 µW, which was about 15 times higher
than the optical output power from Device 1, shown in curve
A. The external quantum efficiency was 1.1 × 10−4.

From the above results, we showed that dressed-photon
assisted annealing, which has been used for fabricating
indirect-bandgap semiconductor optical devices, is effective
even for direct-transition semiconductors. At present, the
maximum forward bias current that can be injected is deter-
mined by the thermal destruction limit of the device. There-
fore, it should be possible to achieve further increases in the
optical output power and emission efficiency by improving
the electrical and thermal properties of the bulk ZnO crystals
to be used.

5 Conclusion

We succeeded in fabricating a light-emitting diode having a
p–n homojunction structure by applying dressed-photon as-
sisted annealing to an n-type ZnO crystal doped with N ions
by ion implantation. The device showed good EL emission
characteristics at room temperature. Specifically, annealing
was achieved by Joule heating alone, without irradiating the
device with light, activating the N dopant. The emission
peak wavelength of the fabricated device was 382 nm. As for
the device fabricated by dressed-photon assisted annealing
while radiating light, the emission peak wavelength at a for-
ward bias current of 20 mA was 436 nm, the optical output
power was 6.2 µW, and the external quantum efficiency was
1.1 × 10−4. The emission spectral profile was found to be
dependent on transitions from intermediate phonon states.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.
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The emission intensity from the dipole-forbidden state in a spherical quantum dot (QD) was

enhanced by introducing an aperture fiber probe close to the ZnO QD to induce a near-field

interaction between the probe tip and the QD. The cross-sectional profiles of the photoluminescence

intensities of the ground exciton state and the excited exciton states varied spatially in an

anti-correlated manner. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4723574]

Continued innovation in optical technology is required

to continue the progress in the advancement of information-

processing systems. It is particularly important to reduce

both the size and energy consumption of photonic devices to

be successfully integrated. To reduce the size of photonic

devices beyond the diffraction limit, we have proposed nano-

photonic devices that consist of semiconductor quantum

cubes,1,2 quantum dots (QDs),3 and quantum wells.4 More

recently, Kawazoe et al. have shown the room temperature

operation of AND-gate and NOT-gate devices using InAs

QD pairs.2 In a nanophotonic device, near-field energy-trans-

fer via a dipole-forbidden energy state, which is unattainable

in conventional photonic device, is used.5 The near-field

energy-transfer originates from an exchange of virtual pho-

tons between the resonant energy states,6 where the virtual

photons on a nanoparticle activate the dipole-forbidden

energy state. Although emission from the dipole-forbidden

energy state cannot be detected in the far field, it can be

observed when a detector is installed in close proximity to

the nanoparticle. Therefore, to evaluate the dipole-forbidden

energy state, we used near-filed spectroscopy to study ZnO

QDs.

We chose ZnO QDs because, due to their exciton bind-

ing energy,7 they exhibit a high emission intensity at room

temperature. Our ZnO colloidal QDs were synthesized using

the sol-gel method,8,9 and an average diameter of 4 nm was

confirmed from transmission electron microscopic (TEM)

images. To observe their optical properties, the QDs were

dispersed over a sapphire substrate. The average 5-nm thick-

ness of the dispersed ZnO QDs was determined by their

absorption coefficient. The photoluminescence (PL) spectra

were obtained with 300-nm diameter apertured fiber probe

coated with 100 nm of aluminium [see inset, Fig. 1(a)].10 To

excite the exciton states of ZnO QDs through the substrate,

we used continuous-wave He-Cd laser with a photon energy

of 3.81 eV (Eex, wavelength of 325 nm), far beyond the

ground state of the 4-nm diameter (3.423 eV) ZnO QDs. The

red open circles in Fig. 1(a) and the blue open circles in Fig.

1(b) represent the far-field and near-field spectra obtained

with a probe-to-QD distances, d, of 6 lm and 5 nm,

respectively.

To evaluate the difference in the profiles between far-

and near-field spectra, we analyzed the ZnO QD quantized

energy states. Given that the 1.4-nm exciton Bohr radius of

ZnO is small compared to the 4-nm diameter QD size, we
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considered energy states using the exciton notation, i.e., the

optical selection rules in QDs are determined by the wave

function of the exciton by considering the constant electric

field in the QD.11 QDs synthesized by the sol-gel method are

known to be spherical and are of a single crystalline wurtzite

structure.12 Therefore, the quantized energies of exciton are

calculated by

Eðn; lÞ ¼ EB þ
�h2p2

2ðme þ mhÞeR2
n2

n;l �
13:6l
m0e2

; (1)

where EB is the band gap energy of bulk material (3.37), me

and mh are the effective mass of electron and hole as

me¼ 0.32 m0 and mh¼ 0.42 m0,9 m0 is the electron mass, l is

the translation mass described by memh/(meþmh), e is ele-

mentary electric charge, e is permittivity (5.8), R is the QD

radius, and pnn;l ¼ qn;l is the nth root of the lth-order

spherical Bessel function. The third term in Eq. (1) is the

correction term. The principal quantum number n and the

angular-momentum quantum number l take values n¼ 1, 2,

3,��� and l¼ 0, 1, 2,…, respectively. nn;l takes values n1;0

¼ 1, n1;1 ¼ 1:43, n1;2 ¼ 1:83, n2;0 ¼ 2, and so on.13,14 To fit

the experimental data, we set the quantized energies of E1

(n1;0 ¼ 1, dipole-allowed) as 3.423 eV [Fig. 1(a)] and

3.425 eV [Fig. 1(b)]. Consequently, using n1;1 ¼ 1:43

(dipole-forbidden) and n1;2 ¼ 1:83 (dipole-allowed) in Eq.

(1), the values of E2 and E3 were determined, respectively

[see Fig. 1(c)].14 The obtained values of E1 obtained

Eq. (1),9 3.478 eV [Fig. 1(a)] and 3.480 eV [Fig. 1(b)], corre-

spond to R¼ 2.00 and 1.98 nm, respectively, which is in

good agreement with the values determined via TEM mea-

surement. Since the variance of the peak energy of E1 was

small as 2 meV in this area, we assumed the spectral width

of 150 meV to have originated from the homogeneous line

width at room temperature. Therefore, using these energy

values, we fit the PL spectra by the linear superposition of

three Lorentzian functions (Ii(E) (i¼ 1–3)) at 95% statistical

confidence. The spectral components, Ii(E), are shown as

solid red (i¼ 1), blue (i¼ 2), and green (i¼ 3) curves,

respectively, in Figs. 1(a) and 1(b). These fitted spectra were

used to determine the near/far ratios, i.e., the ratio between

the peak intensities Ai of each of the near/far spectra

(see Table I). The results indicated that the peak intensity A2

increased drastically as the fiber probe approached the ZnO

QDs, whereas the peak intensity A1 remained constant. The

TABLE I. The ratio between near-field and far-field intensity in each energy

state.

Far [Fig. 1(a)] Near [Fig. 1(b)] Near/far ratio

A1 0.76 6 0.27 0.72 6 0.05 0.95

A2 0.13 6 0.07 0.32 6 0.1 2.46

A3 0.21 6 0.09 0.28 6 0.10 1.33

FIG. 2. (a) Excitation-power dependence of the near-field PL spectra. (b)

Excitation power dependence of the integrated PL intensity.
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FIG. 3. Near-field intensity mappings at (a)

3.423 eV (I1), (b) 3.4780 eV (I2), and (c)

3.551 eV (I3). Cross-sectional profiles of nor-

malized PL intensity of (d) i1 and (e) i2 and i3

ii ¼ DIi

jDIi jmax
¼ IiðxÞ�hIiðxÞi

jDIi jmax

� �
at y¼ 0.8 lm in (a)

and (b). (f) Cross-sectional profile of i1 �i2
and i1 � i3.
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increase in the peak intensity of A3 at photon energy of

3.551 eV (E3) as the probe-to-QD distance d decreased was

due to the fact that higher excitation photon energy of

3.81 eV (Eex) was higher than E3. Therefore, the incident

photons coupled with continuous band first, and most of the

photons were dissipated and emitted from the ground state of

E1. On the other hand, when the d decreased, the coupling ef-

ficiency between excited state and the fiber probe increased,

and consequently the peak intensity of excited state

increased.

In addition to the spectral change depending on d, the

excitation-power dependence of the near-field PL spectra

was also investigated with d held at 5 nm [see Fig. 2(a)], we

obtained the integrated PL intensity Ii¼
Ð

IiðEÞdE ði¼1;2;3Þ
from the three excited states: E1¼ 3.423 eV (solid circles),

E2¼ 3.4780 eV (solid squares), and E3¼ 3.551 eV (solid tri-

angles), respectively [see Fig. 2(b)]. As can be seen in Fig.

2(b), where they are fit by the dashed line, I2 and I3 increased

linearly as excitation power increased. I1, however, increased

almost linearly up to 5 mW and then gradually saturated. Its

excitation-power dependence was fit by the saturation func-

tion I1¼ aIex

1þIex=b
(Iex: excitation power, a, b: constant) and is

represented by the solid curve in Fig. 2(b). This strongly

implies that the E1 energy state originated from the recombi-

nation of the ground state of the ZnO QDs, and the saturation

suggests band-filling.15

Based on the above assignment of the energy states,

we measured the spatial distributions of Ii of the near-field

PL spectra of the dispersed ZnO QDs; these are shown in

Figs. 3(a)–3(c). Figures 3(d) and 3(e) show the cross-

sectional profiles of the normalized PL intensities of ik

ik ¼ DIk

jDIk jmax
¼ IkðxÞ�hIkðxÞi

jDIk jmax
; k ¼ 1; 2; 3

� �
along the x-axis at

y¼ 0.8 [lm] in Figs. 3(a)–3(c), respectively. These results

indicate that the PL intensities of I2 and I3 vary spatially in

the same manner. To find the relationship between the energy

states of E1, E2, and E3, we obtained the value of i1 � i2 and

i1 � i3 as shown in Fig. 3(f), in which all the values were

less than zero and in fact reached �1 at positions

a (x¼ 0.12 lm) and c (x¼ 0.20 lm). This result indicates

that the PL intensities I2 and I3 vary spatially in an anti-

correlated manner with the PL intensity I1.

The spatial dependence of the emission peak intensities

Ai was supported by the PL spectra. Figures 4(a)–4(c) show

the PL spectra at positions a-c as indicated in Fig. 3(d). The

three positions were laterally separated by 40 nm. However,

it must be noted that although the fiber probe was scanned

in constant-distance mode, the distance is not truly constant

because fiber probe including the metal cladding was as

large as 500 nm, some 125 times larger than the 4-nm diam-

eter QD. Therefore, because the thickness of the dispersed

ZnO QDs was not uniform and the surface of the fiber

probe had nanoscale roughness (see Fig. 5), the probe-to-

QD distance d varied depending on position. Thus, the

spectral changes at the different positions are considered as

originating from the variability of d during fiber-probe

scanning.

In conclusion, we directly observe emission from an

optically forbidden state in ZnO QDs. By introducing a near-

field fiber probe in close proximity to the QDs, we observed

increased emission intensity from the dipole-forbidden state.

Because the decay time of the dipole-forbidden state is

106 times longer than that of the dipole-active state,16 the

dipole-forbidden state can be used to realize novel devi-

ces such as optical buffer memory and signal-transmission

devices.
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Recently, light-assisted nanofabrication have been introduced, such as the synthesis of quantum

dots using photo-induced desorption that yields reduced size fluctuations or metal sputtering under

light illumination resulting in self-organized, nanoparticle chains. The physical mechanisms have

originally been attributed to material desorption or plasmon resonance effects. However,

significant stochastic phenomena are also present that have not been explained yet. We introduce

stochastic models taking account of the light-assisted processes that reproduce phenomenological

characteristics consistent with the experimental observations. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4711808]

Nanophotonic devices and systems have been inten-

sively studied for use in a wide range of applications, such as

information and communication, energy and environment,

etc.1,2 Precision control of the geometrical features of mate-

rials on the nanometer scale, such as the sizes and positions,

are important factors in obtaining the intended functionalities

of nanophotonic devices and systems in which multiple

nanostructures are mediated by optical near-field interac-

tions1 and also for plasmonic devices.2 To satisfy such

requirements, light-assisted, self-organized nanostructure

fabrication principles and techniques have been devel-

oped.3,4 One example is the sol-gel synthesis of ZnO quan-

tum dots (QDs) using photo-induced desorption, which

yields reduced QD diameter fluctuations.3 (In Ref. 3, they

are called “variations.” We use the term “fluctuations”

throughout the paper with the same meaning.) From an

application standpoint, the sizes of QDs should be well-

controlled to ensure that the quantized energy levels are reso-

nant between adjacent QDs, facilitating efficient optical

near-field interactions.5 Another example of light-assisted

nanostructure fabrication is metal sputtering with light irradi-

ation, which yields self-organized, size- and position-

controlled metal nanoparticle chains.4 Arrays of nanopar-

ticles are important in various applications, such as nanopho-

tonic devices,1 optical far-field to near-field converters,6

plasmonic light transmission lines,7 etc. We should also

emphasize that common advantages of these light-assisted,

self-organized fabrication techniques are their relatively sim-

ple experimental setups and superior production throughput

compared with, for instance, scanning-based methods, such

as those based on electron beams8 or scanning probes.9

The physical mechanisms behind the light-assisted nano-

structure formation have been attributed to material desorp-

tion3,10,11 or plasmon resonance between light and matter.4

However, stochastic physical processes are also involved, as

observed in the experimental data reported below. Also, we

consider that stochastic approaches are indispensable to take

account of the emergence of ordered structures and the wide

range of phenomena observed on the nanoscale in general.12,13

For example, Söderlund et al. demonstrated lognormal size

distributions in particle growth processes with a simple statis-

tical model,12 and Kish et al. demonstrated the lognormal dis-

tribution of single-molecule fluorescence bursts in micro- and

nano-fluidic channels based on a stochastic analysis.13 Also, a

study14 of the stochastically driven growth of self-organized

structures indicates that the spatio-temporal distribution func-

tions have a key role in controlling the shape and width of

size distributions within the formations. Cutting the log tails

of such distribution functions can contribute to narrower size

distributions.

In this Letter, we approach light-assisted nanofabrica-

tion from a stochastic standpoint. We build stochastic models

taking account of the light-assisted processes that reproduce

tendencies consistent with experimental observations.

Through such considerations, we obtain critical insights into

the order formation on the nanometer scale, which will con-

tribute to the design of nanophotonic devices and systems.

Before the discussion, note that the term “size” is used when

it is relevant to general indications of physical size, including

diameter, whereas the term “diameter” is used when it is rel-

evant to specific experimental results discussed in this

Letter.

First, we characterize the light-assisted, self-organized

ZnO quantum dot formation, which was experimentally

demonstrated in Ref. 3, with a stochastic approach. We first

briefly review the experimental observations that have been

reported.

Among various methods of fabricating ZnO QDs, syn-

thetic methods using liquid solutions are advantageous

because of their need for simple facilities and their high pro-

ductivity15 compared with those based on laser ablation,16

a)Author to whom correspondence should be addressed. Electronic mail:

naruse@nict.go.jp.
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reactive electron beam evaporation,17 etc. Although the size

of the QDs, which is precisely the diameter of the QDs, fluc-

tuates by as much as 25% in conventional sol-gel methods,15

the light-assisted sol-gel method demonstrated in Ref. 3

reduced the QD diameter fluctuations. When light with a

photon energy higher than the bandgap energy is radiated

during the ZnO QD formation process, electron–hole pairs

could trigger an oxidation–reduction reaction in the QDs,

causing the ZnO atoms depositing on the QD surface to be

desorbed. In addition, such desorption is induced with a high

probability when the formed QDs reach a particular diame-

ter. This light-dependent QD size regulation has also been

reported in other material systems, such as CdSe10 and Si.11

The insets in Figs. 1(a) and 1(b), respectively, show

transmission electron microscope (TEM) images of fabri-

cated ZnO QDs without and with continuous-wave (CW)

light illumination at a wavelength of 325 nm with a power

density of 8 mW cm�3. The experiments are detailed in Ref.

3. Figures 1(a) and 1(b), respectively, summarize the inci-

dence rate of nanoparticles as a function of their diameter.

The diameter fluctuations decreased from 23% to 18% with

light irradiation.

What we particularly address in this Letter is that the di-

ameter distributions are different between these two cases. It

exhibits behavior similar to a normal distribution without

light illumination (Fig. 1(a)), whereas the distribution is

skewed with light irradiation; in particular, the incidences at

larger diameters decreased (Fig. 1(b)). We investigate the

different behavior by means of stochastic modeling, as

described below.

First, in the absence of light illumination, we represent

the formation process as a statistical pile-up model, as sche-

matically shown in Fig. 2(a). An elemental material that con-

stitutes a nanoparticle is represented by a square-shaped

block. Such blocks are grown, or stacked one after another,

with a piling success probability p; accordingly, the piling

fails with a probability of 1� p. In other word, if we let the

length of the pile at step t be sðtÞ, the piling probability is

given by

P½sðtþ 1Þ ¼ sðtÞ þ 1jsðtÞ� ¼ p;

P½sðtþ 1Þ ¼ sðtÞjsðtÞ� ¼ 1� p:
(1)

Since this is equivalent to a random walk with drift, after

repeating this process with an initial condition sð0Þ ¼ 0, the

resultant lengths of the piles exhibit a normal distribution, as

shown in Fig. 1(c). Specifically, the statistics shown in Fig.

1(c) were obtained by repeating 10 000 steps for 100 000 dif-

ferent trials.

On the other hand, we model the effect of light irradia-

tion in the formation process in the stochastic model as fol-

lows. As described above, since the material desorption is

likely induced at a particular diameter of nanoparticle,5 we

consider that the piling success rate p is a function of the di-

ameter, namely the height of the pile. For simplicity, we con-

sider that p, which represents the deposition success

FIG. 1. (a) and (b) Incidence patterns of the diameters

of fabricated ZnO QDs formed by a sol-gel method (a)

without light illumination and (b) with light irradiation.

Insets in (a) and (b), respectively, are transmission elec-

tron microscope images of QDs without and with light

illumination. With light irradiation, the incidences of

the larger-diameter QDs are reduced, i.e., the diameter

distribution is skewed. (c) and (d) Incidence patterns of

the size distribution generated with the proposed sto-

chastic models. The patterns are consistent with the ex-

perimental observations in (a) and (b).

FIG. 2. A stochastic model of light-assisted nanoparticle formation. (a) The

growth of the QD is characterized with a one-dimensional pile-up model.

The success of the piling depends on probability p. (b) The effect of light

irradiation is modeled by a decrease in the probability p beyond a certain

size of pile, which corresponds to the diameter in the experiment.

193106-2 Naruse et al. Appl. Phys. Lett. 100, 193106 (2012)
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probability, decreases linearly beyond a certain total height

of a pile, as schematically shown in Fig. 2(b). In other words,

the material desorption is more likely to be induced beyond

a certain pile size due to the resonant effect mentioned

above. That is, the probability p in Eq. (1) is replaced with

the following size-dependent probability:

pðsðtÞÞ ¼ c sðtÞ � R
c� asðtÞ sðtÞ > R

�
(2)

where c and a are constants. With such a stochastic model,

the resultant incidence distributions of the piles is skewed or

reduced at larger sizes. In the calculated results shown in

Fig. 1(d), we assume c¼ 1/2 and a¼ 1/250. The numerical

results obtained through the statistical modeling are consist-

ent with the experimental observations.

Second, in Ref. 4, self-organized formation of an array

of ultralong nanoparticle chains was demonstrated based on

near-field optical desorption. We first briefly describe our ex-

perimental observations. With conventional radio-frequency

(RF) sputtering, we deposited aluminum on a glass substrate.

A 100 nm-wide and 30 nm-deep groove was formed in the

substrate, as schematically shown in Fig. 3(a). Also, the sub-

strate was illuminated with light linearly polarized perpen-

dicularly to the direction of the groove during the RF

sputtering. Thanks to the edge of the groove, a strong optical

near-field was generated in its vicinity.

A metallic nanoparticle has strong optical absorption

because of plasmon resonance,18–20 which depends strongly

on the particle size. This can induce desorption of a depos-

ited metallic material when it reaches the resonant diame-

ter.21,22 It turns out that as the deposition of the metallic

material proceeds, the growth is governed by a tradeoff

between deposition and desorption, which determines the

particle diameter, depending on the photon energy of the

incident light. Consequently, an array of metallic nanopar-

ticles is aligned along the groove, as shown in Fig. 3(b).

While radiating CW light with a photon energy of 2.33 eV

(wavelength: 532 nm) during the deposition of aluminum,

99.6 nm-diameter, 27.9 nm-separation nanoparticles were

formed in a region as long as 100 lm, as shown in Fig. 3(b).

As described above, the origin of the size regulation of

the nanoparticles was attributed to the resonance between

the nanoparticles and the illuminated light, similarly to the

case discussed earlier. At the same time, we consider that

although this physical mechanism indeed plays a crucial

role, it is not enough to explain the formation of the uni-

formly formed array structure. To explain such an observa-

tion, we need to extend the stochastic model described above

as follows.

In the modeling, we assume a one-dimensional horizon-

tal system that mimics the groove on the substrate. More spe-

cifically, it consists of an array of N pixels with their identity

represented by an index i ranging from 1 to N. An elemental

material to be deposited onto the system, experimentally by

the RF sputtering described above, is schematically repre-

sented by a square-shaped block. As depicted in Fig. 4(a),

the initial condition is a flat structure without any blocks.

At every iteration cycle, the position at which a block

arrives is randomly chosen, which we denote x. We deter-

mine the success of the deposition at x by the following

rules. We denote the occupation by a block at position x of

the groove by SðxÞ: SðxÞ ¼ 1 when a block occupies a posi-

tion x, and SðxÞ ¼ 0 when there is no block at position x.

Also, we use the term “cluster” to mean multiple blocks con-

secutively located along the groove. We also call a single,

isolated block in the system a “cluster.”

(1) When the randomly chosen position x belongs to one of

the cluster(s), namely, SðxÞ ¼ 1, we maintain SðxÞ ¼ 1.

(Fig. 4(b-i))

(2) Even if SðxÞ ¼ 0, when the chosen position x belongs

to a “neighbor” of a cluster with a size greater than a

particular number Bth1, the deposition is inhibited. That

is, we maintain SðxÞ ¼ 0 (Fig. 4(b-ii)).

(3) Even if SðxÞ ¼ 0, when the chosen position x has

blocks at both its left and right sides and the total

FIG. 3. (a) Schematic diagram of the experimental

setup of Al sputtering on an SiO2 substrate in which a

100 nm-wide, 30 nm-deep groove is formed. During the

sputtering, the substrate is irradiated with light having a

polarization perpendicular to the direction of the

groove. (b) and (c) An array of uniform-diameter, uni-

form-separation Al nanoparticles is self-organized

along the groove, with (b) 2.33 eV light irradiation and

(c) 2.62 eV light irradiation.

FIG. 4. A stochastic model of the nanoparticle array formation. (a) One-

dimensional array in which an elemental block could be deposited at posi-

tion x. (b) Rules for successful deposition at a randomly chosen position x.

(biii) Deposition is inhibited in neighboring clusters whose size is larger

than Bth1. (b-iii) Deposition is inhibited at positions where they see clusters

at both the left- and right-hand sides and when the total size of both clusters

is larger than Bth2.
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number of connected blocks is greater than Bth2, the

deposition is inhibited. That is, we maintain SðxÞ ¼ 0.

(Fig. 4(b-iii))

(4) In other cases, the deposition at the position x succeeds;

namely, SðxÞ ¼ 1. (Fig. 4(b-iv)).

The rules (2) and (3) correspond to the physical effect of

the resonance between the material and the light illumination

that facilitates desorption of the particle. The optical near-

field intensity in the vicinity of a nanostructure follows a

Yukawa function,3 which depends on the material size.

Therefore, the optical near-fields promote material desorp-

tion or, in effect, inhibit material deposition, beyond a cer-

tain size of nanoparticles, which is characterized as rule (2)

above. Also, even when a single cluster size is small, mean-

ing that the corresponding near-fields are small, when several

such clusters are located in close proximity, a material de-

sorption effect should be induced overall. Such an effect is

represented as rule (3) above. One remark here is that we do

not pile more than two blocks at a single position x; that is to

say, SðxÞ takes binary values only, since our concern is how

the clusters are formed in the 1D system.

Figure 5 shows a numerical demonstration assuming a

1D array with N¼ 1000. As statistical values in the simula-

tions, we evaluated the incidence of the cluster size and the

center-to-center interval between two neighboring clusters.

Figures 5(a) and 5(b) summarize the evolution of these two

values at t¼ 100, t¼ 1000, t¼ 10 000, and t¼ 100 000. In

the numerical calculations, for the threshold values in rules

(2) and (3), we assumed Bth1 ¼ 8 and Bth2 ¼ 12, respec-

tively. We clearly observed that the size and the interval con-

verged to representative values, which are consistent with

the experimental observations shown in Fig. 3(b).

Furthermore, as reported in Ref. 4, a similar experiment

was conducted with a higher photon energy of 2.62 eV

(473 nm) and an optical power of 100 mW, which yielded a

84.2 nm-diameter, 48.6 nm-separation nanoparticle forma-

tion. As summarized in Table I, the diameter is slightly

reduced, and the nanoparticle distance is enlarged compared

with the previous case of lower photon energy (2.33 eV

(532 nm)). The reduced diameter of the nanoparticles is

attributed to the fact that the higher photon energy leads to

desorption at smaller diameters.4,18 The larger separation

between adjacent nanoparticles is, however, not obviously

explained.

We presume that a stronger light–matter resonance is

induced at a higher photon energy, which more strongly

induces material desorption, or inhibits the deposition of

materials, in the neighboring clusters. We can take account

of this effect by modifying the stochastic model described

above. Instead of blocking the deposition at the neighboring

positions by rule (2), we consider that distant neighbors are

also inhibited (20) Even if SðxÞ ¼ 0, when x sees a cluster

with a size greater than a particular number Bth1, within a

area (a) between x� 3 and x� 1 or (b) between xþ 1 and

xþ 3, the deposition is inhibited. That is, we maintain

SðxÞ ¼ 0.

FIG. 5. Evolution of (a) the cluster size

and (b) the cluster interval based on a sto-

chastic model. Both the size and the inter-

val converge to incidence patterns that

exhibit their maximum at a particular

value, which reproduced the size- and

separation-controlled, nanoparticle array

formations observed experimentally. (c)

and (d) Note that the separation of the

nanoparticles is greater with higher

photon energy (Fig. 3(c), Table I). By

modifying rule (ii) of the stochastic mod-

eling, the cluster interval increases, which

is consistent with the experimental

observations.

TABLE I. The diameter and the interval of the nanoparticles obtained with

light-assisted Al sputtering.

Assist light Diameter (nm) Nanoparticle interval (nm)

2.33 eV (532 nm) 99.6 127.5

2.62 eV (473 nm) 84.2 132.8
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While preserving Bth1 and Bth2 values with the previous

example, the cluster size statistics evolve as shown in Fig.

5(c). At the iteration cycles t¼ 10 000 and 100 000, the inci-

dences of single-sized clusters are large. This is due to the

strict inhibition rule (20) above, which reduces the chance of

clusters growing. Treating such a single-sized cluster as an

artifact, or a virtually ignorable element, in the system, we

evaluate the cluster-to-cluster interval except for single-sized

clusters. The cluster interval converges to a maximum of 10,

as shown in Fig. 5(d), which is larger than the previous case,

which converged to 8, as shown in Fig. 5(a). This is consist-

ent with the experimental observations. Finally, we make

one remark about the dimensions of the models concerned in

this Letter. We consider that the 1D models described above

characterize the physical principles behind the experimental

demonstrations of ZnO QD formation and the Al nanopar-

ticle array formation.

In summary, we developed stochastic models taking

account of the optical near-field-based material desorption/

deposition between light and matter on the nanometer scale.

By using a simple model, the observed behavior of skewed

diameter distributions of ZnO quantum dots with light irradi-

ation, and self-organized nanoparticle array formation along

a groove were reproduced in the stochastic modeling, provid-

ing greater insights into the order formation occurring on the

nanometer scale. We consider that such modeling will be ap-

plicable to other light-assisted material formation processes

and will be beneficial in the design of future nanophotonic

devices and systems. For example, phonon-assisted near-

field processes generated characteristic surface morphol-

ogy.23 Further investigation based on a stochastic viewpoint

will be more important in the future.
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Abstract This article reports the direct observation of long-
distance optical excitation transfer based on resonant optical
near-field interactions in randomly distributed quantum dots
(QDs). We fabricated optical excitation transfer paths based
on randomly distributed QDs by using CdSe/ZnS core–shell
QDs and succeeded for the first time in obtaining output sig-
nals resulting from a unidirectional optical excitation trans-
fer length of 2.4 µm. Furthermore, we demonstrate that the
optical excitation transfer occurs via the resonant excited
levels of the QDs with a comparative experiment using non-
resonant QDs. This excitation-transfer mechanism allows
for intersecting, non-interacting nano-optical wires.
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1 Introduction

Novel optical devices, nanofabrication technologies, and
systems utilizing energy transfer between nanomaterials by
means of optical near field have been developed during re-
cent years [1]. Several theoretical studies performed in par-
allel with the advancements in near-field technologies de-
scribe the optical near field as a field in which a material
excitation is coupled with photons and which may be ap-
propriately viewed as photons carrying a material excitation
(dressed photons) [2]. According to the dressed photon the-
ory, optical near-field interactions, i.e. the transfer of elec-
tromagnetic energy through near-field interactions between
nanomaterials, is interpreted as the exchange of dressed pho-
tons. Since dressed photons that occur in nanomaterials are
localized in nanometric dimensions [3], the long-wavelength
approximation that has been used for conventional light–
electron interactions does not hold. In particular, it is possi-
ble to excite electrons and excitons to energy levels that are
dipole-forbidden [4]. This has brought about qualitative in-
novations in optical devices and their applications. One ex-
ample of a recently developed practical nanophotonic device
that operates based on this property is a nanodimensional
logic gate array that operates at room temperature [5].

In order to utilize optical near-field excitation transfer
based on the exchange of dressed photons for a device or
a system, it is necessary to pay sufficient care to the trans-
fer of optical signals between functional elements. In order
to ensure stability of a nanophotonic device, which operates
based on very weak signals, wiring (we use the term to in-
clude optical signal connections) that does not involve signal
reflections from the subsequent stage is required. In general,
it is difficult to eliminate such signal reflections in optical
waveguides, such as those using surface plasmon polaritons
or photonic crystals [6, 7]. A substantial challenge consists

mailto:nomura@nanophotonics.t.u-tokyo.ac.jp
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in enabling signal transfer over long distances, exceeding
the wavelength, for the purpose of connecting between a
macrodimensional external system and a nanodimensional
device [8], etc.

A promising nanophotonic signal transfer path satisfying
this demand is an optical energy transfer path (nanophotonic
signal transfer device) based on the exchange of dressed
photons between quantum dots (QDs) having discrete ex-
cited energy levels [9]. In this signal transfer device, optical
signals exist as optical excitations in QDs and are transferred
by successive optical near-field interactions between QDs.
In such devices, the optical signals do not exhibit wave-like
behavior since near-field exchange occurs on time scales ex-
ceeding the QD dephasing time. Therefore, operation is pos-
sible with a wiring width less than the diffraction limit, and
unidirectional light transfer is possible by inter-sublevel re-
laxation at the output QD.

Our previous research demonstrated experimentally and
through numerical calculations that long-distance optical ex-
citation transfer is possible by using randomly distributed
QDs with the same diameters (QD1) and a larger-diameter
QD having a resonant level (QD2) [10]. At that time, we did
not fabricate or evaluate any nanophotonic signal transfer
device having an output terminal. However, using CdSe/ZnS
core–shell QDs as an example we succeeded to demonstrate
optical excitation transfer at a distance greater than 5 µm by
measuring the excitation picked up by a dot QD2 fixed to a
fiber probe as a function of the distance from the excitation
spot where the QD1 were illuminated. Presumably, the op-
tical excitation is transferred efficiently since it reaches the
output dot QD2 via a path with particularly short distances
between the randomly positioned QDs, along which optical
near-field interactions are intense. Based on this principle,
arbitrarily shaped optical wirings can be implemented with
very low energy consumption, in contrast with other spatial
excitation transfer schemes such as via GaAs quantum wells
[11]. This optical excitation transfer based on a random dis-
tribution is a very promising technology for implementing
the nanophotonic signal transfer device described above.

In the research reported here, we designed and fabricated
a structure for the purpose of a quantitative study of guided
optical excitation transfer based on optical near-field inter-
actions between quantum dots of different size randomly
distributed in certain areas on a substrate. Measuring the
intensity of emission from QD2 outside of the device, we
succeeded in obtaining an output signal that had been trans-
ferred over a distance of several wavelengths, in the form of
propagating light. Furthermore, we confirmed the selectivity
of the optical excitation transfer through a comparative ex-
periment using a QD pair not having resonant energy levels.

Fig. 1 Schematic illustrations of (a) energy levels and (b) selective
transfer at intersections of optical excitation transfer paths

2 Principles of optical near-field excitation transfer in
QDs

Figure 1a shows the principles of energy transfer using res-
onant energy levels: a quantum dot QD1 having diameter
d1 and a quantum dot QD2 having diameter d2 larger than
d1 are disposed in proximity to each other, and optical ex-
citation occurs in the quantum dot QD1. The ground level
E11 of the excitons of QD1 and the first excited level E22
of the excitons of QD2 are resonant with each other, en-
abling optical excitation transfer via optical near-field inter-
actions. This is the case, e.g., for spherical QDs if the ratio
of the diameters of the QDs is approximately d2 = 1.43×d1

[12]. The optical excitation transferred from E11 to E22 im-
mediately relaxes to a more stable predetermined level E21
in QD2, preventing reverse flow of the optical excitation to
QD1.

Based on this principle, long-distance optical energy
transfer is possible by using a structure in which a large
number of quantum dots QD1 are arranged in a line and a
quantum dot QD2, used as an optical marker, is provided
at the end of this line [10]. Since the intensity of optical
near-field interactions is represented by a Yukawa function
of the distance between QDs, the intensity of direct trans-
fer changes exponentially with the distance. Therefore, the
transfers via the QDs with the shortest distance among the
randomly distributed quantum dots QD1, i.e. via the QDs
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with the highest efficiency of optical near-field energy trans-
fer, contribute dominantly to the optical excitation transfer.
Furthermore, although optical near-field excitation transfer
between the quantum dots QD1 occurs bidirectionally, the
optical excitation transfer is unidirectional at the quantum
dot QD2 as a terminal, so that the destination of optical exci-
tation transfer by all QDs is fixed. By utilizing this property,
it is expected that an optical excitation transfer path can be
readily fabricated since it is not necessary to precisely posi-
tion either QD1 or QD2.

In addition, since optical near-field interactions occur
only between resonant levels, selectivity of optical excita-
tion transfer is expected: now, assume the presence of an-
other resonant QD pair, QD3 and QD4, with diameters d3

and d4 (see Fig. 1a). If the diameters satisfy the condition
d1 < d3 < d2 < d4, QD3 does not have an energy level that
is resonant with QD1 or QD2. Therefore, optical near-field
interactions are very weak, even if QD3 is placed in proxim-
ity to QD1 or QD2; thus, optical excitation transfer does not
occur. Therefore, QD3 and QD4 can exchange optical exci-
tation independently of QD1 and QD2. That is, optical ex-
citation introduced into the quantum dots QD1 is not trans-
ferred even if QD3 or QD4 is located in proximity to them,
and the optical excitation is finally transferred only to QD2.
Thus, an optical excitation transfer path through QDs with
well-chosen parameters can exhibit selectivity of the signal
transfer destination.

As an example, Fig. 1b shows a schematic illustration of
optical excitation transfer paths consisting of two channels
of QDs with intersections. Referring to the figure, quantum
dots QD1 to QD4 are individually distributed at random in
proximity to each other in the areas of paths 1 to 4, so that
two types of QDs coexist at the path intersections. In this de-
vice, when optical excitation is introduced to QD1 on path 1,
as described earlier, an optical signal is transferred through
path 1 by optical near-field interactions among the quantum
dots QD1. At the intersection with path 2, unidirectional
energy transfer from QD1 to QD2 occurs, so that the op-
tical signal is transferred to path 2 (part A in the figure).
At the intersection between paths 1 and 4, however, the sig-
nal does not transfer since QD1 and QD4 are non-resonant.
Similarly, an optical signal introduced into path 3 is trans-
ferred to path 4 but is not transferred to path 2 (part B in the
figure). Hence, each optical excitation in the different QDs
autonomously selects its transfer destination. Optical exci-
tations in non-resonant QDs do not interfere with each other
and it is therefore expected that wires can be crossed without
any interactions.

The properties of the above-described optical excitation
transfer paths are unique to optical near-field interactions
and seem difficult to be realized with all-optical waveguides.

Fig. 2 (a) Schematic illustration of the procedure for fabricating sam-
ples. (b) Fluorescence microscope image of sample A. (c) Atomic force
microscope image of sample A. (d) Fluorescence microscope image of
sample C

3 Experiments and discussion

In order to evaluate the above-described optical excitation
transfer properties of QDs, we conducted an experiment for
actually confirming the difference in optical excitation trans-
fer behavior in parts A and B shown in Fig. 1b. For the pur-
pose of this experiment, we used CdSe/ZnS core–shell QDs
(manufactured by Quantum Design, Inc.). As materials for
QD1, QD3, and QD2 described above, those with central
emission wavelengths of λ1 = 537 nm, λ3 = 547 nm, and
λ2 = 585 nm were used. The outside of the shells was mod-
ified with an organic molecule carboxyl group. A sample in
which QDs were placed in proximity to each other with gaps
between them was obtained by drying drops of a solution.
Using a transmission electron microscope, we estimated that
the average distance between the centers of QDs closest to
each other was about 10.4 nm. The distance is well within
the effective field of optical near-field interactions calculated
with Yukawa-function parameters appropriate for CdSe/ZnS
core–shell QDs [3]. Yet, it is far too large to expect signifi-
cant tunnel coupling between adjacent QDs.

We fabricated sample A, corresponding to part A in
Fig. 1b, by the procedure described below and shown in
Fig. 2a.

1. Electron-beam resist (ZEP-520A) was spin coated to a
thickness of about 100 nm on a synthetic silica substrate
and was baked at 180 °C for 240 s.

2. Path 2 with a width of 1000 nm was drawn by an
electron-beam (EB) lithography system.
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Fig. 3 Schematic illustration of the experimental measurement system

3. Path 2 was developed by immersing it in a developer
(Fig. 2a (i)).

4. By using the EB lithography system, path 1 with a width
of 200 nm was drawn so as to perpendicularly intersect
path 2 (Fig. 2a (ii)).

5. Drops of QD2 solution were dropped onto the substrate
and were left for one minute, and then the remaining
drops on the resist were blown away (Fig. 2a (iii)).

6. Path 1 was developed by immersing it in a developer.
7. Drops of QD1 solution were dropped onto the substrate

and were left for one minute, and then the remaining
drops on the resist were blown away (Fig. 2a (iv)).

8. The sample was immersed in resist cleaner (solvent ZEP-
A) to remove the electron-beam resist.

Since the ZEP-520A film was hardly wetted with the QD
solution, QDs were obtained almost exclusively on the paths
in steps 5 and 7 (Fig. 2a (iii) and (iv)). Note that the QD1
which were distributed in path 2, where QD2 were already
distributed in step 5, do not affect the optical excitation
transfer properties since the optical excitation that reaches
path 2 is all transferred to QD2, which is more stable.

Figure 2b shows a fluorescence microscopic image of the
fabricated sample A excited with a mercury lamp. QD1 were
randomly distributed in proximity to each other on path 1
and are seen to emit in green color. QD2 on the other hand
were randomly distributed on top of a QD1 layer in path 2,
shifting the emission in this region towards yellow. Figure 2c
shows the result of scanning the area indicated by a white
dotted line in Fig. 2b by an atomic force microscope (AFM).
The result revealed that QDs were distributed in a region
with a width of 300 nm and a height of 40 nm in the sec-
tion of path 1. Furthermore, by using QD3 solution instead
of QD1 solution in step 7 in a similar process, we fabricated
sample B corresponding to part B in Fig. 1b. In addition, as a
comparative example, we fabricated sample C in which only
path 2 was present. Figure 2d shows a fluorescence micro-
scopic image of sample C, revealing the yellow emission of
QD2 only.

These samples were then used to experimentally study
optically induced near-field energy transfer processes. The
experimental setup is shown in Fig. 3. The sample sub-
strate was irradiated by CW He-Cd laser light (wavelength

λ = 325 nm) from the back side of the substrate at oblique
incidence. The laser beam was beforehand shaped by a pin-
hole with a diameter of 10 µm and excited QD1 by irradiat-
ing path 1 with an objective lens with NA = 0.4. The objec-
tive lens was scanned in a range of −2 µm < L < 15 µm,
where L denotes the distance between the irradiation spot
and the intersection of paths 1 and 2. The laser power was
450 nW, and the diameter of the irradiation spot was 2 µm.
The optical excitation generated by the excitation light was
transferred along path 1 and was transferred to QD2 in
part A, emitting light from the ground level E21 of QD2
(λ2 = 585 nm). The light emission from E21 was observed
with an electron-multiplying CCD camera (Hamamatsu Im-
agEM C9100-13H, Hamamatsu Photonics K.K.) by using an
objective lens with NA = 0.55 and a band-pass filter with a
center wavelength of 580 ± 5 nm, i.e. near λ2. The format
of acquired images was 512 × 512 pixels, 16-bit grayscale,
with a resolution of 0.37 µm/pixel.

We evaluated the efficiency of the optical excitation
transfer by studying the dependence of the intensity I of
light emission from QD2 as a function of its distance L from
the excitation spot. More specifically, I is the peak value
in CCD images which is observed at the path intersection.
A difference in the density of QD2 among the samples was
compensated for by normalization by the value at L = 0 µm.
Finally, we define as a performance metric the distance L0

at which the light emission intensity I (L) has decreased to
1/e (see below).

As examples of the measurement results, Fig. 4a and b
show CCD images of sample A (the intersection between
paths 1 and 2, where QD1 and QD2 are resonant) and sample
B (the intersection between paths 3 and 2, where QD3 and
QD2 are non-resonant) obtained at L = 3.7 µm. The color
scale was normalized in the previously discussed manner.
Since a band-pass filter transparent at E21 was used, light
emission is not observed in paths 1 and 3 and is observed
mainly at the intersections.

Comparing samples A and B, we find generally much
stronger light emission from sample A having a resonant
level with, e.g., IA(3.7 µm) = 1.1 × 10−2 and IB (3.7 µm) =
2.6 × 10−3, respectively (Fig. 4c). Furthermore, in a similar
measurement performed on sample C, which did not have
optical excitation transfer paths corresponding to paths 1 and
3, we obtained IC (3.7 µm) = 2.3 × 10−3, exhibiting essen-
tially the same value as sample B (Fig. 4c). Since QD2 in
sample C were directly excited by stray laser light, presum-
ably, direct optical excitation of QD2 was also dominant in
sample B and the optical near-field excitation transfer from
QD3 through path 3 was very small.

Figure 4d shows the results of plotting the measured val-
ues of IA(L), IB(L), and IC(L) evaluated and normalized
as described, i.e. IA(0) = IB(0) = IC(0) = 1. No substantial
differences were observed among IA(L), IB(L), and IC(L)
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Fig. 4 (a) and (b) CCD images
of samples A and B,
respectively, observed at
L = 3.7 µm. The white dotted
lines mark the paths, the yellow
dashed circles represent the
irradiation positions of incident
light. (c) Peak value I (L) of the
intensity of light emission from
QD2, obtained at L = 3.7 µm.
(d) I (L) in samples A, B, and
C, where the red circles, blue
rectangles, and green
rhombuses represent
IA(L), IB(L), and IC(L),
respectively, and the black
dotted line represents a
Gaussian distribution with a
width of 2 µm. (e) Component
IA(L) − IC(L) of IA(L)

associated with optical
near-field interactions, where
the dashed line represents a
single-exponential attenuation
curve

for L < 2 µm. In this region, the emission profile matches
the 2-µm-diameter Gaussian beam profile of the excitation
laser (dashed line in Fig. 4d) rather well and direct opti-
cal excitation of QD2 dominates over near-field excitation
transfer. In sample C, no excitation transfer occurs and the
weak signal for L > 2 µm in this sample thus represents a
background signal reflecting limitations of our setup. The
signal recorded in sample B in this region is very similar and
we therefore conclude that the effect of energy transfer from
path 3 to path 2 in sample B can be disregarded. Thus, we
confirmed that optical excitation transfer based on optical
near-field interactions is strongly suppressed between QDs
not having resonant energy levels, demonstrating selectivity
of the optical excitation transfer destination with QDs.

In the range L > 2 µm, IA(L) clearly exceeds the other
two. In order to quantify this effect, Fig. 4e shows the results
of subtracting the background-dominated signal IC(L) from
IA(L). As expected, IA(L) − IC(L) decreases monotoni-
cally with increasing L. It can be approximated by a single-
exponential attenuation curve indicated by a dotted straight
line in the logarithmic plot of Fig. 4e. From its slope, we ob-
tain the optical excitation transfer distance L0 at which the
optical excitation energy was reduced to 1/e as L0 = 2.4 µm.
This value shows a good agreement with the transfer dis-
tance calculated according to our previous study [10] using
a QD-center distance of 10.4 nm, a width of 300 nm, and
a height of 40 nm of path 1. This indicates that the opti-
cal energy transfer observed in sample A presumably oc-
curred through optical excitation transfer based on optical
near-field interactions. Our results demonstrate that sample
A, in which QD1 and QD2 were distributed at random, op-

erates as an optical excitation transfer path that can function
at dimensions less than or equal to the diffraction limit, that
is, with a width of 300 nm and a height of 40 nm. From these
results, we believe that we succeeded in demonstrating that
optical excitation transfer in randomly distributed QDs has
properties unique to optical near-field interactions between
resonant energy levels.

4 Conclusion

In summary, we fabricated a structure containing excitation
paths formed by randomly distributed QDs and evaluated
the optical excitation transfer properties. When two types
of CdSe/ZnS core–shell QDs having resonant energy lev-
els, namely, QD1 and QD2, were used, we succeeded in
observing a directed optical excitation transferred by op-
tical near-field interactions as propagating light emitted as
an output signal from QD2. The transfer distance was es-
timated to be 2.4 µm. When using QDs with non-resonant
energy levels, however, near-field optical excitation transfer
was greatly reduced. These results demonstrate that optical
excitation transfer in QDs occurs via excited levels of the
QDs. Thus, it is possible to readily fabricate an optical ex-
citation transfer path by randomly distributing QDs and to
implement the functionality for selecting the signal transfer
destination by utilizing non-resonant levels. These proper-
ties will be very effective in nanophotonic signal transfer
devices, and randomly distributed QDs appear as a promis-
ing candidate technology for implementing these features.
In order to further increase the optical excitation transfer dis-
tance, appropriate QD designs and surface treatments should
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be chosen. Specifically, it will be effective to use QDs with a
longer exciton lifetime and to change the surface-modifying
group on the QDs in order to reduce the interdot distance.
Work along those directions is underway in our laboratories.
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Observing the localization of light in space and
time by ultrafast second-harmonic microscopy
Manfred Mascheck1, Slawa Schmidt1, Martin Silies1, Takashi Yatsui2, Kokoro Kitamura2,

Motoichi Ohtsu2, David Leipold3, Erich Runge3 and Christoph Lienau1*

Multiple coherent scattering and the constructive interference
of certain scattering paths form the common scheme of several
remarkable localization phenomena of classical and quantum
waves in randomly disordered media1. Prominent examples
are electron transport in disordered conductors2,3, the localiz-
ation of excitons in semiconductor nanostructures4,5, surface
plasmon polaritons at rough metallic films6,7 or light in disor-
dered dielectrics8–11 and amplifying media1,12–14. However,
direct observation of the fundamental spatiotemporal dynamics
of the localization process remains challenging15. This holds
true, in particular, for the localization of light occurring on
exceedingly short femtosecond timescales and nanometre
length scales. Here, we combine second harmonic microscopy
with few-cycle time resolution to probe the spatiotemporal
localization of light waves in a random dielectric medium. We
find lifetimes of the photon modes of several femtoseconds
and a broad distribution of the local optical density of states,
revealing central hallmarks of the localization of light.

Multiple coherent scattering of light is both ubiquitous and
elusive at the same time. Prominent examples include the colours
of opals, random lasers, and the famous Brocken spectres—halo-
like glories around shadow images seen on misty mountain
clouds. Quite generally16, whenever light (or any other classical or
quantum-mechanical wave) interacts with a dense collection of
static, random scatterers, multiple coherent scattering and wave
interference results in an increased probability of it returning to
the same point or to be scattered in the back-direction10,11. This
can lead to pronounced spatial fluctuations of the local density of
states (LDOS) and to wavefunctions or optical mode profiles that
are exponentially localized and of fractal shape17,18. The energies
hvn of modes localized in the same region are strongly correlated
and depend sensitively on the dimensionality and geometric size
of the system as well as its symmetry with respect to time reversal.
The local electric field at position r inside the sample can be
expressed in terms of the lifetime T1n and the field profile En(r) of
the individual eigen modes:

E r, t( ) =
∑

n
En r( ) exp −ivnt

( )
exp −t/2T1n

( )
(1)

Such field intensities show unusually broad statistical distributions.
Various imaging techniques have been used successfully to map
field distributions8,19 and to probe statistical signatures of photon
localization20. Ultrasound transmission through three-dimensional
media, for example, has shown a transition from a Rayleigh to a
stretched exponential distribution of speckle intensities21.
Together with the concomitant increase in fluctuations, this charac-
terizes the transition between weak and strong localization. This is

quantitatively described by predictions22 based on one-parameter
scaling23 with the dimensionless conductance g as the natural
measure of disorder strength.

Considerably less is known about temporal aspects of light localiz-
ation on an ultrafast, femtosecond timescale. In the present work, we
combine high-resolution nonlinear optical microscopy with few-cycle
time resolution to probe the lifetimes of localized photon modes in
random dielectric nanostructures. We demonstrate our approach for
a densely packed disordered array of zinc oxide nanoneedles (Fig. 1a).

Zinc oxide, a wide-gap semiconductor with a bandgap of 3.3 eV,
is an essentially transparent medium throughout the visible and
near-infrared. With its large refractive index of n¼ 1.96 at
800 nm, it is a strong light scatterer and a prototypical random
lasing material13,14. Moreover, ZnO nanostructures have large
second-harmonic coefficients24, making them ideal for probing
the local electric field inside a sample by means of the emitted
second-harmonic radiation.

We investigated randomly distributed arrays of �300-nm-long
ZnO needles with an average separation of 100 nm grown on a
base of larger rods on a sapphire substrate (Fig. 1b,c). By controlling
the substrate temperature25, the needle diameter was reduced to
30–50 nm so that the needles could act as structureless point
scatterers, avoiding light localization within individual needles.

We focused linearly p-polarized ultrashort 6 fs laser pulses
(centre wavelength, 800 nm, far below the ZnO bandgap) to a dif-
fraction-limited spot with a diameter of �1 mm on the sample26.
Local second-harmonic spectra were recorded in a reflection geome-
try while raster-scanning the sample through the focus. A
two-dimensional map of the total, spectrally integrated second-
harmonic intensity (Fig. 2a) shows pronounced spatial fluctuations.
The second-harmonic emission ISH is localized in certain hot spots,
randomly distributed across the sample. In some spots the intensity
exceeds by a factor of more than 30 the average kISHl, which is domi-
nated by a weak background, probably from the base layer. The
typical diameter of a single emission spot is only 500 nm
(Fig. 2b), limited by the microscope resolution. The intensity and
spectral shape of the second harmonic both fluctuate from spot to
spot (Fig. 2c), another strong signature of photon localization
within the ZnO array6.

To time-resolve the localized photon field, we used a pair of
phase-locked and time-delayed 6 fs pulses focused to a 1 mm spot.
The resulting second-harmonic emission was spectrally resolved
and monitored as a function of the detection wavelength l and
the time delay t. The resulting interferometric frequency-resolved
autocorrelation (IFRAC) trace27 can be written as

IIF(l, t) =
∫

ENL(t, t) · exp(−i2pct/l)dt

∣∣∣∣
∣∣∣∣
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300 nm

a b

c

100 nm

30 nm

Figure 1 | Spatiotemporal localization of light in a ZnO nanoneedle array. a, An ultrashort 6 fs laser pulse centred at 800 nm is focused to its diffraction

limit of �1 mm onto an array of randomly distributed vertically aligned dielectric ZnO nanoneedles. Multiple coherent light scattering inside the array results

in field localization in certain hot spots. The concomitant local field enhancement gives rise to pronounced second-harmonic emission from the ZnO needles.

Experimentally, the second-harmonic emission is resolved in time, providing a measure of the lifetime of the localized light modes. b,c, Side view (b) and top

view (c) scanning electron microscopy images of a needle array with an average separation of �100 nm and a needle diameter of 30 nm.
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Figure 2 | Spatial intensity distribution of the second-harmonic emission. a, Confocal second-harmonic microscopy image of the nanoneedle array

illuminated with 6 fs pulses at 800 nm. In the most intense local hot spots, the second-harmonic intensity is enhanced by a factor of more than 30 above

the average. The overall variation of the second-harmonic intensity throughout the image reflects slight structural variations within the nanoneedle array.

b, Cross-section along the dashed line in a showing that these hot spots are localized to a size of 500 nm, determined by the resolution of the microscope.

c, Local second-harmonic emission spectra recorded inside different hot spots (green and blue solid lines) in comparison to the spatially averaged second-

harmonic spectrum (red line).
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where ENL is the electric field emitted from the sample illuminated
by the pulse pair with field E(t)þ E(tþ t). For an instantaneous
second-harmonic process, ENL(t, t)/ (E(t)þ E(tþ t))2, and the
time structure of E(t) can be reconstructed directly27.

We have recorded such spectrograms from a variety of different
positions inside the ZnO array. Figure 3 shows representative
measurements taken from a 10-mm-thick reference beta barium
borate (BBO) crystal (Fig. 3a) and positions outside (Fig. 3b) and
inside (Fig. 3c) a hot spot of the ZnO array. The spectrally broad
second-harmonic emission from the BBO crystal covers a range of
almost 100 nm. In contrast, the spectral second-harmonic band-
width from the ZnO array is much narrower and decreases even

more when moving from a position outside to inside one of the
hot spots in Fig. 2. Spectrally integrated interferometric autocorrela-
tion traces ĪIF(t)¼

�
IIF(l, t)dl are shown in Fig. 3d–f. The marked

differences between all three spectrograms are most clearly
recognized by comparing Fourier transforms ĨIF(l, n)¼�

IIF(l, t)exp(i2pnt)dt along the delay axis (Fig. 3g–i). In the
reference measurement the spectral bandwidth of all sidebands27

at n ¼+nc/(2l), n¼ 0, 1, 2, is substantially larger than in the
nanoneedle array data. By far the smallest bandwidth is seen
within one of the hotspots (Fig. 3i). This reduction in spectral
width is a clear signature of the long lifetime of the localized
photon modes.
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Figure 3 | IFRAC traces. a–c, The samples are illuminated with a phase-locked pair of 6 fs pulses focused to 1mm, and IFRAC traces IIF(l, t) are recorded as

a function of the pulse delay t. Data are taken from a 10-mm-thick BBO crystal used as reference (a) and at positions outside (b) and inside (c) a local

second-harmonic hot spot on the ZnO sample. d–f, Corresponding spectrally integrated interferometric autocorrelation traces �IIF(t). Slight beatings at delays

of+10 and+20 fs reflect the non-Gaussian input spectrum of the 6 fs laser pulses. g–i, Fourier transforms ĨIF(l, n) along the time axis of the data in a–c

plotted on a logarithmic intensity scale, showing distinct peaks at integer multiples of the first sideband n¼+c/(2l) (marked by red ellipses). The strong

reduction in spectral width of the hot spot spectrum in c and i is the signature of the increased lifetime of the localized light mode.
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Figure 4 | Simulated Fourier transforms of IFRAC traces and reconstructed local electric fields. a–c, Fourier transforms ĨIF(l, n) of IFRAC traces obtained

from a Bloch equation model, describing the two-photon excitation of a two-level system by an ultrashort laser pulse. The lifetime T1 of the two-level system

is adapted to match the data in Fig. 3g–i. Lifetimes of 1.0 fs for the BBO crystal (a), 3.0 fs for a position outside a hot spot (b) and 6.5 fs for a position inside

a hot spot (c) are deduced.
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A weak contribution of higher-order coherent components28 and
incoherent multiphoton-induced luminescence background24,29 to
the nonlinear emission from ZnO nanostructures makes the appli-
cation of direct pulse retrieval techniques27 difficult, so we use a phe-
nomenological Bloch equation model for data analysis29. We model
the local nonlinear optical response of the array as that of an effec-
tive two-level system interacting with the incident laser by two-
photon excitation only. The excited-state lifetime T1, reflecting the
lifetime of the local photon mode (equation (1)), is the only adjus-
table parameter to match the experimental data.

Simulated Fourier-transforms of IFRAC traces, shown in Fig. 4 for
three different lifetimes—T1¼ 1 fs (Fig. 4a), 3.0 fs (Fig. 4b) and 6.5 fs
(Fig. 4c)—agree quantitatively with the corresponding experimental
data in Fig. 3g–i. This provides a measure of the photon mode lifetime
and a reconstruction of the localized electric field E(r, t) at the funda-
mental laser wavelength. Evidently, multiple coherent scattering
within the disordered ZnO nanoneedle array results in a significant
increase in the time duration of the local field. In some of the hot
spots, the electric field, decaying at 1/(2T1), persists for as long as
13 fs. Because the absorption coefficient of the ZnO film at 800 nm
is less than 10 cm21, these lifetimes are not limited by absorption
but rather reflect radiative out-of-plane losses.

By analysing the spectral width of the coherent second-harmonic
emission spectrum, we have constructed a spatial map of the local

photon mode lifetimes (Supplementary Fig. S8b), which displays
random fluctuations of the T1 time between 3 and 8 fs on a scale
of 500 nm, limited by the microscope resolution. Considered in
total, this map shows a negligible correlation with a simultaneously
recorded map of the second-harmonic intensity (correlation coeffi-
cient C ≈ 0.1). The correlation increases dramatically to C ≈ 0.6 if
only the points with strong second harmonic are included
(Fig. 5d). This confirms the visual impression from Fig. 2a that
localized states are rare events of little statistical weight at the funda-
mental laser frequency.

To scrutinize our results, we performed three-dimensional time-
resolved simulations of Maxwell’s equations for such a nanorod struc-
ture, modelled as an array of randomly distributed dielectric cylinders.
A plot of the spatial distribution of the time-integrated second-harmo-
nic intensity for a typical simulation run (Fig. 5a) displays pronounced
spatial fluctuations in the second-harmonic intensity and local hot
spots. The localized modes display a multifractal character18 with
field maxima predominantly located between the cylinders. They
show intensity variations on a characteristic scale of 20 nm only, far
beyond the experimental resolution. For sufficiently strong disorder,
the average distance between adjacent hot spots reaches a few hun-
dreds of nanometres, reflecting again the rare occurrence of strongly
localized second-harmonic active modes and indicating indeed that
often only an individual hot spot is probed experimentally.
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Figure 5 | Numerical solutions of Maxwell’s equations for light localization inside a randomly distributed array of dielectric cylinders. a, Spatial distribution

of the time-integrated second-harmonic intensity. b, Time structure of the electric field in one of the hot spots, suggesting a lifetime of 20 fs. c, Histograms

of logarithms of the measured (circles) and simulated (squares) time-averaged local field intensity �I at the fundamental laser wavelength. Experimental data
�I(r)¼ ISH

1/2(r) are taken from Fig. 2a. Both sets of data show large deviations from a Gaussian distribution at high intensities. The experimental data can be

modelled by the sum of two terms given by the analytic expressions of ref. 20 with g ≈ 0.6 (blue line) and g ≈ 5.6 (black line). Additional curves for g¼

0.25 and g¼ 1.8 illustrate the sensitivity. d, Correlation coefficient C(Ith) between photon lifetime T1 and second-harmonic intensity ISH for the experimental

data in Fig. 2a, taking only those data points in c with intensity �I . Ith.
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The dynamics of the electric field amplitude, simulated at a dis-
tance of �1 mm above the cylinders, is depicted in Fig. 5b. The
overall decay of 20 fs matches the experiment well. At such large dis-
tances, the field dynamics display a characteristic beating pattern
due to interference of a few neighbouring localized modes. This
beating can be suppressed by reducing this distance, restricting the
detection to fields from a single hot spot. Such beatings are not
observed in Fig. 3b,c, indicating that these measurements indeed
mainly probe a single localized mode. Additional arguments support-
ing this interpretation and ruling out alternatives, such as random
lasing, are presented in Supplementary Sections S3 and S8.

Such intensity fluctuations in the LDOS are one hallmark of ran-
domly localized modes. We therefore calculated histograms of the
time-averaged local electric field intensity Ī(r)¼

�
|E(r, t)|2dt at

the fundamental laser frequency from both experimental and theor-
etical data (Fig. 5c). Even though analytic expressions for the LDOS
exist21,30, we are not aware of predictions for the statistics of such
spectrally integrated field intensities. For sufficiently strong dis-
order, we expect a large variance20 and deviations from Gaussian
statistics, specifically at high intensities, governed by strongly loca-
lized states. Experimentally we find a broad Gaussian around
Ī/kĪl¼ 1 and a weak but pronounced approximately exponential
tail at Ī/kĪl ≫ 1. Separate measurements on the bottom layer of
larger rods indicate that the second harmonic from this layer
mainly leads to the Gaussian around Ī/kĪl¼ 1, confirming that
second harmonic generation by modes localized within the top
layer of thinner nanoneedles gives rise to the broad exponential
tail in Fig. 5c. The statistics of the finite-difference time-domain
(FDTD) results show a similar broad tail at Ī/kĪl ≫ 1, decaying
even slower than exponentially. The experimentally measured tail
follows roughly the predictions of ref. 20 for a dimensionless con-
ductance g ≈ 0.6, that is, at the transition into the strong localization
regime. At present, a more quantitative analysis is difficult because
the exact shape of the histogram depends on the spatial resolution of
the experiment and is also affected by second harmonic generation
from the base of larger-diameter nanorods.

Taken together, our experimental and theoretical results present
compelling evidence for light localization near the transition into the
strong localization regime in an array of randomly disordered ZnO
nanoneedles. We have explored the spatial and temporal aspects of
this localization using a novel interferometric second-harmonic micro-
scopic technique with few-cycle time resolution, and have directly
measured lifetimes of individual localized photon modes of a few fem-
toseconds. This new experimental approach opens the way to the study
of light localization dynamics in a variety of passive and active random
media and we specifically expect it to shed new light on random lasing
dynamics in ZnO nanoparticles.

Methods
ZnO sample preparation. The ZnO nanorod samples were grown by metal–organic
vapour phase epitaxy (MOVPE) on a sapphire substrate25. By applying a
two-temperature technique, ZnO rods with diameters of 30 nm and height of
�300 nm were grown on top of a base of larger rods with diameters of �100 nm and
height of �100 nm. The density of the thinner rods was �60 needles per mm2, as
determined by scanning electron microscopy.

IFRAC microscope. Laser pulses with a duration of 6 fs centred at a wavelength of
800 nm were derived from a Ti:sapphire oscillator (Femtolasers Rainbow) operating
at a repetition rate of 82 MHz. A phase-locked pair of these pulses was generated in a
dispersion-balanced Mach–Zehnder interferometer with an accuracy of ,30 as
using a hardware-linearized piezo scanner (Physik Instrumente P-621.1CD PIHera).
Pulses with an energy of �20 pJ were focused to their diffraction limit of 1.0 mm
using an all-reflective Cassegrain objective with a numerical aperture of 0.5, fully
preserving their temporal resolution26. The sample was placed at an oblique angle of
308 with respect to the linearly p-polarized incident beam, maximizing the electric
field component along the ZnO needle axis and enhancing the second-harmonic
signal29. The sample position within the focus was controlled using a three-
dimensional piezo scanner (Physik Instrumente NanoCube) with a lateral resolution
of 10 nm. The second-harmonic and photoluminescence emission from the sample
were collected in reflection geometry, spectrally dispersed in a 0.5 m

monochromator (Acton SpectraPro-2500i) and detected as a function of time delay
and lateral position on the sample using a liquid-nitrogen-cooled charge coupled
device (Princeton Instruments Spec-10)29.

Optical Bloch equations modelling. We simulated the time structure of the local
second-harmonic emission by solving optical Bloch equations for a two-level system
interacting with the laser electric field E(t) by two-photon excitation with a
generalized Rabi frequency V(t)¼ aE(t)2/h. The excited-state lifetime T1
gives the lifetime of the localized photon mode. Details are described in
Supplementary Section S5.

FDTD simulation. Maxwell’s equations for a model system were solved using a
three-dimensional FDTD method using the freely available Maxwell solver Meep.
Randomly distributed, vertically aligned cylindrical rods with a refractive index of
n¼ 1.96, diameter of 100 nm and a randomly varied length between 0.9 and 1.0 mm
were placed on top of a dielectric substrate with the refractive index of sapphire
(n¼ 0.175). The needle density was chosen to be 60 needles per mm2 to match the
experimental parameters. The local second-harmonic intensity ISH(r, t)¼ |E(r, t)2|2.

To simulate the incident electromagnetic field, a plane wave source at an
incidence angle of 308 and with a Gaussian temporal envelope of 6 fs (full-width at
half-maximum) centred at the laser wavelength of 800 nm was used. The time
dynamics of the local electric field E(r, t) at position r inside a sample of area
4.3 × 4.3 mm2 containing �1,000 cylinders were calculated with a spatial resolution
of 10 nm. Perpendicular to the cylinder axis, Bloch periodic boundary conditions
were applied. At the boundaries along this axis, strongly absorbing perfectly
matched layer areas were used to model open boundary conditions.
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We examine the timing dependence of nanophotonic devices based on optical excitation transfer via optical
near-field interactions at the nanometer scale. We theoretically analyze the dynamic behavior of a two-
input nanophotonic switch composed of three quantum dots based on a density matrix formalism while
assuming arrival-time differences, or skew, between the inputs. The analysis reveals that the nanophotonic
switch is resistant to a skew longer than the input signal duration, and the tolerance to skew is asymmetric
with respect to the two inputs. The skew dependence is also experimentally examined based on near-field
spectroscopy of InGaAs quantum dots, showing good agreement with the theory. Elucidating the dynamic
properties of nanophotonics, together with the associated spatial and energy dissipation attributes at the
nanometer scale, will provide critical insights for novel system architectures.
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Pistol et al. 2008; Yan et al. 2011]. It should be noted that the ultimate motivations for
these novel approaches may not necessarily be replacing or competing with current
CMOS-based principles and technologies. The novelties of, for example, nanoscale
optical computing [Naruse et al. 2005; Pistol et al. 2008], are their physical interfaces
with the real world, leading to interesting biological applications, as one example
[Pistol et al. 2008]. Also, the energy transfer mechanism itself, which is one of the
primary concerns of this article regarding nanophotonics, provides fundamentally
different characters compared with conventional electron transfer and so on, and the
insights gained, provide versatile novel characteristics and application systems. For
instance, molecular logic gates [Remacle et al. 2001; Yeow and Steer 2003] or artificial
materials [Crooker et al. 2002] have been investigated.

Nanophotonics exploits the local optical near-field interactions between nanometer-
scale materials as the fundamental mechanism underlying the device operation.
Based on the optical excitation transfer between quantum dots (QDs), nanophotonics
is not restricted by the diffraction limit of light, and it thus promises ultrahigh inte-
gration densities of devices and systems [Franzl et al. 2004; Ohtsu et al. 2008; Unold
et al. 2005]. Its theoretical fundamentals have been extensively studied through the
development of dressed photon models [Ohtsu et al. 2008] and angular-spectrum anal-
ysis [Hori 2001]. Experimental technologies, both in fabrication and characterization
of nanostructures, have seen rapid progress, such as in geometry-controlled quantum
nanostructures [Akahane et al. 2002, 2008], advanced spectroscopy [Matsuda et al.
2005], and so forth. The principles of versatile nanophotonic devices based on optical
excitation transfer have also been demonstrated, such as with logic gates [Kawazoe
et al. 2003; Yatsui et al. 2007] and interconnects [Naruse et al. 2006]. Very recently,
room-temperature operation of nanophotonic logic gates was demonstrated [Kawazoe
et al. 2011].

The energy transfer between nanomaterials, especially semiconductor QDs has
been attracting considerable research interest, driven by the importance of realizing
subwavelength-scale optical circuits [Kawazoe et al. 2011] as well as other applications
such as energy concentration [Franzl et al. 2004; Naruse et al. 2009]. The physical
origin of optical energy transfer between semiconductor QDs has been extensively in-
vestigated in various disciplines, such as carrier tunneling [Heitz et al. 1998; Mazur et
al. 2005; Xu et al. 1996] or dipole–dipole interactions [Kagan et al. 1996]. The detailed
physical discussions of the differences among optical near-field interactions and other
disciplines are not the primary concern of this article, although partially reviewed in
Section 2; but one of the most important attributes from an information processing
perspective is their dynamic properties in the time domain. In particular, a fundamen-
tal characteristic of optical devices and systems is their performance associated with
skew, which is the difference in arrival timing among multiple input channels [Keeler
et al. 2000; Naruse et al. 2003]. Elucidating the dynamic properties of nanophotonic
devices in this way has implications for novel system architectures, as discussed in
Section 5.

In this article, we theoretically analyze the dynamic behavior of a nanophotonic
switch composed of three quantum dots, based on a quantum mechanical formulation
using a density matrix, while assuming an arrival-time difference, or skew, between
two input signals. The device is resistant to a skew longer than the duration of the in-
put signals, and the tolerance to skew is asymmetric, depending on the arrival timing
of the two inputs. An experimental demonstration is also shown based on near-field
spectroscopy using stacked InGaAs quantum dots, and it is in good agreement with
the theory.

ACM Journal on Emerging Technologies in Computing Systems, Vol. 8, No. 1, Article 4, Publication date: February 2012.
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2. EXCITATION TRANSFER BASED ON OPTICAL NEAR-FIELD INTERACTIONS

Conventionally, the interaction Hamiltonian between an electron and an electric field
is given by

Ĥint = −
∫

ψ̂†(�r)�μψ̂(�r) • �̂D(�r)d �r, (1)

where �μ is the dipole moment, ψ̂†(�r) and ψ̂(�r) are respectively creation and annihila-
tion operators of an electron at �r, and �̂D(�r) is the operator of electric flux density. In
usual light–matter interactions, the operator �̂D(�r) is a constant since the electric field
of propagating light is considered to be constant on the nanometer scale. Therefore,
one can derive optical selection rules by calculating a transfer matrix of an electric
dipole. Consequently, in the case of cubic quantum dots, transitions to states described
by quantum numbers containing an even number are prohibited. In the case of optical
near-field interactions, on the other hand, there is a steep electric gradient of optical
near-fields in the vicinity of nanometer-scale matter, and this facilitates optical tran-
sitions that violate conventional optical selection rules. Such an energy transfer to
conventionally dipole-forbidden energy levels cannot be explained by carrier tunnel-
ing [Heitz et al. 1998; Mazur et al. 2005; Xu et al. 1996] or dipole interactions [Kagan
et al. 1996; Pistol et al. 2008].

Optical excitations in nanostructures, such as quantum dots, can be transferred to
neighboring structures via optical near-field interactions [Ohtsu et al. 2008]. Assume
that two cubic quantum dots, QDS and QDM, whose side lengths are a and

√
2a respec-

tively, are located close to each other (Figure 1(a)). Suppose that the energy eigenval-
ues for the quantized exciton energy level specified by quantum numbers (nx, ny, nz) in
the QD with side length a (QDS) are given by

E(nx,ny,nz) = EB +
�

2π2

2Ma2 (n2
x + n2

y + n2
z ), (2)

where EB is the energy of the bulk exciton, and M is the effective mass of the exci-
ton. According to (2), there exists a resonance between the level of quantum number
(1,1,1) of QDS (denoted by S1in Figure 1(a)) and that of quantum number (2,1,1) for
QDM(M2). There is an optical near-field interaction, denoted by US1 M2 , resulting from
the steep gradient of the electric field in the vicinity of QDS. It is known that the in-
terdot optical near-field interaction is given by a Yukawa-type potential [Ohtsu et al.
2008]. Therefore, excitons in QDS can move to the (2,1,1)-level in QDM. Note that such
a transfer is prohibited for propagating light since the (2,1,1)-level in QDM contains
an even number. In QDM, the exciton sees a sublevel energy relaxation, denoted by �,
which is faster than the near-field interaction, so the exciton goes to the (1,1,1)-level of
QDM (M1).

In the optical excitation transfer as discussed, the energy dissipation occurring in
the destination quantum dot, QDM, determines the unidirectionality of signal trans-
fer [Naruse et al. 2007]. Therefore, when the lower energy level of the destination
quantum dot is filled with another excitation (called state filling), an optical excitation
occurring in a smaller QD cannot move to a larger one. As a result, the optical exci-
tation will go back and forth between these dots (optical nutation). This suggests the
existence of two different states, which depend on whether the destination quantum
dots are occupied or not. An important characteristic in information processing can
be exploited to implement digital logic operations [Kawazoe et al. 2003]. Figure 1(b)
schematically represents a two-input AND gate formed of three quantum dots. QDS
and QDL , whose sizes are a and 2a, work as the two input dots, accepting input signals
denoted by IN S and IN L, respectively, and QDM, whose size is

√
2a, works as the
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Fig. 1. (a) Optical near-field interaction between a smaller quantum dot (QDS) and a larger one (QDM).
(b) Two-input AND gate implemented by three quantum dots with interdot optical near-field interactions.
Two inputs are indicated by IN S and IN L, which are applied to QDS and QDL , respectively. Output is
associated with radiation from QDM. (c) Energy diagram of the system shown in (b).

output dot. The energy diagram is shown in Figure 1(c), where the optical frequencies
of the input signals IN S and IN L are resonant with the (1,1,1)-level of QDS (S1) and
the (1,1,1)-level of QDL (L1), respectively.

When both inputs are provided, it is not possible for the optical excitation occurring
in S1, induced by IN S, to be transferred to L1 in QDL because L1 is excited by IN L,
and it should thus radiatively decay from the (1,1,1)-level of QDM (M1) (logically, IN
S = 1, IN L = 1→OUT = 1). On the other hand, when only IN S is given, the optical
excitation induced in QDS should be transferred to QDL and radiatively decay from
the (1,1,1)-level of QDL , resulting in a lower radiation from QDM (IN S = 1, IN L =
0→OUT = 0). Finally, there is no output signal from QDM when IN S is not given
([IN S = 0, IN L = 1→OUT = 0] and [IN S = 0, IN L = 0→OUT = 0]). Therefore, the
preceding three-dot configuration, as the logical relation between input and output
suggests, provides a logical AND gate operation.

The lower bound of energy dissipation required for optical excitation transfer from
a smaller quantum dot to a larger one via optical near-field interactions was theoret-
ically compared with the bit flip energy of an electrically wired device [Naruse et al.
2010]. The former is about 104 times more energy-efficient than the latter, demon-
strating the high energy efficiency of optical excitation transfer. Such an attribute
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also contributes to superior tamper resistance against attacks via power consumption
monitoring [Naruse et al. 2007].

3. DYNAMICS OF THREE-DOT OPTICAL NEAR-FIELD INTERACTIONS

We now analyze the dynamic behavior of the system based on a density matrix for-
malism assuming optical near-field interactions among these three dots, as well as
external inputs to QDS and QDL . Since there are in total, six energy levels (namely,
[S1 in QDS], [M1 and M2 in QDM], and [L1, L2, and L3 in QDL]), the number of differ-
ent states occupying those energy levels is 26 (= 64).

In Figure 1(c), the optical near-field interaction between resonant energy levels Ei
and E j is represented by UEiE j; for instance, the interaction between the (1,1,1)-level of
QDS (S1) and the (2,2,2)-level of QDL (L3) is denoted by US1 L3 . The radiative relaxation
rates from S1,M1, and L1 are given by γS, γM, and γL , respectively. The quantum
master equation of the total system is then given by [Carmichael 1999]

dρ(t)
dt = − i

�

[
Hint + Hext(t), ρ (t)

]
+

∑
i=S1,M1,L1

γi
2

(
2Riρ(t)R†

i − R†
i Riρ(t) − ρ(t)R†

i Ri

)

+
∑

i=M2,L3,L2

�
2

(
2Siρ(t)S†

i − S†
i Siρ(t) − ρ(t)S†

i Si

)
,

(3)

where the interaction Hamiltonian is given by Hint and the external Hamiltonian
Hext(t). Let the (i, i) and ( j, j) elements of ρ(t) be the probabilities of the two states that
are transformable between each other via an optical near-field interaction denoted by
U. Then, the (i, j) and ( j, i) elements of the interaction Hamiltonian are given by U.
The matrices Ri (i = S1, M1, L1) are annihilation operators that respectively annihilate
excitations in S1, M1, and L1 via radiative relaxations. The matrices R†

i (i = S1, M1,
L1) are respectively creation operators given by the transposes of the matrices of Ri.
The matrices Si (i = M2, L2, L3) are annihilation operators that respectively annihi-
late excitations in M2, L2, and L3 via sublevel relaxations. The external Hamiltonian
Hext(t) indicates the Hamiltonian that represents the interaction between the external
input light and the quantum dot system, given by

Hext(t) = INS(t) × (R†
S1

+ RS1 ) + INL(t) × (R†
L1

+ RL1 ), (4)

where INS(t) and INL(t) specify the duration and the amplitude of the external input
light applied to QDS and QDL , and which are denoted by IN S and IN L, respectively.

We assume a rectangular-shaped input signal for both INS(t) and INL(t), and then
characterize the output population relevant to the radiation from QDM, i.e., the popu-
lations involving the (1,1,1)-level of QDM (M1). The purpose is to analyze the depen-
dence on the relative arrival-time difference of IN S and IN L, namely, the skew, as
schematically shown in Figure 2(a).

We assume the following parameter values for evaluation: (1) interdot optical near-
field interaction U−1 = 100ps, (2) sublevel relaxation �−1 = 10ps, and (3) radiative
decay times γ −1

L = 1ns, γ −1
M = 23/2 × 1 ∼ 2.83ns, and γ −1

S = 23 × 1 ∼ 8ns, which are
inversely proportional to the volumes of the QDs [Itoh et al. 1990]. The duration of
both INS(t) and INL(t) is set to 2ps.

Figure 2(b) shows the evolution of the populations in the output dot under the as-
sumption that (1) there is no skew between the two inputs (solid, blue), (2) IN L is
advanced by 300ps relative to IN S (dash-dot, red), (3) IN L is delayed by 300ps rela-
tive to IN S (dotted, green), and (4) only IN S is provided (dashed, black). Comparing
cases (1) and (4), we find that the former exhibits a larger population than the latter,
which demonstrates behavior typical of a logical AND gate. Note that case (2) exhibits
an output population comparable to that of case (1). On the other hand, in case (3), the
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Fig. 2. (a) The arrival-timing difference, or skew, between IN S and IN L. (b) Time evolution of the output
population, that is, the population involving the (1,1,1)-level in QDM.

curve of the population evolution is greatly deteriorated compared with case (1) due to
the optical nutation effect introduced in Section 2. Case (4) should, as an AND gate,
exhibit a lower population; however, due to the limited radiation lifetime in QDL , a
nonzero output population still appears.

Next, we evaluate the ON/OFF ratio of the output signal as a function of skew,
which is the difference between the arrival times of IN S and IN L. The ON/OFF ratio
is estimated as the time integral of the output population when both IN L and IN Sare
applied (ON state), divided by the time integral of the output population when only IN
S is applied (OFF state). The circular marks in Figure 3 represent the ON/OFF ratio
as a function of skew ranging from −1 to 1ns, and the triangular marks represent that
for skew ranging from −4 to 4ns. The AND gate shows resistance to the delay of IN
S: a delay of nearly 1000ps in IN S provides an ON/OFF ratio greater than 2. Since
the duration of the input signal is 2ps, the system is resistant to a skew much longer
than the duration of the input signals. On the other hand, the gate operation is not
resistant to a delay of IN L relative to IN S. This is due to the fact that filling the
state of QDL is crucial for the optical excitation transfer from QDS to QDM. Therefore,
an early, rather than late, arrival of IN L is preferred when AND gate-like behavior is
intended.

4. EXPERIMENTAL RESULTS

As explained in Section 2, geometrical conditions, such as the size and position of
the quantum dots, play a major role in determining their behavior. In addition, the
dynamic behavior of the devices, especially the skew dependence of the two input
channels discussed in detail in Section 3, is the primary focus of this article. In the
experimental demonstration, we need to carefully consider the technological feasibility
of the quantum dot devices and diagnostic equipment. We experimentally examined
the skew properties involving optical excitation transfer via optical near-field inter-
actions based on InGaAs QDs and a near-field spectroscopy setup with a two-channel
short-pulse system, as described in the following and schematically shown in Figure 4.

4.1. Quantum Dots

Stacked InGaAs QD devices fabricated by molecular beam epitaxy (MBE) based on
the Stranski–Krastanow (S–K) growth mode [Akahane et al. 1998] were used in the
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Fig. 3. [Theory: circular and triangular marks] ON/OFF ratio of the output of the AND gate as a function of
the skew between the two input signals predicted by theoretical calculations. The skew ranges correspond-
ing to the circular and triangular marks are respectively given by {-1 to 1ns} and {-4 to 4ns}. [Experiment:
square marks] Output signal intensity as a function of the skew between the two input signals obtained
experimentally by near-field spectroscopy of an InGaAs stacked QD device.

experiment. Figure 4(a) shows a schematic cross-sectional diagram of the InGaAs de-
vice sample (more precisely, the fabricated QD is In0.4Ga0.6As) used in the experiment,
where seven layers of InGaAs QDs with an interlayer distance of 50 nm were fabri-
cated on a GaAs substrate. Figure 4(b) shows a surface profile image of the device,
captured with an atomic force microscope (AFM). The average diameter and height of
the QDs were around 50nm and 5.5nm, respectively.

Stacked, self-organized QD systems, based on the S–K growth mode in lattice-
mismatched materials, have been used in investigating the interactions among QDs,
as mentioned in Section 1 [Heitz et al. 1998; Kagan et al. 1996; Mazur et al. 2005; Xu
et al. 1996]. In the case of optical excitation transfer via optical near-field interactions,
the interlayer QD distances, corresponding to barrier layers, should be thick enough so
that the wave functions representing the electronic states of the two QDs do not over-
lap, but are thin enough so that the optical near-field interactions exist [Ohtsu et al.
2008]; 50 nm satisfies this requirement. Using such stacked QDs, we have demon-
strated logic gate operations based on optical near-field interactions [Kawazoe et al.
2006].

In precisely controlling the size of the quantum dots layer-by-layer, Akahane
et al. [2002, 2008] developed stacked InAs QDs with InGaAlAs spacer layers on an
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Fig. 4. (a) Cross-sectional profile of the stacked InGaAs QDs used in the experiment. (b) AFM image
of the first layer of the InGaAs QD. The average diameter is about 50nm. (c) Schematic diagram of the
experimental setup composed of two input optical pulses (wavelengths of 855nm and 970nm) and an optical
near-field microscope with a diameter of 50nm. (d) Far-field photoluminescence of the sample. (e) Spatial
distribution of the near-field intensity obtained by the near-field fiber probe tip. (f ) Time evolution of the
output signal when the arrival timing of IN L relative to IN S was -1.1ns, 0ns, and +1.1ns, respectively.

InP(311)B substrate employing a strain compensation technique, which provides layer-
by-layer size-controlled stacked quantum nanostructures. The device used in our ex-
periment was, however, intentionally chosen as InGaAs QDs on a GaAs substrate,
where large interlayer strain remains compared with InAs QDs on an InP substrate
[Akahane et al. 2002], leading to nonuniformity in the QD sizes. One reason is that
the feasible operating wavelengths (<1.0μm) of the optical near-field experimental ap-
paratus described in the following are well-matched with InGaAs QDs, whereas InP-
based QDs requires wavelengths greater than 1.0μm, which are not well-matched.
Another reason is that, as demonstrated in the spatial intensity distribution observed
by the near-field spectroscopy in the following, the inhomogeneity of the dot size of the
InGaAs QDs enabled interdot optical excitation transfer, and we searched for spatial
positions where the InGaAs QDs work as AND gates.

4.2. Spectroscopy Apparatus

The two-channel input signals, IN Sand IN L, were respectively applied to the sample
by optical pulses generated by two Ti:Sapphire lasers with wavelengths of 855nm and
970nm, as schematically shown in Figure 4(c). These two lasers were synchronized
by a lock-to-clock controller. The pulse duration of both input channels was 2ps, and
their repetition rate was 80 MHz. The average optical powers in the IN S and IN L
channels irradiated on the sample were 500W/cm2 and 30W/cm2, respectively, which
were sufficiently low to avoid multiphoton processes in the sample. One of the input
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beams, the IN S channel at 855nm, was sampled by a monitoring photodetector and
was fed back to the lock-to-clock controller for the purpose of electrical timing control
of the 855nm pulses. This allowed a relative timing difference to be produced between
IN S and IN L for the skew evaluation described as follows. As shown in Figure 4(c),
the QD sample under study was placed on a prism, and the two input beams irradiated
the sample from the back side (facing the substrate).

The photoluminescence of the sample was obtained from the front side (facing the
top layer of the QDs) by an optical near-field fiber probing tip with a diameter of
50nm, which conveyed the sampled light to a spectrometer and an avalanche photo-
diode (APD). Figure 4(d) shows a far-field photoluminescence spectrum of the sample
measured at 48.8K, showing inhomogeneous broadening corresponding to the size dis-
tributions in the sample. This allowed us to investigate the optical excitation transfer
in the region where the transfer conditions were satisfied in the sample.

We then evaluated the near-field intensity distribution of the output signal, corre-
sponding to the radiation from QDM, as discussed in Section 3, as the integrated pho-
toluminescence between 945nm and 955nm obtained by the spectrometer. Figure 4(e)
shows a near-field intensity distribution, for irradiation with 855nm light, correspond-
ing to the output wavelength that exhibits spatial position dependence, indicating that
energy transfer occurs among the QDs. There was no polarization-dependence in the
experiments we conducted in this study.

4.3. Skew Dependences

To evaluate the skew dependence, we employed a time-correlated single photon
counting method [Becker 2005]. The photoluminescence of the sample obtained by
the near-field probing tip was first filtered by a band-pass filter (945–955nm) to select
the output signal, and was detected by an APD. At the same time, input optical pulses
at 970nm (IN L channel) were monitored by a photodiode. These two signals were
provided to a time-to-amplitude converter (TAC) to characterize the time evolution of
the output signal. This evaluation was repeated while modifying the relative timing
difference between IN S and IN L using the lock-to-clock laser systems described
earlier. Figure 4(f ) demonstrates three time evolutions of the output signal, detected
through the TAC, when the arrival timing of IN L relative to IN Swas -1.1ns, 0ns, and
+1.1ns, respectively. (These three signal traces are represented with different offsets in
Figure 4(f ) so that we can clearly observe the differences.) The output signal exhib-
ited a higher level when there was no skew between the inputs. The output signal
decreased due to the timing difference between IN L and IN S, but it was more robust
to the early arrival of IN L rather than the delay of IN L, as theoretically discussed
in Section 2.

We characterized the output signal intensity as the time integral of the output sig-
nal, three examples of which are shown in Figure 4(f ), for a duration between 0 and
3ns. The output signal intensity depended on the skew, as indicated by the squares in
Figure 3. We observed that they exhibited asymmetric responses with respect to the
arrival timing of IN S and IN L, showing good agreement with the behavior predicted
by the theory discussed earlier.

5. SUMMARY AND DISCUSSION

We examined the timing dependence of nanophotonic devices based on optical excita-
tion transfer via optical near-field interactions, and analyzed the dynamic behavior of
a nanophotonic switch composed of three quantum dots, based on a quantum mechan-
ical formulation using a density matrix, while assuming skew between input signals.
The device is resistant to skew longer than the duration of the input signals, and the
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tolerance to skew is asymmetric with respect to the arrival timing of the two inputs
since the state filling of the largest dot is the key process for the nanophotonic
switch operation. Experimental confirmation was also obtained based on near-field
spectroscopy using stacked InGaAs quantum dots, showing good agreement with the
theory.

Finally, we make a few remarks regarding the content discussed in this article,
focusing on the timing properties in nanophotonics. First, elucidating the dynamic
properties of nanophotonic devices in this way has implications for novel system archi-
tectures. For example, a skew resistance being much longer than the duration of input
signals opens up the possibility of asynchronous architectures [Hauck 1995] based on
optical excitation transfer. Such architectures are especially useful in situations where
the implementation of clock signals poses problems. Asynchronous circuits have been
well known for their robustness to timing fluctuations, and in recent years this idea
has been extended to the design of asynchronous cellular automata [Lee et al. 2005].
The probabilistic nature of optical near-field interactions, the limited distances over
which these interactions take place, and the array-like structures of QDs that are in
the realm of fabrication technology, all combine to form a promising basis for the real-
ization of such architectures.

Second, the resistance to timing skew on the order of nanoseconds, at the same
time reveals that the nanophotonic system could suffer from the problem of lower bit
rate (100 Mbps range), although strict timing management could provide Gbps per-
formance [Ohtsu et al. 2008]. The bit rate also depends on the energy dissipation in
the system [Naruse et al. 2010], as well as the signal-to-noise ratio of the detectors
and the number of photons per time slot. A unified, total performance evaluation of
nanophotonic systems, taking account of architectural, energy dissipation, reliability,
and dynamic properties would be a future important research theme.

For the implementation of more advanced nanophotonic devices, as already men-
tioned in Section 4, Akahane et al. [2008] developed a method of stacking InAs QDs
using a strain compensation scheme where spacer layers with a lattice constant
slightly smaller than that of the substrate are used to embed the QD layers. Using
this method, 150 InAs QD layers were successfully stacked without any degradation
in QD quality, leading to the implementation of a versatile arrangement of QDs within
a device. Another approach to size- and position-controlled realization of nanophotonic
devices includes DNA-based self-assembly technologies [Pistol et al. 2008; Warner and
Hutchison 2003]. We have recently developed a self-assembly method of linearly align-
ing ZnO quantum dots with the help of DNA as a size-controlled template [Yatsui et al.
2010]. With those architectural and experimental insights and technologies, we will
continue to broaden our understanding of optical near-field interactions and utilize
them for information processing and communications applications.
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Here we report a way to induce the visible response of non-doped TiO2 in the photocatalytic

electrochemical water splitting, which is achieved by utilizing the optical near-field (ONF)

generated on nanorod TiO2. The visible response is attributed to the ONF-induced phonon-assisted

excitation process, in which TiO2 is excited by sub-bandgap photons via phonon energy. Our

approach directly gets involved in the excitation process without chemical modification of

materials; accordingly it is expected to have few drawbacks on the photocatalytic performance.

This study may offer another perspective on the development of solar harvesting materials. VC 2011
American Institute of Physics. [doi:10.1063/1.3663632]

Among many candidates of semiconductor photocata-

lyst, TiO2 has become the most investigated one for overall

water splitting for hydrogen production, due to its outstand-

ing chemical stability, low cost, and non-toxicity. There

have been significant efforts to improve the visible response

of TiO2 based photocatalyst by chemically manipulating its

bandgap. The anionic doping of non-metals such as nitrogen,

carbon, or sulfur has been reported to form the mid bandgap

states slightly above the intrinsic valence band of TiO2,

thereby narrowing the bandgap.1–4 However, these midgap

states would lead to the formation of recombination centers

that reduce the overall catalytic activity.5 Another promising

approach involves the plasmon-induced enhancement of visi-

ble response in TiO2 loading metal nanoparticles (Au, Ag,

etc), yet these materials need a large applied bias or the addi-

tion of electron donor in order to obtain hydrogen generation

and the stability of the metal is still a problem.6,7 The lack of

materials that meet both the requirements of bandgap energy

and stability indicates that the issue has some certain limita-

tions that cannot be solved only by chemical modification.

The nanostructured semiconductors have attracted much

attention for their unique optical and electronic properties.

Although the nanostructured TiO2 enhances the catalytic per-

formance at UV region by improving the charge separation

and transport properties, the visible response of TiO2 derived

from nanostructures has not been investigated to date.

Recently, it has been reported that optical near-field (ONF)

generated at the nanostructures can excite the coherent pho-

nons in the nanostructures, together with the ONF; these

excited coherent phonons form a coupled state which is

called virtual exciton-phonon-polariton. This coupled state

contributes to the so-called phonon-assisted process,8,9

which excites an electron in the valence band of a semicon-

ductor to the conduction band via energy of phonon.

Although this excitation is an electric-dipole forbidden, it is

allowed by the ONF which can couple with phonons to gen-

erate a quasi-particle of exciton-phonon-polariton in a nano-

meric space. That is, this quasi-particle can excite the

electron to the phonon level and successively to the conduc-

tion band. This two-step excitation process is possible even

though the incident photon energy lower than the band gap

energy. The ONF phonon-assisted excitation has already

been experimentally proved and widely applied as photo-

chemical vapor deposition, photolithography,10 self-

organized photochemical etching,11 optical frequency up-

conversion,12 and semiconductor photovoltaic.13 This effect

has inspired us a physical approach to induce the visible

response of semiconductor photocatalysts such as TiO2 by

introducing favorable nanostructure to generate ONF

(Scheme 1 in supplemental materials21). In this study, we

demonstrate the fabrication of specific nanorod TiO2 that

leads to the generation of ONF and confirms the excitation

of TiO2 with sub-bandgap photons by using ONF.

Generally, the generation of ONF strongly depends on

the nanomeric structures; hence, the fabrication of favorable

nanostructures is crucial to induce the ONF effect. Among

the techniques for fabrication of nanostructures, glancing

angle deposition (GLAD) allows a viable way to fabricate

aligned nanorod with well-controlled diameter, density, and

shape.14,15 Herein, we demonstrate the using of radio fre-

quency magnetron sputtering deposition equipped with

GLAD regime to fabricate vertical nanorod TiO2 with differ-

ent diameters.

The scanning electron microscopy, top view, and cross

sectional images of fabricated films shown in the Fig. 1

reveal the formation of vertical and isolated nanorods. The

deposition onto a flat indium tin oxide (ITO) coated glass

substrate leads to the growth of nanorod less than 100 nm in

diameter, meanwhile the using of pyramid-like nano-patterns
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on the F-doped tin oxide (FTO) substrate, which serves as

nucleation sites for the incoming target flux, allows the

growth of rods larger than 100 nm. For the reference pur-

pose, we fabricated the flat film made of Aeroxide P-25

nanoparticles by spin-coating. It should be noted from cross-

sectional images that the larger nanorod (150 nm) sample is

built from the individual nanorods which themselves have

rough surfaces composed of fine nanoscale structure, com-

pared to the flat surface on smaller (65 nm) nanorod one. The

analysis on the crystalline structures of nanorod TiO2 films

after post-annealing carried out by X-ray diffractometry

(XRD) shows the single anatase phase.

The photocatalytic performance of TiO2 film was eval-

uated by photoelectrochemical (PEC) measurement with a

3-electrode setup in 0.5 M NaClO4 electrolyte and 0.5 V (vs.

Ag/AgCl) applied bias. The power dependence of photocur-

rent in Figs. 2(a) and 2(b) show the photocatalytic perform-

ance of fabricated films under ultraviolet (UV, 365 nm) and

visible (488 nm) irradiation, respectively. Under UV irradia-

tion, the nanorod TiO2 films perform a comparative photo

current to the reference P-25 film, while under visible

(488 nm) irradiation, more than 2 orders of magnitude

enhancement of photocurrents in 150 nm nanorod sample has

been observed. The introduction of nanorod structures has

led to a significant enhancement only in the visible region

that excludes the possibility of the photocurrent derived from

enhanced specific surface area or improved charge separation

and transport properties. The linear dependence in a wide

range of light power density (101� 105 mW cm�2) and the

slope equal to 1.0 excludes the possibility of the excitation of

TiO2 by non-linear multi-photon absorption. As described

above, although the phonon-assisted excitation is a two-step

one and since the second step transition from the energy lev-

els of phonon to the conduction band is a conventional adia-

batic transition, the probability of the second step transition

is more than 106 times larger than that of the first transition

step from the valence band to phonon levels.9,12 In addition,

the second step transition of a conventional adiabatic transi-

tion easily saturates, which results in the linear power

dependence as shown in the Fig. 2(b). It is also worthy

to note that the photocurrent has been acquired in the range

of 10�5 A that eliminates the factors of thermal effect or

background noise during the measurement.

There is a limited investigation of non-doped TiO2 in

which its visible response is attributed to the excitation of

mid-gap impurities states.16,17 Generally, photoluminescence

(PL) spectroscopy is the common method to study defects

states in oxide materials. The absorption spectra of nanorod

samples (Fig. 3(a)) show clear interference patterns in visible

region which can be attributed to the interference in the

thickness of the films (�300 nm). The slight absorption in

visible region has been observed, and this absorption

strongly enhances in nanorod samples. The enhancement of

the visible absorption can be ascribed to the scattering effect

on complex nanorod structures. A strong gain of optical

absorption in nanorod samples is in good agreement with

FIG. 1. SEM images of (a) top view of

nanorod TiO2 fabricated on ITO sub-

strate. The average diameter was esti-

mated by image analysis software to be

65 nm6 2 nm; (b) top view of nanorod

TiO2 fabricated on nano-patterned FTO

substrate. The average diameter is about

150 nm6 15 nm; (c) top view of flat film

made of Aeroxide P-25 nanoparticles;

(d) cross sectional view of 65 nm nano-

rod sample; (e) cross sectional view of

150 nm nanorods, which themselves

have rough surfaces composed of fine

nanoscale structure.

FIG. 2. (Color online) The power dependence of photo current measured by

PEC method at 0.5 V applied bias (vs. Ag/AgCl) in 0.5 M NaClO4 (a) under

365 nm irradiation and (b) 488 nm irradiation of 150 nm nanorod (blue dia-

mond), 65 nm nanorod (green square), and P-25 film (red triangle). The pho-

toresponse of fabricated nanorod TiO2 samples UV irradiation are

comparable to the P-25 film; however, (b) under 488 nm irradiation the pho-

tocurrents in nanorods samples are more than 2 orders of magnitude larger

than that of P-25 film. A linear dependence is observed in a wide range of

light power intensity 101� 105 mW cm�2.
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previous reports on the decrease of refraction index and the

consequent increase of light trapping and nanocavity effect

in nanostructures.18,19 The normalized and Gaussian-fitted

PL spectra taken at 12 K under 325 nm excitation in Fig. 3(b)

show that all the samples have a broad luminescence band

composed of two bands centered at 500 and 550 nm, which

can be ascribed to the surface oxygen defects and the intrin-

sic defects inside the bulk, respectively.20 Interestingly, there

is no significant difference of the PL intensity in nanorod

TiO2 samples, while the intensity in nanorod samples is 2

folds higher than that of P-25 flat film. However, the inten-

sity of PL peaks does not reveal any relevant relation with

the visible response photocurrent result. It can be concluded

from PEC and PL studies that the significant enhancement of

visible response in nanorod samples does not relate to the

defect states, but the introduction of specific nanostructure

does contribute to the enhancement of ONF and conse-

quently induce the visible response of TiO2 via the

ONF-induced phonon-assisted excitation. Moreover, the visi-

ble response photocurrent in 150 nm nanorod sample is about

one order larger than that of 65 nm nanorod. We attribute

that individual nanorods which themselves have rough surfa-

ces composed of fine nanostructure in 150 nm nanorod sam-

ple play a critical role in the enhancement of ONF.

In summary, nanorod TiO2 has been fabricated by sput-

tering with GLAD regime. The introduction of nanorod

structure and specific morphology on each rod has led to the

generation of ONF, which induces the visible response via

the phonon-assisted excitation. Our result has confirmed a

physical approach to excite semiconductor photocatalyst,

while the materials remain untreated. We believe that the

present approach can be applied not only to photocatalyst

but also other solar-harvesting materials.
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FIG. 3. (Color online) (a) The UV-vis absorption spectra of TiO2 films with

a slight absorption in visible region (>400 nm) of 150 nm nanorod (blue

line), 65 nm nanorod (green line), and P-25 (red line) film. The larger

enhancement of optical absorption observed in nanorod samples compared

to that of flat film with the same thickness can be attributed to the low refrac-

tion and cavity effect of dense nanorod structure (b) the Gaussian-fitted PL

spectra of 150 nm nanorod (blue line), 65 nm nanorod (green line), and P-25

film (red line) acquired at 12 K with 325 nm excitation. The peak centered at

500 and 550 nm can be attributed to the surface oxygen defects and the

intrinsic defects inside the bulk, respectively. The PL intensity of nanorod

film is 2-fold larger than that of P-25 film, yet there is no relevant relation

between PL intensity and visible response photocurrent.

213105-3 Le et al. Appl. Phys. Lett. 99, 213105 (2011)

Downloaded 23 Nov 2011 to 133.11.90.145. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1021/jp070911w
http://dx.doi.org/10.1126/science.1061051
http://dx.doi.org/10.1246/cl.2003.772
http://dx.doi.org/10.1021/jp055278y
http://dx.doi.org/10.1039/b927575d
http://dx.doi.org/10.1039/b405061d
http://dx.doi.org/10.1021/ja042192u
http://dx.doi.org/10.1103/PhysRevA.63.013806
http://dx.doi.org/10.1063/1.1828034
http://dx.doi.org/10.1117/1.2833587
http://dx.doi.org/10.1007/s00340-008-3142-z
http://dx.doi.org/10.1109/JSTQE.2009.2014781
http://dx.doi.org/10.1109/JSTQE.2009.2014781
http://dx.doi.org/10.1007/s00340-010-3999-5
http://dx.doi.org/10.1116/1.580562
http://dx.doi.org/10.1149/1.3160622
http://dx.doi.org/10.1016/j.susc.2006.01.108
http://dx.doi.org/10.1016/j.susc.2006.01.108
http://dx.doi.org/10.1021/jp058262g
http://dx.doi.org/10.1021/nl072369t
http://dx.doi.org/10.1002/adma.v19:18
http://dx.doi.org/10.1016/j.jlumin.2007.11.071
http://dx.doi.org/10.1063/1.3663632


Nano Communication Networks 2 (2011) 189–195

Contents lists available at SciVerse ScienceDirect

Nano Communication Networks

journal homepage: www.elsevier.com/locate/nanocomnet

Autonomy in excitation transfer via optical near-field interactions and
its implications for information networking

Makoto Naruse a,b,∗, Kenji Leibnitz a,c, Ferdinand Peper a, Naoya Tate b,d, Wataru Nomurab,d,
Tadashi Kawazoeb,d, Masayuki Murata c, Motoichi Ohtsub,d

a National Institute of Information and Communications Technology, 4-2-1 Nukui-kita, Koganei, Tokyo 184-8795, Japan
b Nanophotonics Research Center, Graduate School of Engineering, The University of Tokyo, 2-11-16 Yayoi, Bunkyo-ku, Tokyo 113-8656, Japan
c Department of Information Networking, Graduate School of Information Science and Technology, Osaka University, 1-5 Yamadaoka, Suita, Osaka 565-0871,

Japan
d Department of Electrical Engineering and Information Systems, Graduate School of Engineering, The University of Tokyo, 2-11-16 Yayoi, Bunkyo-ku, Tokyo

113-8656, Japan

a r t i c l e i n f o

Article history:

Received 15 July 2011

Accepted 24 July 2011

Available online 30 July 2011

Keywords:

Nanophotonics

Optical excitation transfer

Optical near-fields

Autonomous system

Information network

a b s t r a c t

We demonstrate optical excitation transfer in a mixture composed of quantum dots of two

different sizes (larger and smaller) networked via optical near-field interactions. For the

optical near-field interaction network based on a density matrix formalism, we introduce

an optimal mixture that agrees with experimental results. Based on these findings, we

theoretically examine the topology-dependent efficiency of optical excitation transfer,

which clearly exhibits autonomous, energy-efficient networking behavior occurring at the

nanometer scale. We discuss what we can learn from this optical excitation transfer and its

implications for information and communications applications.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Optics is expected to play a crucial role in enhancing
system performance to handle the continuously growing
amount of digital data and new requirements demanded
by industry and society [24]. However, there are some
fundamental difficulties impeding the adoption of optical
technologies in information processing and communica-
tion systems [17,16,8,1,2]. One problem is the poor inte-
grability of optical devices in systems due to the diffraction
limit of light. This is because the optical wavelength used
in a given system is typically around 1 μm, which is about
100 times larger than the gate length of present siliconVLSI
hardware.

Nanophotonics, on the other hand, is based on
local interactions between nanometer-scale materials via

∗ Corresponding author. Tel.: +81 42 327 6794; fax: +81 42 327 7035.

E-mail address: naruse@nict.go.jp (M. Naruse).

optical near-fields, which are not restricted by conven-
tional diffraction of light, allowing ultrahigh-density in-
tegration [17,16,8]. Optical excitation transfer between
quantumdots via optical near-field interactionswill be one
of the most important mechanisms for realizing novel de-
vices and systems [17,16,25,9,5]. Moreover, qualitatively
novel features that are unavailable in conventional optics
and electronics will be made possible by such optical exci-
tation transfer [14,12].

In this paper, we demonstrate optical excitation trans-
fer in a mixture composed of different-sized (larger and
smaller) quantum dots networked via optical near-fields
in their vicinities. We introduce a theoretical model of
a mixture of two different-sized quantum dots that is
optimal in terms of the optical near-field interaction net-
work. This model is based on a density matrix formal-
ism in which the mixture agrees well with experimental
results using CdSe/ZnS quantum dot mixtures with diam-
eters of 2.0 and 2.8 nm. Based on these findings, we the-
oretically examine the topology-dependent efficiency of

1878-7789/$ – see front matter© 2011 Elsevier Ltd. All rights reserved.

doi:10.1016/j.nancom.2011.07.002
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optical excitation transfer, which clearly exhibits au-
tonomous, energy-efficient networking behavior at nano-
meter scales. Such autonomous behavior can also give us
valuable insights when we look at network architectures
in general or at communication networks in particular. At
the stage of designing future communication networks, the
operational conditions are usually unknown, so these net-
works must be planned in such a way that they can adapt
to changing environments, for example, caused by link fail-
ures, changes in traffic patterns, etc. We hope that our
discussion on the implications of this optical excitation
transfer will also lead to some new aspects in the design
of autonomous, robust, and energy-efficient communica-
tions architectures.

This paper is organized as follows. In Section 2, we
describe the physical fundamentals of optical excitation
transfer between quantum dots, followed by the intro-
duction of a network of optical near-field interactions,
whereby we analyze the mixture-dependent optical ex-
citation transfer theoretically and experimentally. In Sec-
tion 3,we investigate the topology-dependency and auton-
omy of the excitation transfer. Section 4 reflects on what
can be learned from these principles and phenomena phys-
ically existing at nanometer scales and discusses their im-
plications for information and communications applica-
tions.

2. Network of optical near-field interactions

2.1. Theoretical background

We briefly review the fundamental principles of opti-
cal excitation transfer involving optical near-field inter-
actions [17,16]. The interaction Hamiltonian between an
electron and an electric field is given by

Ĥint = −
∫

ψ̂Ď(�r)�μψ̂(�r) • �̂D(�r)d�r, (1)

where �μ is the dipole moment, ψ̂Ď(�r) and ψ̂(�r) are respec-
tively the creation and annihilation operators of the elec-

tron at �r , and �̂D(�r) is the operator of electric flux density. In

usual light–matter interactions, the operator �̂D(�r) is a con-
stant since the electric field of propagating light is consid-
ered to be constant at nanometer scales. Therefore, one can
derive optical selection rules by calculating a transfer ma-
trix of an electric dipole. In the case of cubic quantum dots,
for instance, transitions to states described by quantum
numbers containing an even number are prohibited [17].
Contrast this with optical near-field interactions, where
due to the steep electric field of optical near-fields in the
vicinity of a nanometer-scale structure, such as a quantum
dot, an optical transition is allowed that would otherwise
violate conventional optical selection rules [17,16].

Optical excitations in nanostructures can be transferred
to neighboring nanostructures via optical near-field inter-
actions [17,16,25,9,5,14,12,13,15]. Assume that two cubic

quantum dots with side lengths a and
√
2a, which are

called QDS and QDL, respectively, are located near to each
other, as shown in Fig. 1(a). The energy eigenvalues for
the quantized exciton energy level specified by quantum

numbers (nx, ny, nz) in the quantum dot with side length a
(QDS) are given by

E(nx,ny,nz ) = EB + h̄2 π2

2Ma2
(n2

x + n2
y + n2

z ), (2)

where EB is the energy of the bulk exciton and M is
the effective mass of the exciton. According to Eq. (2),
there exists a resonance between the level of quantum
number (1, 1, 1) in QDS and that of quantum number (2,

1, 1) in the quantum dot with side length
√
2a (QDL).

There is an optical near-field interaction, which is denoted
by USL, due to the steep electric field in the vicinity of
quantum dots. It is known that the inter-dot optical near-
field interaction is given by a Yukawa-type potential [17].
Therefore, excitations in QDS can move to the (2, 1, 1)-
level in QDL. Note that such a transfer is prohibited for
propagating light since the (2, 1, 1)-level in QDL contains an
even number. In QDL, the excitation sees a sublevel energy
relaxation, denoted by Γ , which is faster than the near-
field interaction, and so the excitation goes to the (1, 1,
1)-level in QDL. In Section 3, we apply these theoretical
arguments to systems composed ofmultiple quantumdots
and investigate their impact on fundamental features of
optical excitation transfer occurring at nanometer scales.

2.2. Network of optical near-field interactions

Consider the quantum dot system in Fig. 1(b), where
multiple smaller dots (denoted by Si) can be coupled
with one larger dot, denoted by L. We assume inter-
dot interactions between adjacent smaller quantum dots
(Fig. 1(c)); that is, (i) Si interactswith Si+1 (i = 1, . . . ,N−1)
and (ii) SN interacts with S1, where N is the number of
smaller quantum dots. For instance the system shown in
Fig. 1(d) consists of two smaller quantum dots and one
larger quantumdot, denoted by S2-L1. Similarly, S3-L1, S4-
L1, S5-L1 systems are composed of three, four, and five
smaller quantum dots in addition to one large quantum
dot, which are respectively shown in Fig. 1(e)–(g).

Now, what is of interest is to calculate the flow of exci-
tations from the smaller dots to the larger one. The theoret-
ical and experimental details can be found in Ref. [13]; here
we introduce the information necessary for discussing the
topology-dependency and autonomy in optical excitation
transfer in Section 3.

We deal with the problem theoretically based on a
density matrix formalism. In the case of the S2-L1 system,
which is composed of two smaller quantum dots and one
larger quantumdot, the inter-dot interactions between the
smaller dots and the larger one are denoted byUSiL, and the
interaction between the smaller dots is denoted by US1S2 ,
as schematically shown in Fig. 2(a). The radiations from
S1, S2, and L are respectively represented by the relaxation
constants γS1 , γS2 , and γL. We suppose that the system
initially has two excitations in S1 and S2. With such an
initial state, we can prepare a total of eleven bases where
zero, one, or two excitation(s) occupy the energy levels;
the state transitions are schematically shown in Fig. 2(b).
In the numerical calculation, we assume U−1

SiL
= 200 ps,

U−1
S1S2

= 100 ps, γ −1
L = 1 ns, γ −1

S1
= 2.92 ns, Γ −1 = 10
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a
b

c

d e f g

Fig. 1. (a) Optical excitation transfer from smaller quantum dot (QDS ) to larger quantum dot (QDL) via optical near-field interactions. (b) Multiple-

quantum-dot system composed ofmultiple smaller quantumdots and one large quantumdot networked via optical near-field interactions. (c) Interactions

between smaller quantum dots. (d–g) Example systems composed of multiple smaller quantum dots and one large quantum dot.

a

b

Fig. 2. Example of systemmodeling based on a densitymatrix formalism.

(a) Parameterizations for inter-dot near-field interactions, radiative

relaxations, and non-radiative relaxations in the S2-L1 system. (b)

Schematic representation of state transitions in the S2-L1 system.

ps as parameter values. Following the same procedure, we

also derive quantum master equations for the S3-L1, S4-
L1, and S5-L1 systems that have initial states in which all

smaller quantum dots are excited. Finally, we calculate the

population of the lower level of a larger quantum dot, of

which we regard the time integral as the output signal.

We compare the output signal as a function of the ratio
of the number of smaller dots to the number of larger dots

assuming that the total number of quantum dots in a given

unit area is the same, regardless of their sizes (smaller or

Fig. 3. Optimal ratio of the number of smaller quantum dots to larger

quantum dots so that the optical excitation transfer is most efficiently

induced.

larger). As shown by the circles in Fig. 3, the most effi-
cient transfer is obtained when the ratio of the number
of smaller dots to the number of larger dots is 4. In other
words, increasing the number of smaller quantum dots be-
yond a certain level does not necessarily contribute to in-
creased output signals. Because of the limited radiation
lifetime of large quantum dots, not all of the initial excita-
tions can be successfully transferred to the large quantum
dots due to the states occupying the lower excitation lev-
els of the large quantum dots. Therefore, part of the input
populations of smaller quantum dots must decay, which
results in a loss in the transfer from the smaller quantum
dots to the large quantum dots when there are too many
excitations in the smaller quantum dots surrounding one
large quantum dot.

An optimal mixture of smaller and larger quantum dots
was experimentally demonstrated by using two kinds of
CdSe/ZnS core/shell quantum dots whose diameters were
2.0 and 2.8 nm [13,15]. In the experimental details in
Ref. [13], the increase of the photocurrent used in the
output signal was measured. As shown by the squares in
Fig. 3, the maximum increase was obtained when the ratio
of the number of smaller quantum dots to larger dots was
3:1, which agrees well with the theoretical optimal ratio
discussed above.
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Fig. 4. Eight different network topologies in the S5-L1 system, where some of the interactions between the smaller quantum dots QDS and the large

quantum dot QDL are degraded, or lost. (Degraded interactions are indicated by ‘‘X ’’.) The notation EN indicates that the system contains N degraded

interactions.

a b

c

Fig. 5. (a) The evolution of the populations associated with the large quantum dot QDL in systems E0, E1, E2,E3, and E4 in Fig. 4. (b) Time-integrated

populations for the systems in Fig. 4, where systems with certain negligible, or essentially nonexistent, links result in higher output signal levels. (c) The

evolution of the populations associated with the number of excitations (ranging from 1 to 5) in systems E0 and E2.

3. Topology-dependent, autonomous, efficient optical
excitation transfer

In the previous section, we observe that the amount
of optical excitation transferred from smaller quantum
dots to larger quantum dots depends on the ratio of their
numbers. This suggests that we could increase the output
by engineering the network structure of the quantum dots.
This section takes the S5-L1 system in Fig. 1(g) as an
example, and demonstrates that it is possible to increase
the output signal by appropriately configuring the network
of quantum dots. We set all of the inter-dot interaction
times to 100 ps, while keeping all other parameter values
the same as those in Section 2.

Fig. 4 shows the original S5-L1 system, denoted by
E0, which is the same as the system shown in Fig. 1(g).
Assume that some of the interactions between the smaller

quantum dots (denoted by S1 to S5) and the large quantum
dot surrounded by them are degraded, or lost, due to,
for instance, material disorders, such as a violation of
the condition represented by Eq. (1). In total there are
eight such configurations when symmetries are taken into
account; for instance, when one of the five links between
the smaller quantum dots on one hand and the large
quantum dot on the other hand is degraded, we obtain
the system E1 in Fig. 4. The mark ‘‘X’’ indicates a degraded
interaction between S1 and L. Similarly,when there are two
degraded links, the system should be represented either by
the system E2 or the system E2’ shown in Fig. 4.

Fig. 5(a) demonstrates the time evolutions of the pop-
ulations associated with radiation from the large quantum
dots. Fig. 5(b) summarizes the integrated populations as a
function of the network configurations in Fig. 4. Interest-
ingly, except for the system E5, which has no valid links
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a

b

Fig. 6. (a) Time evolutions of the populations associatedwith the smaller

quantum dots (S1 to S5) in system E2 in Fig. 4 while assuming that all

smaller quantum dots contain excitations in the initial setup. (b) Time

evolutions of the populations associated with the smaller quantum dots

(S1 to S5) in system E0 in Fig. 4 while assuming three excitations at S1, S3,

and S4.

between the smaller quantum dots and the large quantum
dot, systems with degraded interactions exhibit a higher

output signal than the system E0 without the link defects.
SystemE2 exhibits an output signal that is about 1.64 times

higher than system E0. This corresponds to the results de-
scribed in Section 2, where the output is maximized when

the ratio of the number of smaller dots to large dots is 4,
meaning that the excessively high number of excitations

in the smaller dots cannot be transferred to the large dot
they surround. Due to the ‘‘limited’’ interactions between

the smaller dots and the large dot, such as in the case of sys-
tems E2 and E2’, the excitations located in the smaller dots

have a higher probability to be transferred to the larger dot.
Fig. 5(c) demonstrates the evolution of populations associ-

ated with the total number of excitations contained in the
system, ranging from 1 to 5. The solid and dashed curves in

Fig. 5(c) respectively refer to systems E0 and E2. The pop-
ulations containing one excitation increase dramatically

in E2 as compared with E0, which is another indication
that the excitations can be kept in the system until they

are successfully transferred to the destination, exhibiting a
topology-dependent efficiency increase.

The autonomous behavior of optical excitation transfer

is emphasized by Fig. 6(a), which summarizes the evolu-
tions of populations associated with S1 to S5 in system E2,
where both the interaction between S2 and L and the in-
teraction between S3 and L are negligible. Initially, all of

the smaller dots contain excitations. Note that the popula-
tions associated with S2 and S3 remain at a higher level for
a short initial time, indicating that the excitations in S2 and
S3 are effectively ‘‘waiting’’ in the smaller dots until they

have the opportunity to be transferred to a large dot. Such
an autonomous transport is also observed in a ‘‘redundant’’

situation. Fig. 6(b) characterizes the excitation transfer in
system E0 which contains only the three excitations at S1,
S3, and S4. We can observe that the populations associated
with S2 and S5 grow instantaneously,whereas they are zero
at the start. In other words, we can see that the excitations
autonomously exploit the free, usable resources in the sys-
tem in order to yield efficient transport.

4. Discussion and implications for information and
communications systems

Finally, we make a few remarks about how we can
apply these findings in nanometer-scale light-matter in-
teraction networks to information and communications
technologies (ICTs).

4.1. Autonomous behavior of optical excitations

The first point we should highlight is the autonomous
behavior observed in the optical excitations. As we saw
from the experiments, there is no ‘‘central controller’’ in
the systems, and yet, efficient transport of the optical exci-
tations is realized. Such an intrinsic, seemingly intelligent
behavior of the nanometer-scale physical systemmay also
provide valuable lessons for designing self-organizing, dis-
tributed, complex ICT systems on the Internet scale.

Currently, great efforts are beingmade towards design-
ing a new Internet architecture that is capable of sup-
porting the heterogeneity and cooperation among various
types of devices and services anticipated in the future
[19,7]. While traditional communication technology fol-
lows the client/server paradigm, new proposals suggest
shifting towards fully distributed control mechanisms
and network topologies. In a client/server system, clients
(e.g., web browsers) make requests for services to servers
(e.g., requests for a web page), and the server tightly con-
trols the content and its delivery. On the other hand,
distributed network architectures with simple units that
exhibit capabilities such as self-organization, self-adapta-
tion, and self-healing have shownbenefits in the pastwhen
it comes to scalability of the number of requests and ro-
bustness to server failures [10]. One popular example is
peer-to-peer (P2P) networks, where all network nodes,
being equal peers, may simultaneously play the roles of
client and server. P2P networks are currently used as ap-
plication layer overlay networks for content distribution or
distributed directory services on the Internet, but it is fore-
seeable that more and more network architectures will
be based on the P2P concept in the future rather than
client/server. The benefits of such distributed topologies
are that (i) a single point of failure at the server is avoided,
(ii) the overall complexity of the system is reduced, and
(iii) distributed topologies are more suitable in handling
suddenly appearing overload conditions or balancing traf-
fic load and energy consumption.

A recent trend in communication networks also shows
that distributed and cooperative methods inspired by bi-
ological [3,4] or physical [23] phenomena have gained
much attention as flexible and robust mechanisms for au-
tonomous network management and control. Although
these nature-inspired autonomous mechanisms often
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show inferior performance compared with tightly con-
trolled systems in a static environment, they have great
benefits in sustainability and reliability under unknown or
changing conditions similar to the autonomous and effi-
cient optical excitation transfer in systems involving miss-
ing or failing links discussed in Section 3.

4.2. Robustness against errors

The second important observation is that the increase
in the output signal induced by degraded interactions in-
dicates robustness against errors occurring in the system.
Such behavior is also of great importance for future com-
munication networks. Since new generation networks are
expected to accommodate a large number of heteroge-
neous end-devices, access technologies, network proto-
cols/services, and traffic characteristics, the consideration
of failures or sudden fluctuations in performance seems
inevitable. Designing robust mechanisms is, therefore, a
key issue, and utilizing such an intrinsic robustness of
nanophotonics, which has the potential to provide supe-
rior behavior in the presence of errors, while requiring less
hardware redundancy than current proposals with redun-
dancies of the order of 10–100 [21], may provide helpful
guidelines and principles for constructing efficient future
ICT systems.

Let us consider the following simple analogy of a sink
node in an arbitrary (wired or wireless) communica-
tion network, receiving packets from neighboring source
nodes. The node layout follows that of the star topology in
Fig. 4, where the sink node corresponds to the large dot
and the source nodes resemble the small dots. Our results
in Section 3 imply the following. If a source node attempts
to transmit a packet, but finds the direct channel to the sink
busy or inaccessible, it is promising for this node to attempt
a retransmission via a neighboring node since that node
may have available resources to forward the packet. Partic-
ularly in the casewhere linksmay suddenly fail (e.g., due to
instantaneous fading on a wireless communication chan-
nel), the additional diversity achieved by relaying over a
neighboring node results in a higher delivery rate of pack-
ets. Furthermore, from the discussion of the best ratios of
small quantum dots to large dots, we can see that there is
an optimal number of neighboring nodes. Such a valuemay
also exist in communications. There are numerous stud-
ies on network topologies using complex network theory,
studying the theoretical properties of network connectiv-
ity bymeans of node degree distribution or clustering coef-
ficient. If each node sets its connectivity degree to the ideal
number of neighbors depending on their transmission and
processing rates, efficient management of distributed ad
hoc or P2P networks with less overheads can be achieved.

4.3. Energy-efficiency of optical excitation transfer

Finally, it was demonstrated that a single process of op-
tical excitation transfer is about 104 times more energy-
efficient compared with the single bit flip energy required
in current electrical devices [11]. A system-level, compre-
hensive comparison of energy efficiency is an important
and timely subject that should be explored in the future.

On the other hand, energy transfer in light harvesting an-
tennas exhibits superior efficiency [18,22], and these struc-
tures have similarities with nanostructures networked via
optical near-field interactions. These studies will be ex-
tremely helpful for developing energy-efficient strategies
to assist in handling the tremendous growth in traffic and
required processing energy anticipated in future commu-
nication networks [6,20].
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Abstract We previously reported (S. Yukutake et al. in
Appl. Phys. B 99:415, 2010) that by depositing Ag par-
ticles on the electrode of a photovoltaic device composed
of poly(3-hexylthiophene) (P3HT) and ZnO under light il-
lumination (wavelength λ = 660 nm) while reversely bias-
ing the P3HT/ZnO p–n junction, a unique granular Ag film
was formed. The resultant device generated a photocurrent
at wavelengths as long as 670 nm, which is longer than the
long-wavelength cutoff λc (=570 nm) of P3HT. Such an ef-
fect originates from a phonon-assisted process induced by
an optical near field. In this paper, we analyze the morpho-
logical character of the Ag clusters and build a stochastic
model in order to understand the principles behind the self-
organized pattern formation process. The modeling includes
the geometrical character of the material, its associated op-
tical near fields, and the materials that flow in and out of the
system. The model demonstrates behavior consistent with
that observed in the experiment. We can see these phenom-
ena as a new kind of self-organized criticality taking account
of near-field effects, which will provide an insight into the
analysis and design of future nanophotonic devices.
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1 Introduction

Nanophotonics, which utilizes local interactions involving
light and matter on the nanometer scale, enables a wide
range of functions, such as energy harvesting [1], energy
concentration [2, 3], signal processing [4, 5], transformation
[6], nanofabrication [7, 8], and so forth. Studying nanopho-
tonics also gives us a deeper understanding of the pri-
mary processes occurring on the nanometer scale both the-
oretically, as in the dressed photon model [9], and experi-
mentally, as in wave function mapping via near-field spec-
troscopy [10], among others. In these processes, the shape
and size of the nanomaterials, or the material morphology,
play a crucial role in providing the designated functions.

We previously reported in [1] that a unique granular
Ag film was formed by depositing Ag particles on the
electrode of a photovoltaic device composed of poly-(3-
hexylthiophene) (P3HT) and ZnO under light illumina-
tion (wavelength λ = 660 nm) while reversely biasing the
P3HT/ZnO p–n junction. The resultant device generated a
photocurrent at wavelengths as long as 670 nm, which is
longer than the long-wavelength cutoff (λc = 570 nm) of
P3HT. More detail will be summarized later below. This ef-
fect originates from a phonon-assisted process induced by
an optical near field, as discussed in [1]. We consider that
there are two important associated aspects that should be
further addressed: one is to investigate the character of the
resultant morphology of the devices, as well as to eluci-
date the physical mechanism of the pattern formation. The
other is to reveal the relationship between the morpholog-
ical character of the material and its associated optoelec-
tronic performance. In this paper, with a view to revealing
the former aspect, we analyzed the morphological charac-
ter of the Ag clusters and constructed a stochastic model in
order to understand the principles behind the formation pro-
cess involving the geometrical character of the material, its

mailto:naruse@nict.go.jp
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Fig. 1 Cross-sectional structure
of the photovoltaic device made
of P3HT and ZnO sandwiched
by Ag and ITO electrodes.
(b) A schematic diagram of the
Ag sputtering process under
laser light irradiation and a
reverse-bias DC voltage.
(c) A close-up of the Ag
deposition/repulsion at the
surface due to the
phonon-assisted optical
near-field process

associated optical near fields, and the materials that flow in
and out of the system.

The stochastic model described in this paper includes a
particle deposition process on the surface while taking ac-
count of the repulsion due to the positively charged sputter-
ing particles and the surface of the Ag film, as well as drift
processes on the film. The numerical results revealed char-
acteristics consistent with those observed in the previously
reported experiment [1] with respect to the incidence pat-
terns of the clusters formed on the surface of the electrode.
We can regard this phenomenon as a kind of self-organized
criticality [11] that takes into account near-field effects.

This paper is organized as follows. Section 2 reviews
the experiment demonstrated in [1] and analyzes the mor-
phology of the surfaces of the fabricated devices. Sec-
tion 3 demonstrates the stochastic modeling representing the
essence of the near-field processes occurring on the nanome-
ter scale and numerical demonstrations. Section 4 concludes
the paper.

2 Analysis of the morphology

The device structure analyzed in this paper is summarized as
follows [1]. A schematic cross section of the device struc-
ture is shown in Fig. 1a. A P3HT layer about 50-nm thick
was used as a p-type semiconductor material, and a ZnO
film about 200-nm thick was used as an n-type semiconduc-
tor. P3HT is commonly used as a hole-conduction compo-
nent [12]. In the experiment [1], photocurrent generation in
a P3HT/ZnO thin film was evaluated at wavelengths longer
than the cut-off wavelength of P3HT (λc = 570 nm) which
also falls within the wavelength range where the ZnO thin
film is transparent (longer than λ = 400 nm). An ITO film

about 200-nm thick and an Ag film a few nanometers thick
were used as the two electrodes. In the previously reported
experiment [1], thin films of these materials were deposited
on a sapphire substrate in series. As a result, a multi-layered
film with an area of 30 mm2 was formed on the sapphire
substrate. At the last stage of the fabrication process, Ag
was deposited on the Ag thin film, which is the key pro-
cess in differentiating the resultant performance in terms of
photocurrent generation. Figures 1b and 1c schematically il-
lustrate the experimental setup used in [1] and the corre-
sponding processes. Briefly, the Ag is deposited by RF sput-
tering under light illumination while applying a reverse bias
DC voltage, V b = −1.5 V, to the P3HT/ZnO p–n junction.
The wavelength of the incident light is 660 nm, longer than
the cut-off wavelength of P3HT. Under light illumination,
an optical near field is locally generated on the Ag surface,
which induces a coherent phonon at the p–n junction, lead-
ing to the generation of a virtual exciton–phonon–polariton
[1]. This then generates an electron–hole pair at the p–n
junction. The electron and holes are separated from each
other by the reverse bias voltage. The positive hole is at-
tracted to the Ag film, which makes the Ag film positively
charged.

Since the sputtered Ag is positively ionized by passing
through the argon plasma or due to the collision of the argon
plasma with the Ag target used for RF sputtering [13], these
positively ionized Ag particles are repulsed from the posi-
tively charged area of the Ag film where the positive holes
have been injected, as schematically shown in Fig. 1c. This
means that the subsequent deposition of Ag is suppressed in
the area where optical near fields are efficiently induced. The
processes described here lead to the unique granular struc-
ture of the Ag film formed in a self-organized manner, which
is the primary focus of the stochastic modeling discussed
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Fig. 2 (a) SEM images of the
surfaces of the Ag electrodes in
three devices fabricated under
the following conditions: (i) no
DC bias (V b = 0), no light
irradiation (P = 0),
(ii) V b = −1.5 V, P = 50 mW,
and (iii) V b = −1.5 V,
P = 70 mW. (b) Photocurrent
generation in devices (i) to (iii)
in a longer wavelength region
where the normal device, case
(i), exhibited almost no
sensitivity, whereas the other
two showed evident
photocurrent generation

Fig. 3 Incidence patterns of the cluster areas in cases (i) to (iii) in Fig. 2a

in Sect. 3. Five kinds of devices are discussed in [1], with
different combinations of reverse bias voltage and incident
light power. In the work described in this paper, we analyzed
the following three devices, or cases: (i) V b = 0 and P = 0,
(ii) V b = −1.5 V and P = 50 mW, and (iii) V b = −1.5 V
and P = 70 mW. Figure 2a shows SEM images of the Ag
film surfaces for cases (i)–(iii). It is evident that unique sur-
face morphologies were obtained in cases (ii) and (iii) with

the light irradiation. As summarized in Fig. 2b, photocur-
rents were generated in cases (ii) and (iii) in the longer wave-
length range, where case (i) exhibited no response.

Figure 3 represents the incidence pattern as a function of
the size of the Ag clusters, obtained by analyzing the SEM
images in Fig. 2a. A number of small clusters were observed
in cases (ii) and (iii), but some of them were large. Also, as
depicted by arrows in Figs. 3(ii) and 3(iii), the incidence
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Fig. 4 (a) A two-dimensional
(2D) grid cell structure used to
model the stochastic pattern
formation process.
(b–d) Example to calculate the
pseudo footprint for a cell P .
(e) Simulating a drift process
when the pseudo footprint at
cell P is less than the threshold
value but cell P is occupied

showed a local maximum at a particular cluster size. Also
note that the maximum appeared at a larger size with lower
power light irradiation. On the other hand, case (i) exhibited
a different incidence pattern of the cluster area, showing a
representative (mode) size of around 5 × 103 nm2. In other
words, we can see evident differences in the surface mor-
phologies between the fabrication processes with and with-
out light irradiation and a reverse DC bias.

3 Stochastic modeling of the morphology formation

3.1 Stochastic modeling

Taking account of the physical processes of the material for-
mation described above, we constructed a simple stochastic
model that preserves the essential characteristics. First we
consider a two-dimensional (2D) M × M square grid cell
structure ΛM where a cell, also called a pixel, is specified by
P = (px,py) ∈ ΛM . In each cell, a variable h(P ) ∈ {0,1} is
assigned so that areas where the Ag film surface has bumps
are represented by h(P ) = 1, and areas where the surface
is flat are represented by h(P ) = 0. In Fig. 4a, the pixels
with h(P ) = 1 are indicated by black cells, while those with
h(P ) = 0 are indicated by white ones. We simulate the ma-
terial deposition process as follows.

Initially, we assume a completely flat surface, namely,
h(P ) = 0 for all P ∈ ΛM . First, we randomly choose a cell
P in the 2D grid structure and let a particle arrive at P . Sec-
ond, we determine if the particle successfully lands on a cell

or is repulsed, that is, deflected out of the system, by taking
account of the positively charged Ag to be sputtered and the
holes that could appear on the Ag film surface. We calcu-
late a pseudo footprint denoted by QP , defined in detail in
Sect. 3.2 below, in order to evaluate this effect in the stochas-
tic modeling.

If the calculated value of QP is smaller than or equal to
a threshold Z, and if the flat surface condition is satisfied
(h(P ) = 0), an arriving particle is able to land on the cell P ;
that is, h(P ) = 0 → h(P ) = 1. In contrast, if QP is larger
than Z, the arriving particle is deflected outside the system,
representing repulsion between the positively charged Ag
particle and the positively charged clusters on the surface
due to the reverse bias. If QP is smaller than or equal to Z

but the point P is already occupied (h(P ) = 1), the arriving
particle will sit in a free, randomly chosen neighbor, repre-
senting a drift process, of which detail is given in Sect. 3.3.

3.2 Pseudo footprint

The pseudo footprint metric in each square grid cell corre-
sponds to the sum of the areas of its eight neighbors. More
precisely, the pseudo footprint at P is given by

QP =
∑

i={−1,0,1},j={−1,0,1}
S

(i,j)
P , (1)

where S
(i,j)
P represents the total number of occupied cells,

or area, connected to the cell (px + i,py + j) either in hori-
zontal (x) or vertical (y) neighbors, as schematically shown
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Fig. 5 (a) Example of generated patterns via the stochastic modeling. (b) Incidence pattern as a function of cluster area, with threshold Z as a
parameter. (c) Evolution of the incidence pattern of the cluster area as a function of iteration cycle T . (d) Evolution of the ratio of the occurrence
of repulsion

in Fig. 4a. For example, in the case shown in Fig. 4b, the
area of the top-left corner is S

(−1,+1)
P = 3, and that of the

bottom-left one is S
(−1,−1)
P = 1. Therefore, based on (1), the

pseudo footprint is given by QP = S
(−1,+1)
P +S

(−1,−1)
P = 4.

In another example shown in Fig. 4c, the areas are given by
S

(−1,+1)
P = 3, S

(0,+1)
P = 3, and S

(−1,−1)
P = 1, which yields

QP = S
(−1,+1)
P + S

(0,+1)
P + S

(−1,−1)
P = 7. In another exam-

ple shown in Fig. 4d, QP = ∑
i,j S

(i,j)
P = 21.

3.3 Drift

When an arriving Ag particle is not repulsed from the sys-
tem, but the point P is occupied, the particle lands in a
randomly chosen neighboring cell. The left-hand side of

Fig. 4e represents one such example where QP = 4. Sup-
pose that this QP is smaller than the threshold Z. Since
the point P is occupied, a free neighboring cell is randomly
chosen along the x- or y-direction with respect to P . For
example, the system is updated as shown in the right-hand
side of Fig. 4e, where a newly arriving particle lands to the
right of the point P , in other words, h(px + 1,py) = 0 →
h(px + 1,py) = 1. Such a rule represents the drift process
occurring on the Ag film surface.

3.4 Demonstration

By iteratively applying the stochastic process described
above in a repeated manner in T cycles from a flat initial
state, a variety of resultant spatial patterns were generated.
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They also depended on the threshold Z. By setting the size
of the grid to 16 ×16 cells, that is, M = 16 for the region
ΛM , while setting the threshold at Z = 10 and the number
of cycles T = 300, Fig. 5a represents three examples of the
spatial patterns generated in N = 100 different trials. We can
clearly observe that a variety of resultant patterns were ob-
tained. To examine the statistical properties, the incidence
pattern of the mean number of each cluster in N different
samples was evaluated, as shown in Fig. 5b where the num-
ber of repetition cycles was T = 1000. Squares, triangles,
and circles respectively represent the incidence of the clus-
ters in the system with different thresholds Z = 5,10, and
20.

The incidence pattern exhibited different characters de-
pending on the threshold value (Z = 5,10, and 20): with
smaller Z, the cluster area yielding the local maximum in-
cidence shifted towards a smaller value in Fig. 5b, which
agrees with the experimentally observed character shown in
Fig. 3 where larger optical light irradiation produced smaller
clusters (peaks are indicated by arrows). In other words,
higher power light irradiation more likely induces repulsion,
leading to a local maximum at a smaller cluster area for the
clusters formed on the surface. This supports the physical
interpretation that the pseudo footprint appropriately repre-
sents the repulsion due to the optical near-field effect. That
is to say, the pseudo footprint reflects the positive holes, and
the associated optical near field localized around a cluster,
or spatial inhomogeneity, is induced.

Figure 5c shows the evolution of the incidence patterns
of the cluster sizes as the number of repetitions T increases.
We can clearly observe that the peak-like incidence clusters
emerge as T increases. Squares, circles, triangles, and di-
amonds in Fig. 5c respectively show the incidences when
T was 100, 200, 300, and 1000. Also, in the initial cycles,
the incidence pattern followed a power-law-like statistical
property. In considering the steady-state, converged pattern,
Fig. 5d characterizes the ratio of the occurrence of repulsion
at cycle T among N = 100 trials. In other words, it shows
the time evolution of the probability of repulsion. The prob-
ability increases as the iteration cycle increases; a repulsion
probability of 0.8 or higher was observed after the itera-
tion cycle reached around 300. Since the present stochas-

tic model includes a threshold value Z, strictly speaking, it
is not so-called self-organized criticality [11]. However, as
Fig. 5 indicates, a flat surface converges to various kinds of
patterns in a self-organized manner while exhibiting com-
mon statistical properties, which is a kind of self-organized
critical phenomenon due to near-field effects inherent in the
stochastic model described above.

4 Conclusion

In summary, in photovoltaic devices made by exploiting an
optical phonon-assisted near-field process exhibiting unique
photocurrent generation, we analyzed the surface morphol-
ogy of the Ag electrode of the fabricated devices and con-
structed a stochastic model to explain the fundamental phys-
ical process of the material formation. The numerical sim-
ulation results exhibited behavior consistent with the exper-
imental results. The findings reported here will allow us to
understand the principles behind the formation process, and
to optimize device performance in future.
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We studied photoluminescence (PL) and energy-transfer dynamics in a hybrid structure comprising a Cd0:08Zn0:92O
quantum well (QW) and an Ag nanostructure. The observed PL quenching was dependent on the electronic states
in the QW. Quenching occurred at low temperature where excited carriers recombined radiatively because of ex-
citonic localization, which disappearedwith increasing temperature due to delocalization of excitons. Furthermore,
nanostructured Ag surfaces produced local surface plasmon (LSP) absorption that was resonant with the PL peak
energy of the QW emission. These results indicate that the recombination energy of excitons transfers nonradiatively
to induce LSP excitation, which was revealed using time-resolved PL measurements. © 2011 Optical Society
of America
OCIS codes: 160.4760, 310.6860.

A semiconductor quantum well (QW) material with a me-
tallic nanostructure is a promising hybrid structure for
optical applications based on exciton-plasmon coupling.
A surface plasmon (SP) can effectively capture dipole
oscillator energy in a QW, which affects the spontaneous
decay rate of QW emission [1]. This modulation of the
decay rate shows evidence of both enhanced and
quenched photoluminescence (PL). Enhanced PL is
promoted by a local electric field on a metallic nanostruc-
tured surface, whereas quenched PL results from energy-
dissipation mechanisms in metals such as electron-hole
pair excitation [2] and plasmon excitation [3]. This dissi-
pation is more significant than nonradiative recombina-
tion and quenches the PL of a QW.
We recently observed PL quenching in a structure

consisting of a CdZnO QW and Ag nanostructure. The
PL intensity and lifetime decreased simultaneously with
temperature and excitonic localization was observed.
Thus far, exciton-plasmon coupling has been observed
on the Ag/InGaN QW structure. Some studies have re-
ported PL enhancement [4,5], while others observed PL
quenching [6,7]. PL enhancement is due to the local SP
field on metallic nanostructures, whereas the influence
of plasmon fields on PL quenching has not been exten-
sively reported. In Ag/InGaN QW, PL quenching becomes
stronger with increasing excitonic localization in the
QWs [8]. Furthermore, the plasmon-enhanced PL proper-
ties at room temperature (RT) have no effect at low tem-
peratures [4]. These previous reports led to conjecture
that PL quenching is correlated with the electronic states
of InGaN QWs.
The electronic states in a QW manifest in the form

of either localized or delocalized carriers that depend on
temperature, which affects the quantum efficiency of the
QW. It is known that high quantum efficiency has been
realized by excitonic localization derived from carriers
trapped in defect sites and atomic potential fluctua-
tions formed in InGaN and CdZnO QWs. Therefore, we

consider PL quenching to be correlated with the electro-
nic states in a QW.

In this Letter, we focus on the temperature-dependent
optical dynamics of PL quenching in a CdZnO QW with
an Ag nanostructure. Pulsed optical excitation is used to
clarify the dynamics of energy-transfer and other com-
peting processes in carrier recombination in the QW.
To investigate exciton-plasmon coupling, we consider
two types of relaxation processes: radiative and nonra-
diative recombination of excited carriers, which are in-
duced alternately by changing the temperature.

A Cd0:08Zn0:92O=ZnO QW was grown on an O-face ZnO
substrate by pulsed laser deposition (PLD). A 5 nm thick
Cd0:08Zn0:92Owell layer was embedded between a 150 nm
thick ZnO buffer and 5nm thick ZnO spacer layer. The
buffer layer was grown at 570 °C and the well and spacer
layers at 260 °C [9]. An Ag layer was then grown by PLD
on only half of the sample surface at RT in an Ar gas
flow (1:0Pa). The structural properties were examined
by cross-sectional transmittance electron microscopy
(X-TEM). An InGaN laser (403 nm) was used as the ex-
citation source for steady-state PL. Luminescence was
displayed by a single monochromator. To clarify energy-
transfer dynamics, the temporal evolution of the PL of
the QW was monitored using a time-correlated single-
photon counting system. The sample was excited at
400 nm by the frequency-doublet output of an amplified
Ti: sapphire laser (2 ps pulse). PL excitation and emission
collection were performed from the substrate side.

X-TEM images of the local structures of the CdZnO QW
and the Ag nanostructure are shown in Fig. 1. In Fig. 1(b),
the interface between the Ag and ZnO spacer layers
showed that the Ag layer consisted of assembled nano-
particles (NPs) with a diameter of 6 nm. The Ag NPs were
placed directly on the ZnO spacer layers. No thin-layered
Ag structure was evident at the interface. A Z-contrast
image of the QW obtained by scanning-TEM (STEM)
revealed that spatial separation existed between the
QW and the Ag NPs [Fig. 1(c)]. Excited carriers in the
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well layer exhibited a nanoscale spatial separation from
the Ag NPs. The extinction spectrum of the Ag layer
[Fig. 1(d)] showed a peak at 2:60 eV because of a local
surface plasmon (LSP) excited in the gap between the
Ag NPs. The photon energies of LSP absorption and
QW emission overlapped.
Steady-state PL spectra of uncoated and Ag-coated

CdZnO QWs at various temperatures are shown in Fig. 2.
At 10K with the Ag-coated QW, the PL intensity at 2:67 eV
decreased by more than an order of magnitude. The PL
intensity ratio (I�PL=IPL) of the uncoated (IPL) and Ag-
coated (I�PL) QWs decreased with the difference between
the PL peak energies of the uncoated and Ag-coated QWs
at low temperature (<120K). The PL peak energy of
the uncoated QW showed S-shaped temperature depen-
dence, indicating the presence of excitonic localization in
the QW [10]. Excited carriers are trapped in localized
states and form localized excitons at low temperature
(<100K). In contrast, excited carriers are free to escape
from the localized states at high temperature (>100K)
and they therefore cannot form localized excitons.
Figure 2(b) shows that strong PL quenching was present
in the temperature region in which excitonic localiza-
tion occurred.
Time-resolved PL (TRPL) signals were measured

at the PL peak energies of the uncoated and Ag-coated
CdZnO QW [Fig. 3(b)]. TRPL signals at 10K showed
bi-exponential decay that obeyed the relationship: IðtÞ ¼

Σi¼1;2Ii expð−t=τiÞ, where τ−1i and Ii are the lifetime and
the amplitude, respectively. For the uncoated QW (black
lines), the fast decay component τ1 (266 ps) corresponds
to the radiative lifetime associated with excitonic re-
combination. In contrast, the slow decay component τ2
(2:09 ns) is based on carrier trapping in defect sites
and potential fluctuations before the radiative decay,
resulting in a long PL lifetime. The values of τ1 and τ2
for the Ag-coated QW were similarly determined to be
242 ps and 1:75 ns, respectively. PL lifetime estimated
by (ðI1τ1 þ I2τ2Þ=ðI1 þ I2Þ) was used to represent τPL be-
cause the fast and slow decay components were modu-
lated by the presence of the Ag NPs. τ�PL (335 ps) of the
Ag-coated QW was shorter than τPL (499 ps) of the un-
coated QW. TRPL signals at 30K exhibited bi-exponential
decay with different PL lifetimes for Ag-coated and un-
coated QWs [Fig. 3(b)]. However, the difference in PL
lifetimes becomes extremely small at 75K [Fig. 3(c)].
A plot of τPL and τ�PL as a function of temperature showed
that the difference in PL lifetime decreased with increas-
ing temperature and vanished at 100K [Fig. 3(d)]. This
behavior was correlated with PL quenching. The values
of τPL and τ�PL differed at low temperature (<75K) where
excitonic localization occurred, and both PL lifetimes
were equal at high temperature (>75K) where excitonic
delocalization occurred. PL quenching originated from
the electronic states in the QW. The changes in PL inten-
sity and lifetime were observed at low temperatures at
which high quantum efficiency for the QW was observed.

For the uncoated CdZnO QW, excited carriers in the
QW were terminated according to the radiative (kR) or
nonradiative (kNR) decay rate. Quantum efficiency (Φ)
is determined by the ratio of these two decay rates ac-
cording to Φ ¼ kR=ðkR þ kNRÞ. For the Ag-coated QW,
a new relaxation process becomes possible owing to
the presence of the Ag NPs, which should be effective
because of the overlap between the excitonic energy
in the QW and the LSP absorption energy [11]. Thus,
exciton-plasmon coupling gives rise to the nonradiative
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decay rate (kET) in the carrier relaxation of the QW. The
value of τ�PL for the Ag-coated QW is described by
τ�PL ¼ 1=k�PL ¼ 1=ðkR þ kNR þ kETÞ, where kET is the dif-
ference in the PL decay rates of the QW in the presence
and absence of the Ag layer (kET ¼ k�PL − kPL). In the plots
of kR and kNR as a function of temperature [Fig. 4(a)], kR
and kNR can be estimated, respectively, from kR ¼ kPL=Φ
and kNR ¼ kPLð1 −ΦÞ), where Φ indicates the quantum
efficiency of the uncoated QW that was defined as the
PL intensity at a particular temperature divided by that
at 8K (Φ ¼ 1:3% at 300K). At 10K, kPL (2:01 ns−1) was
equal to kR (1:90 ns−1). Excited carriers recombined ra-
diatively through excitonic localization. With increasing
temperature, kNR gradually became higher than kR,
presumably because of nonradiative recombination acti-
vated by excitonic delocalization. Between 10 and 50K,
kET was in the order of 1:0 ns−1 [Fig. 4(b)]. The energy-
transfer efficiency (ηET) between the QW and Ag NPs
is estimated by ηET ¼ kET=ðkET þ kRÞ. The calculated
efficiency was as high as 34% at 10K [Fig. 4(b)]. The car-
rier relaxation of the CdZnO QW is either radiative or
nonradiative, or represents an energy-transfer. For the
Ag-coated QW, kET is sufficiently fast to compete with
kR. Therefore, the radiative recombination energy in the
QW would be partially consumed by energy-transfer to
the Ag NPs, thus quenching PL. The long PL lifetime of
QW emission makes QW-LSP coupling highly probable,
and it was realized under the highΦ at low temperatures.
Studies of PL quenching have mainly described a

nanostructure consisting of an Au NP and CdSe quantum
dots (QD), resulting from the spectral overlap of the
peaks for Au NP plasmon absorption and QD emission
[12]. The excitonic energy of the QD is transferred non-
radiatively to the Au NP, thus shortening the PL lifetime
of QD emission. This situation can apply to the Ag/CdZnO
QW because the temperature dependence of the energy-
transfer rate is similar to that of the radiative decay rate
[Fig. 4]. The observed PL quenching was related to the
radiative recombination. In contrast, in Ag/InGaN QWs
with PL enhancement, Okamoto et al. showed that the

temperature dependence of the energy-transfer rate to
an Ag plasmon mode is similar to that of the nonradiative
decay rate [4]. Lu et al. reported that transfer efficiency
to an Ag plasmon mode of trapped carriers is lower than
that of free carriers [8]. These reports show a tendency
that is opposite to the PL quenching reported in this work
because the transfer efficiency for an Ag plasmon mode
of trapped carriers was higher than that of free carriers.
Therefore, we observed no change in PL at RT in the pre-
sence of delocalized free carriers because carrier relaxa-
tion in the CdZnO QWwas dominated by the nonradiative
recombination. A PL intensity of a QW emission can in-
crease or decrease as a result of competition between
local field enhancement and nonradiative energy-transfer
to a plasmon mode. Analysis of the temperature-
dependent PL quenching in this work revealed that we
found that excitonic localization in the QW contributed
to PL quenching rather than PL enhancement, which was
different from optical dynamics of the Ag/InGaN QWwith
PL enhancement. The prevention of localized excitons in
the QW is desired to reduce PL quenching for plasmon-
related emitting devices.

In summary, we found remarkable PL quenching in a
hybrid structure consisting of a CdZnO QW with Ag NPs,
which required a long PL lifetime that gives rise to non-
radiative energy-transfer from the QW to Ag NPs due to
the spectral overlap of QW emission and Ag NP plasmon
absorption. In contrast, a short PL lifetime could not pro-
vide a sufficient energy-transfer rate. Therefore, the QW
emission did not change at RT.
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Abstract We fabricated a highly efficient, broadband light
emitting diode driven by an optical near field generated at
the inhomogeneous domain boundary of a dopant in a ho-
mojunction bulk Si crystal and evaluated its performance.
To fabricate this device, a forward current was made to flow
through a Si p–n junction to anneal it. During this process,
the device was irradiated with near-infrared light, producing
stimulated-emission light using a two-step phonon-assisted
process triggered by the optical near field, and the anneal-
ing rate was controlled in a self-organized manner. The
device emitted light in a wide photon energy region of
0.73–1.24 eV (wavelength 1.00–1.70 μm). The total power
of the emitted light with 11 W of electrical input power was
as high as 1.1 W. The external power conversion efficiency
of the emitted light was 1.3%, the differential external power
conversion efficiency was 5.0%, the external quantum effi-
ciency was 15%, and the differential external quantum effi-
ciency was 40%. The dependency of the emitted light power
density on the injected current density clearly showed a
characteristic reflecting the two-step phonon-assisted tran-
sition process.
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1 Introduction

The emission wavelength of semiconductor light emitting
diodes (LEDs) is determined by the bandgap energy, Eg ,
of the materials used. For example, to realize near-infrared
LEDs that emit in the wavelength range 1.00–1.70 μm
(photon energies 0.73–1.24 eV), which contains the optical
fiber communication band, InGaAsP, a direct transition type
semiconductor, is used [1, 2]. To achieve high-efficiency
light emission, it is necessary to employ a complex double-
heterojunction structure that uses an InGaAsP active layer
and an InP carrier confinement layer epitaxially grown on
an InP substrate. The shortcomings of this approach are that
InP is highly toxic [3], and In is a rare material. Silicon (Si),
on the other hand, is a semiconductor having low toxicity
and no concerns about depletion of resources; however, its
emission efficiency is low because it is an indirect transition
type semiconductor. Therefore, until now it has been con-
sidered unsuitable as a material for use in LEDs. However,
because of the growing concern over environmental issues,
LEDs using Si have recently been investigated. For exam-
ple, in the visible region, porous Si [4], Si/SiO2 superlattice
structures [5, 6], and Si nanoprecipitates in SiO2 [7] have
been used, and in the infrared region, erbium-doped Si [8]
and Si–Ge [9] have been used. However, their emission ef-
ficiencies are still low. For example, the external quantum
efficiency and power conversion efficiency of an LED us-
ing a sub-bandgap transition in Si [10] are 0.5% and 0.8%,
respectively.

In this study, using bulk crystal Si having a homojunc-
tion that is extremely simple compared with the structures
described above, we varied the spatial distribution of the
dopant density in the Si by a novel annealing process us-
ing a phonon-assisted process induced by an optical near
field [11] to fabricate a highly efficient, broadband LED. The

mailto:kawazoe@ee.t.u-tokyo.ac.jp
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light emission wavelength covered the optical fiber commu-
nications band.

2 Principles of light emission

The phonon-assisted process [11] originates from the prop-
erty that an optical near field couples with a phonon; when
it is used, however, even if light having a photon energy hν

smaller than the bandgap energy Eg of the semiconductor is
incident, an electron–hole pair is created. The reason for this
is that it is possible for electrons in the valence band to be ex-
cited to the conduction band via an electric dipole forbidden
transition to the phonon level, because the optical near field
is a quasiparticle representing a virtual exciton–phonon–
polariton state in which an exciton polariton and a phonon
are coupled in the nano-regime. This excitation is a two-
step transition that has already been applied to photochem-
ical vapor deposition [11], photodetectors [12], photolitho-
graphy [13], subnanometer polishing of glass surfaces [14],
frequency up-conversion [15], and so on. This two-step tran-
sition is explained as follows (Fig. 1(a)) [11, 16].

(1) First step: Transition from the ground state |Eg; el〉 ⊗
|Eexthermal;phonon〉, which is the initial state, to an in-
termediate state |Eg; el〉 ⊗ |Eex;phonon〉. Here, the ket
vector |Eg; el〉 represents the electronic ground state,
and |Eexthermal;phonon〉 and |Eex;phonon〉 respectively
represent the phonon excitation state that is determined
by the crystal lattice temperature, and the phonon ex-
citation state that is determined by the photon energy
of the optical near field. The symbol ⊗ represents the
direct product of the ket vectors representing the two
states. Because it is an electric dipole forbidden transi-
tion, an optical near field is essential in this excitation.

(2) Second step: Excitation from the intermediate state
|Eg; el〉 ⊗ |Eex;phonon〉 to the final state |Eex; el〉 ⊗
|Eex′ ;phonon〉. Here, |Eex; el〉 represents the electron
excitation state, and |Eex′ ;phonon〉 represents the
phonon excitation state. Because this is an electric di-
pole allowed transition, the excitation occurs via not
only an optical near field but also via propagating light.
After this excitation, the phonon excitation state re-
laxes to a thermal equilibrium state with an occupa-
tion probability determined by the lattice temperature
and ends with excitation to the electron excitation state
|Eex; el〉 ⊗ |Eexthermal;phonon〉.

It should be noted that there is an inverse process to this
process, namely, the two-step spontaneous emission process
shown below (Fig. 1(b)) [12]:

(1′) First step: Transition from the initial state |Eex; el〉 ⊗
|Eexthermal;phonon〉 of the electron in the conduction
band to the intermediate state |Eg; el〉⊗ |Eex;phonon〉,

which generates spontaneously emitted light. Because
this is an electric dipole allowed transition, propagating
light and an optical near field can both be generated;
however, the process of generating propagating light is
limited to the transition to |Eexthermal;phonon〉 close to
|Eg; el〉. The reason is that the occupation probability
of |Eex;phonon〉 is low in levels other than those close
to |Eg; el〉 which has an energy on the order of kT

(where k is Boltzmann’s constant, and T is the crys-
tal lattice temperature). In other words, this is because
the phonon excitation state |Eex;phonon〉 is in the ther-
mal equilibrium state since the propagating light does
not generate a phonon. On the other hand, the probabil-
ity of emitting an optical near field does not depend on
the occupation probability of the phonon in the thermal
equilibrium state, because the optical near field gener-
ates a phonon.

(2′) Second step: Transition from the intermediate state
|Eg; el〉 ⊗ |Eex;phonon〉 to the ground state |Eg; el〉 ⊗
|Eex′ ;phonon〉. Because this is an electric dipole for-
bidden transition, only an optical near field is gen-
erated. After this transition, the phonon excitation
state relaxes to the thermal equilibrium state deter-
mined by the crystal lattice temperature and ends with
a transition to the electronic ground state |Eg; el〉 ⊗
|Eexthermal;phonon〉.

Part of the optical near field spontaneously emitted by
the above two-step process is converted to observable prop-
agating light, which is observed in the optical far field [12].
Therefore, electrons are excited by current injection, and an
LED can be realized utilizing processes (1′) and (2′) above.
The emission wavelength of this device is not the bandgap
energy Eg , but depends on the photon energy of the optical
near field in the vicinity of the p–n junction.

It is well known that a phonon is needed for an indirect
transition type semiconductor to spontaneously emit prop-
agating light. This is because, for spontaneous emission,
the wavenumber must be conserved (this is known as the
wavenumber conservation law). An optical near field, how-
ever, has multiple modes that satisfy the wavenumber con-
servation law because the photons are strongly coupled with
multi-mode phonons [11, 16], and the probability of spon-
taneous emission due to the optical near field is extremely
high.

In addition, this phonon-assisted process can also involve
a two-step stimulated-emission process explained in the fol-
lowing (Fig. 1(c)).

(1′′) First step: When an electron in the conduction band
is irradiated with an optical near field, the electron
transitions from the initial state |Eex; el〉 ⊗ |Eexthermal;
phonon〉 to the intermediate state |Eg; el〉 ⊗ |Eex;
phonon〉, and light is emitted via stimulated emission.
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Fig. 1 Three kinds of two-step phonon-assisted processes. (a) Excita-
tion of an electron: (1) and (2) represent the first and second steps of the
excitation, respectively. (b) Spontaneous emission: (1′) and (2′) repre-

sent the first and second steps of the transition, respectively. (c) Stimu-
lated emission: (1′′) and (2′′) represent the first and second steps of the
transition, respectively. ONF: optical near-field

Similar to the first step (1′) of the spontaneous emis-
sion described above, the transition processes that gen-
erate propagating light are extremely limited. Here,
when the electron number densities of occupation in
the initial state |Eex; el〉 ⊗ |Eexthermal;phonon〉 and the
intermediate state |Eg; el〉 ⊗ |Eex;phonon〉, nex and
ninter , satisfy the Bernard–Duraffourg inversion condi-
tion (nex > ninter) [17], the number of photons created
by stimulated emission exceeds the number of photons
annihilated by absorption.

(2′′) Second step: Transition from the intermediate state
|Eg; el〉 ⊗ |Eex;phonon〉 to the final state |Eg; el〉 ⊗
|Eex′ ;phonon〉, which emits light via stimulated emis-
sion. Because this is an electric dipole forbidden tran-
sition, only an optical near field is generated. After
this transition, the phonon excitation state relaxes to

a thermal equilibrium state determined by the crystal
lattice temperature, and ends with a transition to the
electronic ground state |Eg; el〉 ⊗ |Eexthermal;phonon〉.

3 Device fabrication

To realize the device proposed in this paper, we used the
two-step phonon-assisted process involving optical near
fields two times. The first was for operating the device to
obtain spontaneously emitted light, and the experimental re-
sults of this are reported in the next section. The second was
for fabricating the device, in other words, for self-organized
control of the spatial distribution of the dopant density suit-
able for high-efficiency spontaneous emission. The second
usage method is described in this section.
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To fabricate the device, As-doped n-type Si crystal wafer,
with an electrical resistivity of 10 � cm and a thickness of
625 μm was used. The Si crystal wafer was then doped with
B using ion implantation to form a p-layer. The B implan-
tation energy was 700 keV, and the ion dose density was
5 × 1013 cm−2. After forming a p–n junction in this way, an
indium tin oxide (ITO) layer with a thickness of 150 nm was
deposited on the p-layer side, and an Al layer with a thick-
ness of 80 nm was deposited on the n-layer side, both by
RF sputtering, and these were used as positive and negative
electrodes. Then, the Si crystal wafer with the electrodes at-
tached was diced into a single device. The surface area was
about 10 mm2.

Finally, a forward bias voltage of 16 V was applied (cur-
rent density, 4.2 A/cm2) to generate Joule heating for per-
forming annealing, diffusing the B and varying the spatial
distribution of its concentration. During this process, laser
light (optical power density, 10 W/cm2) with a photon en-
ergy (hνanneal = 0.95 eV, wavelength 1.30 μm) smaller than
the bandgap energy of Si (Eg = 1.12 eV) [18] was radi-
ated from the ITO electrode side. This induced a phonon-
assisted process, modifying the B diffusion by annealing,
and forming characteristic minute inhomogeneous domain
boundaries in a self-organized manner. This was due to the
following three reasons:

(1) Because the forward bias voltage (16 V) is much higher
than Eg (= 1.12 eV), the difference (EFc − EFv) be-
tween the quasi-Fermi energy of the conduction band,
EFc, and the quasi-Fermi energy of the valence band,
EFv , is higher than Eg , thus satisfying the Bernard–
Duraffourg inversion condition (nex > ninter). Also,
when light with a photon energy hνanneal below Eg is
radiated, this light propagates in the substrate without
being absorbed in the Si and generates an optical near
field at the domain boundaries of the inhomogeneous
distribution of B [19]. This optical near field excites co-
herent phonons close to the p–n junction, forming an
optical-near-field–phonon coupled state, that is to say, a
virtual exciton–phonon polariton. Because the energy of
this quasiparticle is equal to the sum of the photon en-
ergy and the energy of the induced phonon, even though
hνanneal < Eg , this energy is large enough to cause stim-
ulated emission. Therefore, the electron transitions from
the excitation state to the phonon level via an electric di-
pole forbidden transition due to the incident light with
energy hνanneal (< Eg), and a photon is generated dur-
ing this transition by stimulated emission.

(2) Part of the Joule heating energy due to the forward
bias is spent in the stimulated emission of photons,
and therefore, the annealing rate is decreased. That is,
at sites where the phonon-assisted stimulated emission
in (1) above is easily generated, the shape and dimen-
sions of the B inhomogeneous domain boundaries be-
come more difficult to change. If it is assumed that the

shape of the domain boundary is a sphere of radius r ,
and that r is smaller than the thickness of the active
layer, the probability of generating stimulated emission
in one domain boundary is proportional to the prod-
uct of the number of photons incident on the domain
boundary, the transition probability, and the volume of
the spatial distribution of the optical near field. Ac-
cording to [11], these are proportional to r2, r−2, and
r3, respectively. Therefore, the probability of stimulated
emission (that is, the annealing inhibition rate) is pro-
portional to their product, r3. On the other hand, be-
cause the generated Joule heating is proportional to the
current passing through that domain, the annealing rate
is proportional to r2. Therefore, the temporal rate of
change of the domain boundary size r (dr/dt) is given
by dr/dt = ar2 −br3 (a and b are constants determined
by the forward bias current and optical intensity, respec-
tively), and in the stationary state (dr/dt = 0), it be-
comes r = a/b.

(3) Process (2) above occurs in all domain boundaries in
the device, not just at one domain boundary. In practice,
the sizes and shapes of the domain boundaries are in-
homogeneous, even after reaching the stationary state,
for various reasons, such as the variety of shapes of
the domain boundaries, the presence of a large num-
ber of domain boundaries, inhomogeneous current den-
sity, and so on. Because the probabilities of stimulated
emission and spontaneous emission are proportional to
each other [20], phonon-assisted spontaneous emission
also tends to occur in regions where the phonon-assisted
spontaneous stimulated emission process tends to oc-
cur. Therefore, as process (2) proceeds, the generated
stimulated emission light irradiates the entire device,
and therefore, process (2) does not remain in the light-
irradiation region but spreads in a self-organized man-
ner to the entire device. It is expected that the shapes
and distribution of the domain boundaries formed in this
way will be optimal for efficiently inducing the phonon-
assisted process during device operation.

Figure 2(a) is a photograph showing the device during an-
nealing. A W probe was contacted to the positive electrode,
a 20 μm-thick Al foil was attached to the negative electrode,
and electric power was supplied. The electric power applied
to the device was 11 W. Figure 2(b) is a thermography image
of the device surface temperature 1 minute after applying the
bias current. The surface temperature of the device was 110–
220°C. The temporal variation of the surface temperature
is shown in Fig. 2(c). After a sudden increase to 154°C by
heating due to the bias current, the temperature dropped and
reached a stable value (140°C) after about 6 minutes. This
temperature variation is consistent with the above discussion
related to annealing under light irradiation. Specifically, al-
though the power applied to the device generates Joule heat-
ing, raising the temperature, once the optical near field is
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Fig. 2 Temperature variation due to annealing. (a) Photograph of de-
vice during annealing. (b) Surface temperature distribution of device
1 minute after starting annealing. (c) Temporal change in temperature
at center of device during annealing

generated in the domain boundary where the B concentra-
tion distribution is inhomogeneous, commencing stimulated
emission, part of the Joule heating is dissipated in the form
of light, and the temperature drops, soon reaching the sta-
tionary state. The forward bias was applied for 30 minutes
while irradiating the device with light, which completes the
fabrication of the device.

4 Device operation

The experimental setup used for evaluating the charac-
teristics of the fabricated device is shown in Fig. 3. We
used a spectrometer and an InGaAs linear photodiode array
(Spectra-Physics, Inc., OMA-V1024) to observe the emitted
light spectrum. We used an InGaAs photodiode (Hamamatsu
Photonics K.K., G8370-83) to observe emitted light in the
energy region of 0.73 eV (wavelength 1.70 μm) and above.
We used a wideband optical power meter (Spectra-Physics,
Inc., 407A) to measure the emitted light intensity in the en-
ergy region 0.11–4.96 eV (wavelength 0.25–11.0 μm).

First, Fig. 4 shows the relationship between the injection
current to the device, I , and the forward bias voltage, V . In
this graph, I > 50 mA indicates a negative resistance, and
the break over voltage was 73 V [21]. This was due to the
spatially inhomogeneous current density [21] and the gen-
eration of filament currents, as shown in the inset of Fig. 4.
In other words, the B distribution has a domain boundary,
and the current is concentrated in that region. A center of
localization where the electrical charge is easily bound is
formed in this current concentration region, and an optical
near field is easily generated there. That is, the negative re-
sistance is the principle of the device fabrication described in

Fig. 3 Experimental setup for evaluating device characteristics

Fig. 4 Relationship between current I and forward bias voltage V ap-
plied to device. Inset schematically shows filament currents predicted
from the experimental results

the previous section. The reason why the break over voltage
is higher than the built-in potential of the Si p–n junction is
thought to be because of the high total resistance due to the
thick Si crystal wafer, and the large contact resistance be-
tween the electrodes and the Si crystal wafer. In addition,
although the device surface temperature during annealing
(Fig. 2(b)) is too low for diffusing the B, it is thought that
localized heating occurs due to the filament currents men-
tioned above, which makes the temperature inside the de-
vice sufficiently high. From secondary ion-microprobe mass
spectrometry (SIMS), we confirmed that the B penetration
depth was increased to at least 300 nm by the annealing.

Second, Figs. 5(a) and (b) show photographs of the
external appearance of the non-biased and forward-biased
(current density 4.2 A/cm2) device taken with an infrared
CCD camera (photoreceptor band 0.73–1.38 eV (wave-
length 0.90–1.70 μm)) at room temperature and under flu-
orescent light illumination. Figure 5(b) reveals strong emit-
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Fig. 5 Photograph of device emitting light at room temperature, cap-
tured with an infrared camera under fluorescent light illumination:
(a) current density Id = 0; (b) current density Id = 4.2 A/cm2

ted light. The injection current at this time was 11 W, and
the emitted power reached as high as 1.1 W.

It is well known that commercially available Si pho-
todiodes made by conventional methods emit very small
amounts of light. For comparison, therefore, Fig. 6(a) shows
the extremely weak emission spectrum when a current den-
sity of 0.2 A/cm2 was made to flow in a commercially avail-
able Si photodiode (Hamamatsu Photonics K.K., S3590).
The device was destroyed with a current density higher
than this. In this graph, like the results in [10], the emis-
sion spectrum was distributed on the high-energy side of Eg

(= 1.12 eV). This was due to phonon scattering in the indi-
rect band structure of the Si.

In contrast, the shape of the emission spectrum of our
device differed from that in Fig. 6(a). Figures 6(b)–(d) are
the emission spectra of devices fabricated by annealing for
1 min, 7 min, and 30 min, respectively. The bias current den-
sity was 1.5 ± 0.5 A/cm2. Unlike Fig. 6(a), the emission
spectrum extended to energies lower than Eg . The decrease
in the emission spectral intensity in the energy region below
0.8 eV was due to the sensitivity limit of the photodetec-
tor; in reality, the emission spectrum is thought to extend to
even lower energies. The device fabricated by annealing for
1 min had an intense emission peak close to Eg , which ex-
tended as far as 0.75 eV (wavelength 1.65 μm), as shown in
Fig. 6(b). A new emission peak appeared close to 0.83 eV
(wavelength 1.49 μm) in the emission spectrum of the de-
vice fabricated by annealing for 7 min (Fig. 6(c)). The rea-
son for the particularly small spectral intensity at energies
lower than this peak was because of the sensitivity limit of
the photodetector. There was no intense emission peak at Eg

in the device fabricated by annealing for 30 min (Fig. 6(d)).
On the other hand, a peak (downward pointing arrow in the
figure) appeared in the region corresponding to the photon
energy hν (= 0.95 eV, wavelength 1.3 μm) of the light ra-
diated during annealing, which indicates that an optical near
field was generated by this irradiation light, which restricted
the annealing rate. In addition, the peak in the low-energy re-
gion (0.83 eV) was higher than in Fig. 6(c). Specifically, the

Fig. 6 Emission spectra. (a) Emission spectrum of commer-
cially available Si photodiode (Hamamatsu Photonics K.K., S3590).
(b)–(d) Emission spectra of fabricated devices. Annealing times were
1 minute (b), 7 minutes (c), and 30 minute (d)

emission intensity at this peak position was 14 times higher
and 3.4 times higher compared with Figs. 6(b) and (c), re-
spectively. The emission spectrum was distributed over ener-
gies 0.73–1.24 eV (wavelengths 1.00–1.70 μm), which cov-
ers the optical fiber communication band. The width of this
range is 0.51 eV, which is at least four times larger than the
spectral width of 0.12 eV of a commercially available In-
GaAs LED (Hamamatsu Photonics K.K., L10823) with an
emission wavelength of about 1.6 μm.

Third, Figs. 7(a) and (b) show the relationship between
the output optical power Po and the electrical driving power
Pe of the device fabricated by annealing for 30 min. The
gradient of the straight broken line corresponds to the dif-
ferential external power conversion efficiency. Figure 7(a)
shows the results of measuring the power of the emitted
light in the energy region higher than the photon energy
hν = 0.73 eV (wavelength 1.70 μm). When 11 W of elec-
trical power was applied, the external power conversion ef-
ficiency was 1.3%, and the differential external power con-
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Fig. 7 Relationship between applied electrical power Pe and emitted
optical power Po . (a) Total power of emitted light in photon energy
region 0.73 eV and above. Gradient of broken line corresponds to
differential external power conversion efficiency of 5.0%. (b) Total

power of emitted light in photon energy region 0.11–4.96 eV. Gradient
of broken line corresponds to differential external power conversion
efficiency of 40%

Fig. 8 Relationship between injected current density Id and emitted
optical power density Pd . (a) Squares are measured values of total
power density of emitted light in photon energy region 0.73 eV and
above. Solid curve represents quadratic curve Pd = 0.04I 2

d . Gradient

of broken line corresponds to differential external quantum efficiency
of 40%. (b) Squares are measured values of total power density of emit-
ted light in photon energy region 0.11–4.96 eV. Gradient of broken line
corresponds to external quantum efficiency of 50%

version efficiency was 5.0%. Because of the current limit of
the power supply, it was not possible to input a power higher
than this; however, even if a higher power could be applied,
the device can stably operate without being damaged. Fig-
ure 7(b) shows the relationship between Po and Pe in the
photon energy region hν = 0.11–4.96 eV (wavelength 0.25–
11.0 μm). An external power conversion efficiency of 10%
and an external differential power conversion efficiency of
25% were achieved. However, this also included infrared ra-
diation due to heating of the device, which will be necessary
to examine in more detail.

To obtain the quantum efficiency, Fig. 8 shows the rela-
tionship between the emitted optical power density (Pd ) and
the current density (Id ) of the device fabricated by anneal-
ing for 30 min. Figure 8(a) shows the value of Pd in the
energy region higher than the photon energy hν = 0.73 eV
(wavelength 1.70 μm). The measured values, indicated by
the squares, were fitted by the quadratic curve Pd = 0.04I 2

d

shown by the solid curve. In other words, in contrast to con-
ventional devices in which Pd is proportional to Id , in this

device Pd is proportional to I 2
d . This is because the two-

step spontaneous emission process described in Sect. 2 is
dominant; in other words, a single electron is converted to
two photons. When Id was 4.0 A/cm2, the external quantum
efficiency was 15%. When Id was 3.0–4.0 A/cm2, the dif-
ferential external quantum efficiency was 40%. Figure 8(b)
shows the relationship between Pd and Id in the photon en-
ergy region hν = 0.11–4.96 eV (wavelength 0.25–11.0 μm).
The external quantum efficiency reached as high as 150%.
The reason why this value is greater than 100% is because a
single electron is converted to two photons by the two-step
spontaneous emission process, as described above. How-
ever, the measured values of Id in Fig. 8(b) also include
the effects of infrared radiation due to heating of the device,
which it will be necessary to examine in more detail.

If the thickness of the high-resistivity Si crystal wafer
used in this method could be reduced, the electrical effi-
ciency could be increased even more. Also, because the cur-
rent density can be increased, if a method of increasing the
efficiency of extracting light outside the device could be de-
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vised, it should be possible to realize an LED with even
higher efficiency and a wider band. This approach can also
be applied to laser oscillators, and we plan to publish more
details of this in a separate article.

5 Conclusion

Using stimulated emission triggered by an optical near field
generated at the inhomogeneous domain boundary of B
doped in Si, we controlled annealing with current injection
and fabricated a high-efficiency, broadband LED. This de-
vice emitted light by means of a two-step phonon-assisted
process due to the optical near field generated at the inho-
mogeneous domain boundary of B. Even though we used
bulk crystal Si with a simple homojunction structure, the
obtained emission band of the device extended over ener-
gies 0.73–1.24 eV, and with 11 W of input electrical power,
the total optical power was as high as 1.1 W. The external
power conversion efficiency was 1.3%, the differential ex-
ternal power conversion efficiency was 5.0%, the external
quantum efficiency was 15%, and the differential external
quantum efficiency was 40%.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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Abstract: We experimentally demonstrated the basic concept of 
modulatable optical near-field interactions by utilizing energy transfer 
between closely positioned resonant CdSe/ZnS quantum dot (QD) pairs 
dispersed on a flexible substrate. Modulation by physical flexion of the 
substrate changes the distances between quantum dots to control the 
magnitude of the coupling strength. The modulation capability was 
qualitatively confirmed as a change of the emission spectrum. We defined 
two kinds of modulatability for quantitative evaluation of the capability, and 
an evident difference was revealed between resonant and non-resonant QDs. 

©2011 Optical Society of America 
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Quantum-well, -wire, -dot devices, (350.4238) Nanophotonics and photonic crystals. 
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1. Introduction 

Nanophotonics, which utilizes the local interaction between nanometric materials via optical 
near-fields, has realized novel photonic devices, fabrication techniques, and systems which 
will help to meet the requirements of future optical technology [1]. Optical near fields can be 
viewed as the elementary surface excitations on nanometric materials, which can mediate the 
local interaction between closely spaced nanometric materials. The interaction potential is 
expressed by a Yukawa function, which represents the localization of the optical near-field 
energy around the nanometric particles [2]. Recently, several applications of nanometric, and 
energy-efficient optical functions have been actively developed by utilizing local energy 
transfer via optical near-fields and its subsequent dissipation [3–5]. These energy transfer in 
nanometric materials have been observed in various materials such as [6–10]. 

The operation of nanophotonic devices described above exhibits a one-to-one 
correspondence with respect to input signals, because the physical properties, size, shape, and 
alignment of the components for the characteristic optical near-field interactions are built into 
the substrate and spatially fixed. In order to realize a one-to-many correspondence with a 
single nanophotonic device, it is necessary to implement modulatable optical near-field 
interactions and associated modulatable optical functions. Here, we propose a novel concept 
of Modulatable Nanophotonics to realize such a system. It is realized by providing 
appropriate external controls to modulate the parameters of the components. In our concept, 
optical far-field retrieval of induced optical near-field interactions is achieved via modulation 
of the intensity, polarization, and spectrum of the subsequent irradiation. This is an important 
step toward further exploiting the possibilities of light–matter interactions on the nanometer 
scale [11]. 

In this paper, we demonstrate our concept by controlling the magnitude of the optical near-
field coupling strength among multiple quantum dots (QDs) randomly dispersed on a flexible 
substrate. External control is provided by physical flexion of the substrate, whose response 
can be acquired as a change of the emission spectra in the optical far-field. In Section 2, we 
describe the basics of local energy transfer via optical near-fields and our experimental 
concept using QDs on a flexible substrate. Sections 3 and 4 show the concepts and results of 
numerical and experimental demonstrations, respectively. Quantitative evaluation of each 
result was performed based on specially defined figure-of-merits. We conclude in Section 5 
with a brief summary. 

2. Modulation of emission spectra of resonant quantum dot pairs 

To demonstrate the modulation capability, we utilize resonant conditions between appropriate 
QD pairs on a physically flexible substrate. A conceptual diagram is shown in Fig. 1. Closely 
positioned resonant QD pairs exhibit high-quantum-efficiency and selective energy transfer 
via induced optical near-fields between QDs. As a typical case of local energy transfer, here 
we consider the optical near-field interaction between the exciton of the lowest excited state 
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E1S in a smaller QD and that of the second-lowest excited state E2L in a larger QD. These two 
states are electric dipole allowed and forbidden energy levels, respectively [12,13]. However, 
energy transfer is allowed via the optical near-field interactions in the case of E1S = E2L 
because of the steep gradient field due to the localized nature of the optical near-field. Thus, 
the excitation energy in the smaller QD is transferred to the larger QD via this optical near-
field interaction. The important point is that energy can be successfully transferred from the 
smaller QD to the larger QD only if E1S and E2L are in a resonant condition. Transferred 
energy is immediately dissipated from E2L to the lowest excited state E1L of the larger QD, and 
a photon is then emitted. Experimental and theoretical results showing good agreement with 
each other have been discussed in detail in previous papers [6–9,14]. 

 

Fig. 1. Conceptual diagram of one-to-many correspondence in nanophotonic device based on 
concept of Modulatable Nanophotonics using resonant QDs. Induced nanometric modulations 
should be revealed as multiple outputs in the optical far-field region. [Inset] Schematic of local 
energy transfer between closely spaced small and large QDs. Energy transfer and subsequent 
energy dissipation are allowed only via optical near-fields induced between the two QDs. 

Here, we consider the case of similar QDs dispersed on a substrate having sufficient 
physical flexibility. Flexing the substrate can vary the distance between the QDs. Figure 2 
shows schematic diagrams comparing the emission processes in resonant and non-resonant 
QD pairs. In the case of a resonant QDs pair, denoted QDS-R and QDL-R in Fig. 2(a), energy 
transfers occur when the QDs are sufficiently close, because the magnitude of the optical 
near-field interaction, i.e., the coupling strength between QDS-R and QDL-R, depends on the 
distance r  between them, as represented by the Yukawa function: 

 ( )exp
,

A r
U

r
µ−

=  (1) 
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where µ  and A  represent distribution of optical near-fields which determined by exciton 

energy and amount proportional to the dipole moment, respectively [2]. Thus, emission is 
preferentially obtained from E1L of QDL-R. In contrast, if the separation between QDS-R and 
QDL-R is increased by flexion of the substrate in order to significantly decrease the coupling 
strength, both QDS-R and QDL-R emit independently. This means that the spectral intensities of 
QDS-R and QDL-R, as well as the relative spectral intensity ratio from them, can be modulated 
by the flexion, i.e., by modulating the coupling strength. Thus, the spectral intensity ratios 
from QDS-R and QDL-R with and without the flexion are evidently different, as shown in Fig. 
2(b). On the other hand, in the case of non-resonant QDs, denoted QDS-NR and QDL-NR in Fig. 
3(a), energy transfer never occurs between the two. Each QD emits individually regardless of 
whether the substrate is flexed. In this case, only a change in spectral intensity that depends on 
the areal density of the QDs is obtained. Therefore, the spectral intensity ratios from QDS-NR 
and QDL-NR with and without flexion are equal, as shown in Fig. 3(b). 

 

Fig. 2. (a) Schematic diagram of modulatable optical near-field interactions between resonant 
QD pairs dispersed on flexible substrates. (b) Definition of sampled optical intensities on 
emission spectra I  and ′I  for quantitative evaluation of systems based on modulatability 
M sp , by using resonant QD pairs. 
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Fig. 3. (a) Schematic diagram of independent emissions from dispersed non-resonant QD pairs. 
(b) Definition of sampled optical intensities on emission spectra I  and ′I  for quantitative 

evaluation of systems based on modulatability spM , by using non-resonant QD pairs. 

Here, we define modulatability M sp  of the emission by using the spectral intensities 

( )SI λ  and ( )LI λ  from the two QDs: 

 ( )
( )

( )
( )

S L
sp

S L

,
I I

M
I I
λ λ
λ λ

′ ′
= −  (2) 

where I  and ′I  represent the peak emission intensities of the spectra without and with the 
flexion, respectively. Wavelengths of peak emission intensities of the spectra of QDS and QDL 
are represented as Sλ  and λL , which are the emissions from E1S and E1L, respectively. In the 

case of the resonant QDs, as shown in Fig. 2(b), the value of I I′  depends on the magnitude 
of the coupling strength, governed by the flexion, which means that the modulatability can 
take a non-zero value ( M sp ≠ 0 ). On the other hand, in the case of the non-resonant QDs, as 

shown in Fig. 3(b), the value of I I′  remains unchanged for all wavelengths because the area 

density of the QDs is homogeneously modulated by the flexion. Therefore, M sp  is calculated 

to be nearly zero ( sp 0M ≅ ). One remark regarding Eq. (2) is that singularity may be a 

problem when denominators therein result in zero. However, as described below in Sections 3 
and 4, we can assume that the denominators are non-zero in realistic physical situations, 
which guarantees the effectiveness as the representation of Eq. (2). 
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3. Numerical demonstration 

To numerically estimate the spectral intensity modulation, we assumed a calculation model 
consisting of four QDs configured as resonant QD pairs, i.e., two small QDs (QDS-A and QDS-

C) and two large QDs (QDL-B and QDL-D), representing many QDs dispersed on the substrate, 
as shown in Fig. 4. We simulated the temporal evolution of exciton populations of the relevant 
excited states in these QDs by quantum master equations [15]. The exciton populations 
correspond to the intensity of radiation from each QD, and their evolutions are modulated by 
modulating the magnitude of the optical near-field coupling strength between QDs, by flexion 
of the substrate. As previously reported in [16], the initial condition is set as a vacuum state, 
and the duration and the amplitude of the incident light are given by the Hamiltonian 
representing interactions between the incident light and the QDs. Here, the magnitude of the 
optical near-field interaction, i.e., the coupling strength, between the two QDs is denoted by 
the Yukawa function of Eq. (1). 

 

Fig. 4. Schematic diagrams of four-QD calculation model for numerical demonstration of 
multiple-QD system, showing (a) their geometrical alignment and (b) the conditions of optical 
near-field interactions between each QD. In our model, each parameter is variable, and their 
variations are assumed to be imposed by flexion of the substrate. 

In this model, the evolution of the exciton population in each QD is calculated for various 
distances r , which corresponds to different degrees of coupling, controlled by flexion, as 
shown by Fig. 4(a). Initial distances between each QD are set on a 2D xy-surface as 
rAB = rBD = rAC = rCD = 100  (nm), and the magnitudes of the coupling strengths ABU , UBD , 

ACU , UCD , ADU , and UBC  depend on these distances, as schematically shown by Fig. 4(b). In 

our model, the relaxation time constant 1−Γ  is set at 10 ps, and the radiation lifetimes of QDS 

and QDL, denoted as γ
−1
S  and 1

Lγ − , are respectively set at 2.83 ns and 1 ns as a typical 
parameter set for the CdSe/ZnS QDs used for our previous experiments [17], which based on 
the pattern of conventional energy transfer models between CdSe/ZnS QDs. Based on these 
setup parameters and proportional relations A ∝ µ ∝ L3  in Eq. (1) [18], the diameter of the 

smaller QDs, L , is assumed to be approximately 50 nm, and that of the larger QDs, ′L , 

satisfies 2L L′ = . Based on theoretically assumed distributions of optical near-fields, which 
described by the Yukawa function [2], scale of optical near-fields has been propotional to 
inverse-square of size of the source. Therefore, sufficient energy transfer between QDs via 
optical near-fields is expected with such model. 

First, we assumed stretching of the substrate in the x and y directions, as shown in Fig. 
5(a), and calculated the exciton populations with various stretch lengths δr . In the case of the 
x-directional stretching, ACr  and rBD  are constant, as the first-order approximation, and ABr , 

rCD , rAD  and rBC  are varied. On the other hand, in the case of the y-directional stretching, 
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rAB  and CDr  are constant, and rAC , BDr , rAD  and BCr  are varied. Figure 5(b) shows the 
calculated results. The horizontal axis represents the relative stretch length, which is defined 
as δr / L . 

 

Fig. 5. Schematic diagram of (a) stretch model and (c) shear model, and evolutions of the 
population of the radiation from four QDs by (b) stretching and (d) shearing the substrate. 

Evident changes in the exciton populations are obtained by the x-directional stretching, 
because the excitons always preferentially transfer from smaller QDs to larger QDs (from 
QDS-A to QDL-D). This result indicates that the coupling strength between the smaller QDs and 
the larger QDs is decreased by the x-directional stretching, and they emit independently. 

Here we assume that the emission intensity from each QD is proportional to the exciton 
population at the corresponding QD energy level. Therefore, in the case of the x-directional 
stretching, as shown in Fig. 5(a), spM  is calculated as 9.26 at a stretch length of δr = 500 nm. 

The population in the lowest excited state of the larger QDs finally approaches zero, and M sp  

is calculated as infinity. On the other hand, y-directional stretching gives M sp ≅ 0  at the same 

stretch length. Therefore, only the former model can be said to be a modulatable 
nanophotonic system. 

Next, a shear model is assumed for the x-directional shift of QDS-C and QDL-D. Its 
schematic diagram is shown in Fig. 5(c). In the case of the model, ABr  and rCD  are constant, 

and ACr  and rBD  are increased. Figure 5(d) shows the results of calculations. By increasing 

the sheared length rδ , which is defined by the shifted values of QDS-C and QDL-D, only the 
exciton population at QDL-B increases, because the magnitude of energy transfer toward QDL-B 
increases not only from QDS-A but also from QDS-C. In contrast, that to QDL-D decreases. This 
is also because of the increase in the energy transferred from QDS-C not only to QDL-D but also 
to QDL-B. As a result, the population at QDS-C is decreased, whereas that at QDS-A remains 
unchanged, because the main route of energy transfer is from QDS-A to QDL-B, regardless of 
the stretching. Here, by these contributions of the exciton populations at the smaller QDs 
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(QDS-A and QDS-C) and the larger QDs (QDL-B and QDL-D), the calculated M  in the shear 
model shows a non-zero value ( spM  = 0.11 for a sheared length of δr = 100 nm). 

4. Experimental demonstration 

We used commercially available CdSe/ZnS spherical QDs (Evident Technologies) as a test 
specimen. QDs are uniformly dispersed in toluene solvents with 10 mg/mL of concentration. 
Their exciton energy transfer has already been studied [7,19,20], and resonant and non-
resonant conditions via optical near-field interactions have been experimentally verified [17]. 
The same types of QDs were adopted as QDL-R and QDL-NR. Their peak absorption wavelength 

ABλ  and peak emission wavelength λEM  were as given in their technical specifications from 
the manufacturer, 583 nm and 605 nm, respectively, the latter corresponding to the 
wavelength of emission from E1L in Fig. 1. The respective diameters D of the resonant pair, 
QDS-R and QDL-R, were assumed to be 8.2 nm and 8.7 nm, and those of the non-resonant pair, 
QDS-NR and QDL-NR, were assumed to be 7.7 nm and 8.7 nm. The QDs adopted as QDS-R have 

ABλ  = 523 nm and λEM  = 546 nm, and those adopted as QDS-NR have ABλ  = 565 nm and λEM  

= 578 nm. These emission wavelengths EMλ  correspond to the wavelengths of emission from 
E1L. As the flexible substrate, we used polydimethylsiloxane (PDMS), which is particularly 
known for its obvious rhelogical properties. We mixed 5 mL of each QD solution as resonant 
and non-resonant QD pairs. The mixed QD solutions were dispersed on a 2 cm ×  2 cm square 
of PDMS substrate and allowed to dry naturally. In our experiments, although evident 
heterogeneity of the distributions was observed, the average r  was assumed to be 
approximately 5–10 nm from the thickness of the ZnS shell and the length of the modified 
ligand to each QD. 

Here we consider only 2-D flexion of the substrate. The QDs were excited by a He-Cd 
laser (wavelength 325 nm) with 5 mW/cm2 power density. In our experiment, as shown in 
Fig. 6, the PDMS substrate was set on an aperture formed at the side of a vacuum desiccator 
and was flexed by evacuation. The flexion brings dispersed QDs close to each other, as 
represented by δr < 0 . The air pressure was decreased and fixed to ~0.07 MPa to achieve a 
20% in-plane compression ratio of the substrate, which was geometrically determined from 
the size of the aperture and the depth of the flexed substrate. 

 

Fig. 6. Schematic diagram of experimental setup for demonstration of modulatable 
nanophotonic system using a flexible substrate on which resonant QD pairs are randomly 
dispersed. Flexion of the sample substrate is achieved by vacuum evacuation. 

We experimentally observed the emission spectra of the resonant and non-resonant QDs 
without and with flexion by using a spectrometer (JASCO; CT-25TP), as shown in Figs. 7(a) 
and (b), respectively. The fractional ratio of the numbers of small QDs to large QDs was 1:1. 
The dashed curves in these figures represent Gaussian curves fitted to the measured spectral 
profiles. The differences in peak wavelength from those shown in the technical specifications 
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depend on the variability of each particle's size and the inhomogeneous dispersion of the size 
distribution. In addition, because all peak wavelengths in Figs. 7 are shifted to red from 5 to 
10 nm, the difference can also be explained by re-absorption effect in solid-state QDs on 
PDMS substrate. 

 

Fig. 7. Obtained emission spectra with (a) resonant and (b) non-resonant samples before (blue 
curves) and after (red curves) flexion of the substrate. Dashed curves represent results of 
Gaussian fitting of each spectrum. 

As shown, the intensities of the spectra are increased as a whole because the numbers of 
QDs per unit area are increased by the flexion of each substrate. However, only an increase of 
the emission intensity from QDS-R was suppressed. This is because the average distance 
between QDS-R to QDL-R is shorten by the flexion, which induces energy transfer from QDS-R 
to QDL-R. Similar behavior was predicted by our numerical demonstrations described above. 
For quantitative evaluation of this behavior, we evaluated the intensities at the spectral peak 
from the fitted curves and calculated the values of ′I λL( ) I λL( ) and ( ) ( )S SI Iλ λ′ , as shown 

in Fig. 7. By taking the difference, the modulatabilities M sp  obtained with the resonant and 

non-resonant QDs were 0.45 and 0.02, respectively. Therefore, as in the numerical 
demonstration in Sec. 3, it was confirmed that the resonant QDs showed a much larger spM  

compared with that of the non-resonant QDs. 
Similar experiments were conducted with other resonant samples with various fractional 

ratios (1:1, 2:1, and 3:1) and dilution rates ( × 1 and × 2). Such parameters control the average 
distance between dispersed QDs. The assumed average distances in each experimental setup 
and the calculated modulatabilities M sp  were compared (Table 1). Each average distance was 

calculated from that of the previous experimental setup, which was assumed to be 
approximately 10 nm. In the cases where resonant QD pairs were used, regardless of the 
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fractional ratios and dilution rates, spM  generally showed non-zero values. Moreover, by 

diluting the QD samples, M sp  decreased. This is because the average distances between QDs 

were increased by the dilution, and the coupling strength decreased. In Table 1, it was 
revealed that one-to-many fractional ratios of QDs can show efficient energy transfer and 
subsequent emission. As previously reported in [21], in a mixture of the equivalent number of 
larger QDs and smaller QDs, not all of excitons in a smaller QD can be successfully 
transferred to a neighboring larger QD, because the radiation lifetime of a larger QD is limited 
as few nanoseconds. So that part of the excitons in smaller QDs must be decayed at each QD 
and results in loss in the conversion from the input to output. On the other hand, in a mixture 
of a few larger QDs and a lot of QDs, excitons in smaller QDs can be transferred to 
neighboring smaller QDs before being radiatively decayed till relaxation at a larger QD. This 
indicates that the latter case can effectively output radiated excitons at smaller QDs as 
relaxation at larger QDs. 

Table 1. Calculated Modulatabilites spM  for Several Samples with Various Fractional 

Ratios and Dilution Rates* 

 Resonant 
QD pairs 

Non-resonant 
QD pairs 

Fraction ratio 
[QDS:QDL] 1:1 2:1 3:1 1:1 

Dilution rate × 1 × 2 × 1 × 2 × 1 × 2 × 1 
Average QD 
distance [nm] 10 14 10 14 10 14 10 

M sp
 0.44 0.21 0.32 0.06 0.86 0.19 0.02 

*Because the average distances between QDs increase by dilution of each sample solution, M sp
 takes smaller values 

by dilution for non-resonant QD pairs. 
The difference in the rates of change of each spectral peak intensity of the resonant QD 

sample corresponds to a difference in color tone of the emission from the sample. Our 
experimental results indicated that a change in the emitted color tone was successfully 
obtained by flexion of the substrate on which the resonant QDs were dispersed. From this 
viewpoint, we constructed a chromaticity diagram based on the color matching functions of 
each observed emission spectrum and defined another modulatability chM  to directly evaluate 

the amount of each modulation for several samples. The value of M ch  is defined as a shifted 
distance between coordinates of each spectrum in the chromaticity diagram due to the 
modulation. Figure 8 shows chromaticity coordinates of previous experimental results and 
corresponding values of chM . As shown, the resonant QD sample revealed larger M ch  (Fig. 

8(a)), whereas the non-resonant QD sample revealed relatively small values of chM  (Fig. 

8(b)). For comparison with M sp  in Table 1, Table 2 shows a list of all values of chM  for the 

samples described in Table 1. A similar tendency of the modulatabilies M ch  in Table 2 was 
obtained. Because we used similar types of QD pairs, in our experiment, similar shift vectors 
from the two coordinates were obtained. That is to say, we can evaluate each modulation, not 
only in terms of the amount but also the type, based on possible directions of each vector from 
before modulation to after modulation. Evaluation of the type is a fundamental issue for 
further discussions on applications utilizing their one-to-many correspondences. 
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Fig. 8. Calculated modulatabilites chM  with (a) resonant and (b) non-resonant samples. An 

evident difference in M ch , defined as the distance between the chromaticity coordinates before 
and after flexion, was observed. 

Table 2. Calculated Modulatabilites M ch  for Several Samples with Various Fractional 
Ratios and Dilution Rates. 

 Resonant 
QD pairs 

Non-resonant 
QD pairs 

Fraction ratio 
[QDS:QDL] 

1:1 2:1 Fraction ratio 
[QDS:QDL] 

1:1 

Dilution rate × 1 × 2 Dilution rate × 1 × 2 Dilution rate × 1 
Average QD  
distance [nm] 10 14 

Average QD  
distance [nm] 10 14 

Average QD  
distance [nm] 10 

M ch [× 10-3] 20.2 6.41 M ch [× 10-3] 20.2 6.41 M ch [× 10-3] 20.2 

5. Summary 

In conclusion, we have described the basic concept of Modulatable Nanophotonics and 
numerically and experimentally demonstrated the concept by utilizing resonant and non-
resonant QD pairs dispersed on flexible substrates. The modulatability was qualitatively 
evaluated by introducing modulatabilities spM  and M ch . Resonant QD pairs exhibited unique 

modulatability of their emission spectra, which depends on controlling the magnitude of the 
coupling strength between the QDs via optical near-field interactions. Such modulatability 
cannot be obtained with non-resonant QD pairs. 

From the viewpoint of information retrieval, the results of our demonstration indicate that 
this method can retrieve the effects of optical near-field interactions as a modulation of the 
optical far-field response. As we demonstrated in this paper, selecting appropriate resonant 
QD pairs can realize various modulatabilities of the emission spectrum based on 
nanophotonics. By developing the concept further and experimentally examining various 
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implementations, our idea can be applied to a modulatable multi-spectrum emitting element 
whose emission spectrum can be freely switched by applying external modulation. 
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Phonon-assisted near-field activation of electron transfer 
between a solution and an electrode 

T. Yatsui, K. Iijima, K. Kitamura, and M. Ohtsu 

School of Engineering, the University of Tokyo, Tokyo 113-8656, Japan 

An optical near-field is expected to realize phonon-assisted multiple excitation in nano-scale 
structures.1 Using the phonon-assisted process, higher catalytic activity is expected without 
heating. Thus, phonon-assisted activation can increase the catalytic activity of nanostructures, 
in addition to the contribution from increased surface area. To confirm this effect, we observed 
photo-induced current generation using platinum black electrodes (Fig. 1(a)).2 

We observed current generation in ferricyanide solution under visible light irradiation (CW, 

= 532 nm, Fig. 1(b)). Because the absorption band-edge wavelength of ferricyanide solution is 
470 nm, the observed current generation did not originate from the photochemical reaction of 
the ferricyanide solution. We calculated the heat generation in platinum black, in which all the 
incident photons were absorbed (solid red line in Fig. 1(b)), and found that the heat generation 
was negligible with respect to that of the phonon-assisted process. Additionally, higher-order 
dependencies on the excitation power appeared with increasing current density, which was 

fitted by the second-order function 2/i i aI bI    (Fig. 1(b)), indicating that these activation 
of electron transfer originated from the optical near-field effect on the nanostructured  surface 
of the electrode.1 
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Fig. 1 (a) AFM image of platinum black electrodes. (b) Relationship between irradiation 
power and current density. Solid diamonds: observed current generation. Black solid 

curve: fitted curve, . Red solid curve: Calculated heat 
generation. 
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Visible-light-induced water splitting by phonon-assisted 
optical near fields in ZnO nanorods 

Takahiro Mochizuki, Kokoro Kitamura, Takashi Yatsui, and Motoichi Ohtsu 

School of Engineering, the University of Tokyo, Tokyo 113-8656, Japan 

 

The phonon-assisted optical near-field process was applied to a water-splitting reaction to 
increase the response of visible light, in which the photon energy was less than the band-gap 
energy.1 To generate the optical near field, we used thick (100-nm diameter) and ultra-fine (20-
nm diameter) ZnO nanorods. The photocatalytic performance of ZnO was evaluated by 
photoelectrochemical (PEC) analysis using a three-electrode setup in 0.1 M NaOH electrolyte 
solution.2 The power dependence of the photocurrent in Fig. 1(c)–(e) shows the photocatalytic 
performance under ultraviolet (UV, 325 nm) and visible (473 nm and 532 nm) irradiation, 
respectively. Under UV irradiation, the photoresponse current of the ZnO nanorods was 
comparable to that of the reference bulk substrate with a flat surface, whereas under 473-nm 
irradiation, the photocurrent increased drastically with decreasing nanorod diameter. 
Compared with the bulk substrate, the ultra-fine nanorods showed a 70-fold enhancement in 
the photocurrent. Additionally, under 532-nm irradiation, photocurrent generation was 
observed only for the ultra-fine nanorods. Furthermore, the power dependence was fitted by 
the second-order function PC = aI + bI2 (PC: photocurrent, I: excitation power) shown by the 
solid curve in Fig. 1(e), indicating that the photocurrent generated by visible-light irradiation 
originated from multi-step excitation using the phonon-assisted process. 
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Fig. 1. SEM images of (a) thick and (b) ultra-fine ZnO nanorods. The power dependence of the 
photocurrent measured by PEC analysis in 0.1 M NaOH (c) under 325-nm, (d) 473-nm, and (e) 532-
nm irradiation of the bulk ZnO substrate (solid circles), thick nanorods (solid squares), and ultra-
fine nanorods (solid triangles). 
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Single-walled carbon nanotubes (SWNTs) have been recognized as promising 
quasi-one dimensional (1D) materials not only for the fundamental 1D physics 
researches [1, 2] but also various optoelectronics applications such as light 
emitters driven by the direct carrier injection [1]. However, the low 
luminescence quantum yield (QY) of SWNTs at most ~7% even for clean air-
suspended SWNTs [3] has limited the potential performance of nanotube-based 
light emitting devices. Here we demonstrate that the modified excitonic states 
by oxygen doping in SWNTs (E11*) have enhanced QY because of longer 
luminescence lifetime and shorter radiative recombination lifetime than the 
intrinsic E11 excitons in non-doped SWNTs. The oxygen-doped (6, 5) SWNTs 
used in this work were prepared based on the procedure developed by Ghosh et 
al. [4]. The effective luminescence lifetime of about 100 ps was observed for 
the E11* states, while the intrinsic E11 excitons in the same SWNTs exhibited the 
effective lifetimes only less than 20 ps. We also observed temperature 
dependence of the luminescence intensities of both E11 and E11* features. The 
E11* luminescence intensity weakly and monotonically decreased with 
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decreasing temperature, while the E11 intensity showed the typical 1D behavior 

nearly proportional to T-1/2. These results indicate that the mobile quasi-1D E11 
exciton is trapped by the localized potential due to the doped oxygen atom, and 
confined in the quasi-0D state exhibiting the E11* luminescence feature. 
Furthermore, the radiative recombination lifetime of the quasi-0D excitons is 
found to be 2-3 times shorter than the E11 excitons, based on the analysis 
considering exciton diffusion kinetics and successive trapping by the sparsely 
distributed localized states. The shortened radiative decay lifetime is attributed 
to the increased oscillator strength reflecting the reduced dimensionality of the 
E11* excitons. The luminescence QY of the E11* exciton is determined to be 
more than one order larger than the E11 excitons in the same SWNTs using the 
obtained luminescence lifetime and the radiative recombination lifetime of the 
E11* state. [1] P. Avouris, M. Freitag, and V. Perebeinos, Nature Photon. 2, 341 
(2008). [2] Y. Miyauchi, H. Hirori, K. Matsuda, and Y. Kanemitsu, Phys. Rev. B 
80, 081410(R) (2009). [3] J. Lefebvre, D. G. Austing, J. Bond, and P. Finnie, 
Nano Lett. 6, 1603 (2006). [4] S. Ghosh, S. M. Bachilo, R. A. Simonette, K. M. 
Beckingham, and R. B. Weisman, Science 330, 1656 (2010).
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and explain the origin of dipolar and octupolar contribution to this optical 
response. 

add to my program

16:15 Aluminum for Nonlinear Plasmonics: Resonance-driven Polarized 
Luminescence of Al, Ag, and Au Nanoantennas. 
Authors : Marta Castro-Lopez, Daan Brinks, Riccardo Sapienza, Niek van Hulst 
Affiliations : ICFO – The Institute of Photonic Sciences, Castelldefels, Barcelona, 
Spain; ICREA - Inst. Catalana de Recerca i Estudis Avancats, Barcelona, Spain. 
Resume : Resonant optical antennas are ideal for nanoscale nonlinear 
optical interactions due to their inherent strong local field enhancement. 
Indeed second- and third-order nonlinear response of gold nanoparticles has 
been reported. Here we compare the on- and off-resonance properties of 
aluminum, silver, and gold nanoantennas, by measuring two-photon 
photoluminescence (TPPL). Remarkably, aluminum shows 2 orders of 
magnitude higher luminescence efficiency than silver or gold. Moreover, in 
striking contrast to gold, the aluminum emission largely preserves the linear 
incident polarization. We show the systematic resonance control of two-
photon excitation and luminescence polarization by tuning the antenna width 
and length independently. Finally, we analyze this tuning of the polarization 
with the rod dimensions by measuring the angular emission of TPPL via back 
focal plane imaging. Our findings point to aluminum as a promising metal for 
nonlinear plasmonics. 

4 2
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16:45 Evaluation of a dipole-forbidden energy state in ZnO quantum dots induced 
by the optical near-field interaction 
Authors : T. Yatsui, M. Tsuji, Y. Liu, T. Kawazoe, and M. Ohtsu 
Affiliations : School of Engineering, the University of Tokyo, Japan 
Resume : To reduce the size of photonic devices, we have proposed 
nanophotonic devices using semiconductor quantum dots (QDs), in which 
the dipole-forbidden energy-transition can reduce the size of device beyond 
the diffraction limit of light and achieve the unidirectional energy transfer. 
The dipole-forbidden energy transition originates from an exchange of the 
virtual photons between the resonant energy states, and therefore, the use 
of virtual photons activates dipole-forbidden energy state. Although 
emission from the dipole-forbidden energy state cannot be detected in the 
far field, it can be utilized when the nanoparticle and detector are in close 
proximity. ZnO QDs with the average diameter of 4 nm were synthesized 
using sol-gel method. To observe the changes between far- (probe-to-
sample distance D of 6,000 nm) and near-field (D of 5 nm) spectra, we 
considered the quantized energy levels in ZnO QDs. Here, the QD shape was 
assumed to be spherical, and the quantized energy levels were calculated as 
3.423 eV (E1, dipole-active state) and 3.4780 eV (E2, dipole-forbidden 
state), respectively. Using these energy values, we fitted the PL spectra 
using Lorentzian functions. The peak intensity of E2 increased drastically as 
probe-to-sample distance D decreased, whereas the peak intensity of E1 
remained constant, indicating that the dipole-forbidden energy state was 
activated by the near-field interaction induced by a fiber probe. 

5 0
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16:45 Metal-Enhanced Fluorescence (MEF): Developing a Unified Fluorophore 
Plasmon Model 
Authors : Jan O. Karolin, Anatoliy I. Dragan and Chris D. Geddes* 
Affiliations : Institute of Fluorescence, University of Maryland Baltimore County, 
Columbus Center, 701 East Pratt Street, Baltimore, MD, 21202 USA. E-mail: 
geddes@umbc.edu 
Resume : In recent years the IoF has described in over 150 peer-reviewed 
publications the favorable interactions and outcomes of both plasmon 
supporting particles (Ag, Au, Cu, Zn, Ni, Cr) and substrates with 
electronically excited states. These favorable effects have included 
significantly enhanced fluorescence emission from singlet states, S1 and S2 
(MEF), as well as enhanced phosphorescence yields from triplet, T1, states 
(MEP). In addition, we have observed and described plasmon enhanced 
chemiluminescence intensities (MEC), as well as highly directional surface 
plasmon coupled Fluorescence (SPCF). As a result of enhanced triplet yields, 
we have also observed both enhanced singlet oxygen and superoxide anion 
yields. Our current thinking, describes Metal-Enhanced Fluorescence (MEF) 
as the near-field coupling of electronic excited states to surface plasmons (a 
surface mirror dipole), the particle, subsequently radiating the photophysical 
characteristics of the coupled excited state quanta. In this poster, we 
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accepted that multi-bandgaps are hardly obtained by conventional method 
involving self-assembly and interference lithography due to the complex 
process and equipment. In this work, we demonstrate a parallel and scalable 
method for hierarchical tuning of photonic bandgaps in azopolymer-based 
inverse opals. Photo-induced movement of azopolymer by directional 
photofluidization can control the final size and morphology of structure 
precisely. Therefore, the implementation of hierarchically patterned 
structures enables the preparation of photonic crystals having multi-
bandgaps in a chip. 
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16:45 Smart Golden NanoCapsules for Controlled Release with Near-Infrared Light 
Authors : Mustafa Selman Yavuz* and Younan Xia 
Affiliations : Mustafa Selman Yavuz Metallurgy and Materials Science Engineering 
and Advanced Technology Research and Application Center, Selcuk University, Konya 
42075, Turkey. Younan Xia Department of Chemistry & Biochemistry Georgia 
Institute of Technology, Atlanta,30332 USA 
Resume : The therapeutic and diagnostic (theragnostic) tools have 
enhanced over the last few decades, however, spatially and temporally 
controlled approaches remained as an obstacle. The near-infrared (NIR) 
radiation is known to have deep tissue penetration with minimum 
absorption. This outstanding property of NIR, with the aid of strong NIR 
absorbers, can be utilized to trigger a mechanism in cells for theragnostic 
purposes. Among other metal nanoparticles that have been extensively 
studied for such purposes, gold nanoparticles, such as gold nanocages 
(AuNCs), emerge as ideal tools for these applications since they possess 
optical tunability, easy functionalization, inertness, non-toxic behavior, 
accumulation in tissues, and intense absorption of NIR light. During the NIR 
absorption process, the absorbed energy by AuNCs is transferred into 
thermal energy that consequently heats the surroundings. Therefore, AuNCs 
have been employed to destroy the tumor cells in photothermal cancer 
therapy applications. Furthermore, the surface and pores of AuNCs were 
covered with a smart polymer to form a hybrid structure, and then the pre-
loaded effectors (cancer drug, polymeric dye and enzymes) were 
successfully released with high spatial and temporal resolutions from AuNCs 
by controlling with a pulsed NIR laser. 

5 3

add to my program

16:45 Electronic and optical properties of diluted magnetic semiconductors doped 
cobalt 
Authors : Ahmed Neffati*, Hajer Souissi, Souha Kammoun 
Affiliations : Université de Sfax, Laboratoire de Physique Appliquée, Groupe de 
Physique des Matériaux Luminescents, Département de Physique, Faculté des 
Sciences de Sfax, B.P. 802, 3018 Sfax, Tunisie. 
Resume : Recently, cobalt doped III-V and II-VI semiconductors attract the 
greatest interest in electronic, optoelectronic, and electromechanical 
nanodevices [1-12]. Ligand-field electronic absorption and magnetic circular 
dichroism (MCD) spectra confirm homogeneous substitutional speciation of 
Co2+ in the ZnSe ,ZnO and ZnS QDs. In this work, we present a theoretical 
study of the electronic energy levels of cobalt doped in these 
semiconductors with a detailed crystal-field analysis based on the Racah 
theory; we perform a quantum confinement and effects on the linear 
Zeeman splitting of the electron quantum size energy levels in spherical 
semiconductor nanocrystals [13-18]. We calculate the size dependence of 
the electron effective g-values in bare ZnSe, ZnO and ZnS using Kane 
model. Keywords: Quantum Dots (QDs) ; g-factor; Zeeman effect; Quantum 
confinement, Crystal field theory. 
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16:45 Controlling the size of ZnO quantum dots via dressed photon–phonon states 
Authors : Y. Liu, T. Yatsui, and M. Ohtsu 
Affiliations : Department of Electrical Engineering and Information Systems, the 
University of Tokyo 
Resume : Recently, ZnO quantum dot (QD)-based techniques have been 
actively studied for producing nanometer-sized photonic devices 
(nanophotonic devices). To realize high-performance devices, reducing the 
ZnO QD size variance is necessary to resonate the discrete exciton energy 
levels in ZnO QDs. However, in conventional sol–gel synthesis of ZnO QDs, 
the QD size distribution is large, and the size variance is greater than 20%. 
To lessen the size variance, one must decrease the size of QDs that are 
larger than the peak diameter and increase the size of QDs that are smaller 
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than the peak diameter. In previous studies, we demonstrated the feasibility 
of reducing the size of large ZnO QDs through irradiation with He–Cd laser 
light, which has a wavelength that is longer than the absorption band-edge 
of ZnO (380 nm). In the present study, we irradiated ZnO QDs with 671-nm 
laser light during growth to increase the size of small QDs. Although the 
irradiating light was not absorbed by the QDs, the dressed photon (DP) 
around the QDs became excited. Furthermore, DP could couple with multiple 
phonon modes in ZnO precursors to generate a dressed photon–phonon 
(DPP) state. Thus, when the ZnO precursors were in close proximity to the 
QDs, the DPP accelerated ZnO deposition onto QDs. We successfully 
increased the ZnO QD size by more than 10% with 500-mW irradiation, as 
determined by the absorption band edge of the QDs. A greater increase in 
the QD size is expected by increasing the irradiation power. 
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16:45 Calculation of Current Density on Crystalline Silicon Solar Cell with RP-
Textured and Double Layer Anti Reflection Coated Surface 
Authors : Yongwoo Lee1, Kyu-Min Him1,2, Mi-ju Park1, Hi-deok Lee2, Jin-su yoo3 
Affiliations : 1DMS CO., LTD 2 Dept. of Electronic Eng, Chungnam National 
University 3Korea Institute of Energy Research 
Resume : In this study, double layer anti reflection coating (DLARC) which 
is popular fabrication technique for high efficiency solar cell will be 
demonstrated using simulation and short circuit current density (Jsc) 
calculation. Fabrication of double layer is industrial friendly as well as highly 
effective on most of silicon based solar cell. However, throughout most 
studies of DLARC, accurate calculation was difficult to find since there was 
several obstacles. Which includes calculation of reflectance on textured 
surface and other than the fact that intensity of light is different on each 
wavelength. Weight depending on intensity of sun light needs to be 
considered. Since simulation of reflectance is accurate only with polished 
surface, reflectance on polished surface was effectively translated into that 
of textured surface and compared with actual reflectance data under 5% 
difference. With accurate calculation of reflectance on textured surface, 
sunlight of AM 1.5 was adapted for Jsc calculation. Double layer ARC was 
consisted with SiNx on silicon substrate and SiOx as top layer. refractive 
index was fixed to 2.05 and 1.46 while thickness of both layers were varied 
from 0 to 150 nm. Achievable current density was 42.87 mA/cm2 and 
optimized DLARC get its peak of 42.8 mA/cm2 at SiNx of 60~80 nm and 
SiOx of 80~100 nm. Calculation of this method will be easily and widely 
adapted on most structures of silicon based solar cell using different 
material with different refractive index. 

5 6
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16:45 Refractometric Sensing with Silicon Quantum Dots Coupled to a Microsphere 
Authors : Y. Zhi, C.P.K. Manchee, J.W. Silverstone, A. Meldrum 
Affiliations : Department of Physics, University of Alberta, Edmonton, AB, Canada 
Resume : Quantum dots (QDs) coupled to an optical microsphere can be 
used as fluorescent refractometric sensors. The QD emission couples to the 
whispering gallery mode resonances of the microsphere, leading to sharp, 
periodic maxima in the fluorescence spectrum. Silicon QDs are especially 
attractive because of their negligible toxicity and ease of handling. In this 
work, a thin layer of silicon QDs was coated onto the surface of a 
microsphere made by melting the end of a tapered glass fiber. 
Refractometric sensing experiments were conducted using two methods. 
First, the sphere was immersed directly into a cuvette containing either 
sucrose or methanol-water mixtures. Second, the sphere was inserted into a 
glass capillary and the analyte was pumped through the channel. The latter 
method enables true microfluidic operation, which is otherwise difficult to 
achieve with a microsphere. In both geometries, high-visibility (V=0.57) 
modes were observed with Q factors up to 1700. The WGM resonances 
shifted as a function of the refractive index (RI) of the analyte solution, 
giving sensitivities ranging from 30 – 50 nm per RI unit (RIU) for different 
microspheres and a detection limit of 0.002 RIU. The coated microsphere 
structures were simulated using finite difference time domain methods as 
well as by solving for the roots of the characteristic equations describing 
layered microsphere, showing that the device sensitivity could be improved 
to as 80 nm/RIU, depending on the QD film thickness. 

5 7

add to my program

16:45 Optimizing the structure of the photonic crystal fibers by using genetic 
algorithm 
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A51: Nanophotonic device utilizing a dipole-forbidden energy state 

Takashi Yatsui1 and Motoichi Ohtsu1 
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To reduce the size of photonic devices below the diffraction limit, we have proposed nanophotonic 
devices [1] that consist of semiconductor quantum 
dots (QDs). In a nanophotonic device, the dipole-
forbidden energy-transition [2] can reduce the size of 
device beyond the diffraction limit of light and 
achieve the unidirectional energy transfer, which is 
unattainable in conventional photonic devices. The 
dipole-forbidden energy transition originates from an 
exchange of the virtual photons between the resonant 
energy states. The use of virtual photons activates 
dipole-forbidden energy state. Although emission 
from the dipole-forbidden energy state cannot be 
detected in the far field, it can be utilized when the 
nanoparticle and detector are in close proximity. Here, 
we report direct observation of emission from an 
optically forbidden level in ZnO QDs using the near-
field interaction induced by a fiber probe. 

ZnO colloidal QD was synthesized using sol-gel 
method [3]. The average diameter of fabricated ZnO 
QD was 4 nm. The synthesized ZnO QDs were 
dispersed uniformly over a sapphire substrate. The red 
open circles in Fig. 1A and the blue open circles in 
Fig. 1B represent the far-field and near-field spectra 
which were obtained with the probe-to-sample 
distance of 6 m and 5nm, respectively. 

To observe the changes between far- and near-field 
spectra, we considered the quantized energy levels in 
ZnO QDs. QDs synthesized by the sol-gel method are 
known to be spherical, although the crystalline 
structure of ZnO QDs is wurtzite [4]. In the present 
study, the QD shape was assumed to be spherical with 
radius R, and the quantized energy levels were 
calculated as 3.423 eV (E1, dipole-active state), 
3.4780 eV (E2, dipole-forbidden state), and 3.551 eV 
(E3, dipole-active state), respectively [5]. Using these 
energy values, we fitted the PL spectra using 
Lorentzian functions, shown as solid red, blue, and green lines, respectively, in Figs. 1A and 1B. The 
fitted profiles were used to determine near/far ratios, i.e., the ratio between the peak intensities of each 
near/far spectrum (Table 1). The peak intensity of E2 increased drastically as the fiber probe approached 
the ZnO QDs, whereas the peak intensity of E1 remained constant. The increase in the peak intensity of E3 
was due to the higher excitation photon energy of 3.81 eV. 
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Figure 1 : Far-field (A, red open circles) and 
near-field (B, PL spectra of ZnO QDs). The 
respective separation between the fiber and ZnO 
QD was (a) 1 m and (b) 5 nm, respectively. 

 

Table 1 : The ratio between near-field and far-
field intensity. 

Far
(Fig. 1A)

Near
(Fig. 1B)

Near/Far ratio

E1 0.78 0.72 0.92 

E2 0.12 0.31 2.58 

E3 0.18 0.29 1.61 
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In conclusion, we achieved direct observation of emission from an optically forbidden level in ZnO QDs. 
By introducing a near-field fiber probe in close proximity to the QDs, we observed increased emission 
intensity from the dipole-forbidden. Because the decay time of the dipole-forbidden state is longer than 
that of the dipole-active state by 106, the dipole-forbidden state can be used to realize novel devices such 
as optical buffer memory, and signal-transmission devices. 
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ABSTRACT 

 
The majority of extreme ultraviolet (EUV) lithography mask blank defects originate from chemical mechanical polishing 

(CMP) of the substrate. The fact that CMP has not yet been able to yield EUV substrates with low defect counts 

highlights the challenges of polishing doped fused silica surfaces. Here we investigate alternative techniques based on 

processing either the substrate or coatings of amorphous silicon thin films and inorganic metal oxides. In particular, we 

evaluate a novel polymer-based non-abrasive a-Si CMP process, a photo-induced dry etching of substrate protrusions, a 

smoothing coat of spin-on or capillary coated Inpria resist solution, CO2 laser polishing of the substrate surface, and 

annealing an a-Si thin film surface in reduced atmospheres. Although CMP still remains the best process with respect to 

overall process integration, these techniques have the potential to support CMP in solving the substrate defectivity issue 

and help pave the way to commercializing EUV mask blanks.  

 

Keywords: EUV, defectivity, CMP, a-Si thin film, Inpria coating, fused silica, doped fused silica, smoothing 

 

 

1. INTRODUCTION 
 

The defectivity of EUV mask blanks poses one of the main obstacles in the realization of EUV lithography
[1]

. The 

majority (>80%) of defects—mostly pits and  scratches, with some embedded particles—are on the substrate, all of 

which originate from CMP and cleaning
[2]

. Over the past few years, mask suppliers have been able to gradually reduce 

CMP-induced substrate defectivity, but the defect numbers are still too high
[3]

. Note that numerous defects do not show 

up during substrate inspection (at 40 nm SiO2 detection sensitivity), but are detected only after they are decorated by 

multilayer (ML) deposition. Printability simulations have shown that pit/bump defects need to be less than 1 nm 

deep/high to be unprintable
[4]

. The fact that CMP has not yet been able to yield EUV substrates with low substrate defect 

counts highlights the challenges of polishing  quartz (Qz) which is undoped fused silica and low thermal expansion 

material (LTEM) or ultra-low expansion (ULE) glass which are both titania doped fused silica substrates. Cleaning the 

substrates to remove particles simply adds to the pit defect count, primarily as a result of the physical impact of 

megasonic-induced cavitation on the substrate surface
[5]

. Hence to mitigate substrate defects, there is an urgent need to 

investigate alternative techniques that can help solve the EUV substrate defectivity issue. We looked at some options 

based on processing either the substrates or coatings of vapor-deposited silicon films and inorganic metal oxides from 
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solution. These techniques have the potential to complement CMP find a route to obtain pit-, particle-, and scratch-free 

EUV substrates with a high enough yield to help pave the way to EUV mask blank commercialization.  

 

 

2. CURRENT SUBSTRATES: QUALITY AND ISSUES 
 

An analysis of ML deposited substrates at SEMATECH shows that blank defects larger than roughly 70 nm size are 

dominated by particles and ones smaller than 70 nm by pits and scratches. The defect ratio changes from 36% pits and 

scratches in the range of 100−150 nm to 90% pits and scratches in the range of 43−50 nm, indicating an exponential 

increase in defects arising from the substrate as defect size become smaller. Moreover most of these small pits and 

scratches do not show up during substrate inspection (at 40 nm SiO2 sensitivity) but become visible after being enlarged 

by ML deposition. This makes it more difficult to screen substrates with high defectivity until after the ML deposition, 

which negatively affects the yield of good mask blanks.  

 

 Average RMS 

roughness (nm) 

ML Defectivity 

@ 50 nm (scaled) 

Avg. increase in 

(pit+scratch) count after 

ML deposition @ 50 nm Substrate ML blank Scratches Pits 

Qz A 0.10 0.16 1y 1z 8x 

Qz B 0.07 0.13 1.3y 1.9z 10x 

 
Table 1: Effect of surface roughness on mask blank defectivity for two Qz substrates. 

 

The defectivity of substrates also seems to depend on the extent of polishing or the final surface roughness. The trend 

suggests that defectivity increases when the surface is polished to lower roughness levels. Table 1 shows that the ML 

deposition increases the surface root mean square (RMS) roughness by approximately 0.06 nm from the initial value. A 

blank with 0.13 nm RMS roughness has on average 30% more scratches and 90% more pits (at 50 nm SiO2 sensitivity) 

than a blank with 0.16 nm RMS roughness. Although these ML blank roughness values are close to the roughness 

specification of 0.15 nm RMS given by SEMI for the exposure tool
[6]

, they are far from the roughness levels needed for 

inspection tools (see Table 2). The Lasertec inspection tools require about 0.05 nm RMS values for 33 nm SiO2 

sensitivity
[7]

; these specifications will be even more stringent for smaller defects. Also, the blank roughness needed to 

meet the line edge roughness (LER) targets for the 16- and 22-nm nodes according to the International Technology 

Roadmap for Semiconductors (ITRS) is also 0.05 nm RMS
[8]

. It can be expected that achieving these lower roughness 

levels will further increase substrate defectivity. So current substrate polishing methods seem unable to simultaneously 

obtain both the roughness and defectivity specifications for mask blanks, which is an impediment to commercializing 

EUV lithography.  

 

 Roughness Specification Notes 

Exposure tool ≤ 0.15 nm RMS λspatial ≤ 10 µm 

Inspection tool ≤ 0.05 nm RMS For 33 nm sensitivity 

LER target ≤ 0.05 nm RMS For 22- and 16-nm nodes 

 
Table 2: ML blank roughness levels required to meet exposure, inspection, and LER specifications 

 

The defectivity levels shown in Table 1 are on undoped Qz substrates, and it is known that doping makes considerable 

changes not just to the coefficient of thermal expansion, but also to other material properties. We compared surface 

roughness and nano-indentation hardness values, measured using scanning probe microcopy, for doped and undoped 

substrates. For both suppliers, the doped (LTEM/ULE) substrates were slightly rougher and harder than the undoped 

(Qz) substrates. TiO2 doping increases material hardness, which in turn makes it more difficult to polish the doped 

substrates to the same roughness levels as Qz. The doped substrates also have higher incoming defectivity (by 40%) in 

terms of pits and scratches. Since doping lowers the removal rate and because pits and scratches are continuously being 

created and etched away during CMP, more pits and scratches are left on the doped substrates. Also, Qz substrates being 
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softer are likely to deform and absorb some of the excess pad pressure and form fewer pits and scratches. Moreover, 

doped substrates are more susceptible to pit creation by megasonic cleaning (almost double that of Qz) because of the 

greater sub-surface damage
[9]

 (SSD) induced on the harder material at the same CMP pressures. This implies that 

achieving a surface roughness of 0.05 nm RMS on LTEM/ULE substrates by CMP is going to be an even more difficult 

challenge than on Qz and hence, alternative techniques that can help come closer to both the roughness and defectivity 

requirements are urgently needed.  

 

 

3. ALTERNATIVE TECHNIQUES: DISCUSSION AND RESULTS 
 

More than 40 different techniques in the existing literature, some more mainstream than others, were examined for their 

capability to smooth defects,. Also prior work done at SEMAETCH on pit smoothing methodologies was revisited
[10]

. 

Since the surface finish and defectivity requirements for EUV mask blanks are far more aggressive than other current 

applications such as optical lenses or magnetic heads, most of the techniques did not qualify for EUV. We selected and 

classified the techniques based on materials that the semiconductor industry is already familiar with: current substrates, 

Si thin films, and Inpria inorganic resist coatings. Table 3 outlines the main categories, the materials, the technologies, 

and their advantages and disadvantages.  

 

Category Material Strategy Concept Technology Main Pros & Cons 

Substrate 

based 

options 

Qz/ 

ULE/ 

LTEM 

Process 

improve-

ment 

Alternative 

polishing 

technique 

MRF polishing 

 No normal forces, only shear 

 Less sub-surface damage 

X     Final surface quality (roughness) 

Photo-

induced dry 

etching 

Dressed-

photon nano-

polishing 

 Non-contact etching 

X     Self-limiting process 

X     Defectivity 

Mitigation 

and/or 

repair 

Reflow 

substrate 

surface 

CO2 laser 

polishing 

 Low surface damage 

X     Narrow process window 

X     Final surface quality (waviness) 

Silicon 

based 

options 

a-Si thin 

films 

Process 

improve-

ment 

CMP without 

using slurry 

particles 

Non-abrasive 

CMP of a-Si 

thin film 

 No abrasive slurry particles 

 Less likely to create pits/scratches 

X     Cleaning of a-Si layer 

Mitigation 

and/or 

repair 

Annealing 

induced 

migration 

Annealing of 

a-Si thin films 

 Low surface damage 

X     Narrow process window 

X     Final surface quality 

Inorganic 

coating 

based 

options 

Inpria 

smooth-

ing 

layer 

Mitigation 

and/or 

repair 

Deposit 

inorganic 

coating to 

smooth over 

defects 

Spin coating 
 Potential to smooth pits 

X     Defectivity 

Capillary 

coating 

 Potential to smooth pits and particles 

X     Defectivity 

Template 

smoothing 

 Replication of defect map 

 Champion plate can be template 

X     Uniformity, defectivity 

 
Table 3: Summary of the selected alternative techniques with their concept and advantages/disadvantages 

 

To qualify these alternative techniques, we needed to first determine the parameters for our evaluation. Three main 

parameters were chosen: (i) surface roughness, (ii) defectivity, and (iii) defect smoothing power. Smoothing power gives 

a numerical estimation of how much a particular defect has been smoothed; it basically compares the defect aspect ratio 
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(AR) before and after the smoothing process. Upon smoothing, both pits and particles will show a decrease in depth or 

height and an increase in their full-width half maxima (FWHM). The AR of the defect is defined as its FWHM divided 

by its depth or height. The smoothing power (SP) is defined as the ratio of the defect’s AR after and before smoothing. A 

SP of 1 therefore implies no smoothing, since the aspect ratio has remained unchanged; a SP of ∞ implies perfect 

smoothing, since the depth or height of the defect has been reduced to 0. Hence the higher the SP, the more effective the 

technique is in making the defects shallower and wider, thus making them less likely to print
[11]

. 

 

Aspect ratio (A.R.) = full width half maximum 

       depth or height 

 

Smoothing power (S.P.) = (Aspect ratio)post 

           (Aspect ratio)pre 

 

In the following section the principles behind the individual techniques and their evaluation results are discussed – 

starting with substrate-based techniques, followed by silicon-based and then inorganic coating-based techniques. 

 

 

3.1 SUBSTRATE BASED TECHNIQUES 

 

3.1.1 Dressed-photon nanopolishing 

 

Dressed-photon nanopolishing (DPNP) is a novel dry etching process that etches based on surface curvature
[12]

. In this 

technique, Cl2 gas is used as an etchant and a continuous wave (CW) laser (λ = 532 nm) is used as a light source to 

dissociate the Cl2. Since its photon energy is lower than the absorption band edge energy of Cl2 (λabs = 400 nm), 

conventional photo-etching over the entire substrate (fused silica) surface is avoided. However, when the substrate 

surface has nanometer scale protrusions, depending on its roughness, a strong optical near-field is generated at the edge 

of the protrusion
[13]

. Since the optical near-field has a steep spatial gradient, a higher molecular vibrational state is 

excited in the Cl2 molecule by a non-adiabatic photochemical reaction
[14]

. As a result, Cl2 is selectively photo-dissociated 

only over these protrusions and the activated Cl* radicals etch away the protrusions on the substrate. The advantage of 

this process is that it is self-limiting, since the etching will automatically stop when the surface becomes sufficiently flat 

so that the optical near-field disappears. This technique is also believed to work for pit-type defects, since the edge of the 

pit also appears as a surface protrusion to the etchant gas (Figure 1, left). This will tend to make the pits wide (flat) 

enough so that they are hopefully rendered unprintable. 

 

 
 
Figure 1: Schematic showing the principle of DPNP on substrate bumps and pits (left). AFM data showing that DPNP was able to etch 

a bump initially 4 nm high to < 1 nm on a LTEM substrate (right). 

 

One of the first results of this technique is shown in Figure 1 on the right, where a 4 nm high bump on a LTEM substrate 

was etched to 0.9 nm. Moreover, the average surface roughness of the LTEM surface decreased from 0.067 nm to 0.052 

nm. Further experiments are being conducted to evaluate the effect of DPNP on pit-type and other particle-type defects. 

This technique is particularly suitable to etch embedded or hard to remove particles caused by CMP on the substrate. 

Currently such particles can be removed only by aggressive cleaning, which also creates additional pits. 
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3.1.2 Magneto-rheological fluid (MRF) polishing 

 

MRF polishing is based on a magnetically-sensitive “smart fluid” that changes viscosity in milliseconds when exposed 

to a magnetic field
[15]

.  The MR fluid temporarily stiffens and conforms to the surface of the component being polished 

(Figure 2, right). This allows geometries of almost any shape to be polished easily and controllably. One of the 

advantages of MRF polishing is that the fluid is very stable and does not show wear like a traditional polishing tool; 

hence the first and last surfaces will be polished equally. Since the material removal rate does not change, the final 

output can be accurately predicted. Moreover, MRF can be numerically controlled with precision workstations and 

sophisticated computer algorithms to ensure that the polishing is deterministic and accurate
[16]

. This makes MRF 

particularly suited for achieving flatness specifications for EUV, and sub-50 nm peak-to-valley flatness has already been 

demonstrated on EUV substrates using MRF
[17]

. One distinct advantage MRF has over CMP is that the removal is based 

on a shearing mechanism and applies no normal load, thus eliminating any SSD to the material
[18]

. 

 

 
 
Figure 2: M1350 scans of (A) unpolished substrate and (B) MRF- polished substrate showing the characteristic grooves made by MRF 

polishing (left). Schematic showing the principle of MRF polishing (right, courtesy of QED Technologies). 

 

One Qz and one LTEM substrate were sent to QED Technologies, where different MRF polishing conditions were used 

on the substrates. MRF-polished plates were found to be inspectable on the Lasertec M1350 tool (a multi-beam 488 nm 

wavelength laser confocal mask inspection system with a 70 nm SiO2 sensitivity), although the characteristic grooves 

made by MRF polishing are clearly visible (Figure 2, left image B) as compared to a unpolished surface (Figure 2, left 

image A). A final CMP touching process would still be needed after MRF polishing to remove the grooves, but the 

advantage here is that the MRF polishing would remove the damaged layers from the previous polishing steps without 

creating additional SSD. Consequently, the subsequent CMP process would add fewer pits and scratches. Further work is 

underway to explore the potential of MRF polishing for achieving both roughness and flatness specifications. 

 

 

3.1.3 CO2 laser polishing 
 

Laser polishing of glass by surface remelting is similar to conventional flame polishing, but since a laser can be 

controlled more precisely than a flame, laser polishing results in better surface qualities. Due to the high absorption 

coefficient, CW CO2 lasers with a wavelength of λ = 10.6 μm are used
[19]

. The laser radiation is used to heat up the 

surface of the substrate, while making sure that evaporation is avoided, because otherwise material would be removed 

and a dent would be created. The temperature needs to be high enough to sufficiently reduce the viscosity of the glass to 

allow material to reflow from the peaks to the valleys. The most important process parameters are the interaction time 

and the intensity. The longer the interaction time and lower the intensity, the less roughness after laser polishing, but the 

longer the processing time
[20]

. Laser polishing has been shown to repair damaged fused silica optics by localized 

treatment
[21]

.  
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Figure 3: Average roughness with spatial wavelength for unprocessed and laser-processed Qz and LTEM substrates.  

 

One Qz and one LTEM substrate were tested at Fraunhofer Institute for Laser Technology. The substrates were 

preheated to ~1000°C, and then exposed to a CO2 laser to achieve temperatures of 2100°C, 2000°C, and 1900°C in the 

interaction zone of the laser beam and the material, as measured by a pyrometer. It was found that the micro-roughness 

(λspatial < 100 µm) was not affected, although the waviness (λspatial > 100 µm) increased considerably (Figure 3). More 

experiments will be done with lower processing temperatures to determine whether the increase in waviness can be 

reduced to acceptable levels. 

 

 

3.2 SILICON THIN FILM BASED TECHNIQUES 

 

3.2.1 Non-abrasive CMP of a-Si thin films 

 

Most pits and scratches on the substrate are believed to arise from the abrasive slurry particles used in CMP
[22]

. These 

particles get trapped between the surface irregularities of the polishing pad and the substrate and the excess local 

pressure causes them to dent or scratch the substrate. One way to remove the pits and scratches is to not use slurry 

particles. Currently, there is no CMP technique to polish silica substrates without slurry particles. Recently a non-

abrasive CMP process for polishing poly-Si was developed at Clarkson University, which uses only a polymer to polish 

the material
[23]

. We decided to apply the same CMP process to polish a-Si thin films, which can be deposited on EUV 

substrates using the current ion-beam deposition (IBD) tools used to deposit the MoSi multilayers. The idea would be to 

clean the substrate of any particle-type defects, deposit a thin (i.e., 50-100 nm thick) a-Si film, and then CMP the a-Si 

layer down below the depth of the largest pit decorated from the substrate. The key is not creating any new pits and 

scratches in the polymeric CMP process. The post-CMP cleaning of the a-Si layers is similar to the current ML blank 

cleaning methodologies.  

 

The mechanism of CMP removal is based on using a polymer such that the Si-Si bond is weaker than the bonds made by 

the polymer with the Si surface and with the polishing pad. In the process, polymer molecules bind to the a-Si surface 

and are pulled by the polishing pad with the help of a bridging attraction
[24]

. Among the average bond energies of silicon 

with several different atoms, the Si-Si bond is the weakest. Hence, the underlying Si-Si bonds are more easily broken 

than the binding between the polymer and the pad as well as the Si-N/Si-O bonds formed between the surface atoms of 

a-Si and the end atoms of polymer
[25]

. They are the first to rupture under the applied pressure and shear of the CMP 

process, removing a significant amount of a-Si (Figure 4, left). 
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Figure 4: Schematic showing the removal mechanism of Si by polymer-based CMP (left). Chart showing final RMS roughness and 

corresponding removal rates for different polishing pad pressures (right). 

 

All the initial experiments were done on 8” Si wafers coated with 1 µm thick a-Si thin film obtained from WRS 

Materials. The first challenge was to see whether the polymeric CMP could reach the surface roughness levels needed 

for EUV substrates. The polymer used was polyethylene-imine (PEI), and the following process parameters were varied: 

polishing pad (IC 1000, Politex), pad pressure (0.25 to 1.0 psi), rotation speed (15/15, 60/60 rpm), and polishing time 

(1–5 minutes). It was found that the final surface roughness depended most strongly on the pad pressure (Figure 4, 

right). Higher pad pressures produced greater surface roughness but also faster removal rates, while lower pressures 

produced a better surface finish but with slower removal rates. The optimal process was found to consist of initially 

polishing at 1 psi pressure to remove sufficient material thickness and then lowering the pressure to 0.5 psi to smooth the 

surface. Any lower pressure led to process instabilities. A surface roughness of sub-0.1 nm RMS was achieved using this 

process. The next step will be to transfer this CMP process to a-Si thin films coated on EUV substrates and evaluate the 

roughness and defectivity on the surface.  

 

 

3.2.2 Annealing-induced Si migration 

 

Silicon surface migration under suitable annealing conditions is known to lower the chemical potential associated with 

the curvature of a surface, which results in atomic level smoothing of surface asperities
[26]

. The surface roughness of 

polished Si(110) wafers was shown to reduce from ~0.21 down to ~0.05 nm RMS on high-temperature annealing in Ar 

atmospheres with H2 as the cooling gas
[27]

. The migration rate depends exponentially on temperature, while the total 

amount of migration is related to the product of the annealing temperature and time. The idea is to deposit a thin a-Si 

thin film on EUV substrates using the current IBD tools used to deposit MoSi multilayers and then anneal the substrate 

to reflow the a-Si surface just enough to smooth out any bumps or pits on the surface.  

 

 
 

Figure 5: Chart showing RMS roughness values of annealed a-Si coated wafers for different temperatures and times. 
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This work was done in collaboration with researchers at Stanford University. Five 100 nm a-Si deposited 4” Si wafers 

obtained from Hionix were annealed at 1100 
○
C in 10 Torr of H2 for times ranging from 4 to 64 minutes. The roughness 

before annealing ranged from 0.15−0.25 nm RMS. After annealing, the roughness increased significantly in the center of 

the wafer (~8 nm RMS) while it remained low at the edge, indicating that the a-Si thin film was flowing and 

accumulating in the center of the wafer (a sign that the annealing conditions were too aggressive). The wafers were then 

exposed to five different annealing temperatures between 850-1100 
○
C for 16 minutes each. The roughness post-

annealing was still too high, but did come down to ~2 nm RMS for a temperature of 850 
○
C, as evidenced by the surface 

morphology (Figure 5). Further experiments are underway to test lower temperatures at which the roughness would not 

increase but any pits or bumps would still be smoothed.  

 

 

3.3 INPRIA COATING BASED TECHNIQUES 

 

Inpria inorganic metal oxide thin films can be coated from solution and form atomically dense and smooth films upon 

baking at a certain temperature
[28]

. They easily pass the vacuum outgassing tests and are used as resists for EUV 

lithography. Last year, 16 nm half pitch line and space patterns were demonstrated on these resists using EUV 

exposure
[29]

.  

 

One known issue with the Inpria solutions is their high particle counts. Currently the solution particle levels (~45,000 

spin coated over 132x132 mm
2
) are much higher than the particle levels of the de-ionized water used in cleaning. 

Initially the coating solution was prepared at concentrated levels and later diluted to achieve a suitable film thickness. 

Later, when the solution was prepared directly at the required dilution the particle counts showed a 30-fold drop. This 

indicated that the preparation method, dilution and possibly shelf life impact the defectivity. The solutions are currently 

made from store bought chemicals and not filtered. It is believed that sub-50 nm filtration will bring the defectivity to 

tolerable levels for EUV. We used an aluminum-oxide based solution
[30]

 and evaluated two different coating 

techniques—spin coating and capillary coating—for their roughness and smoothing power only, while keeping in mind 

that the defectivity must be reduced for the technique to be feasible. 

 

3.3.1 Inpria spin coating 

 

The AlO-based  resist solution was spin-coated on a HamaTech feasibility tool and subsequently baked on a hot plate. In 

spin coating the smoothing power depends on the coating thickness, which can be controlled by the spin coating speed. 

For an 8 nm thick coating, the smoothing power was 1.65, and for a 70 nm coating, the smoothing power was 5.5. For 

comparison, the typical smoothing power for a 350 nm thick MoSi film stack deposited in the IBD tool is about 2.3
[31].

  

 

 
 
Figure 6: High resolution energy dispersive cross-section image of AlO-based coating (left). Chart showing the decrease in depth and 

increase in FWHM for 4 pit-type defects upon spin coating (right). 

 

Smoothing power was determined by taking AFM pre-/post-scans on selected pit defects. Four punchmarks were made 

in a diamond shape at a distance of 5 µm from the defect. First 6x6 µm
2
 scans were taken to determine the defect 
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location relative to the pointed edges of the punch mark. Then zoomed-in scans of the defects were taken, which enabled 

their depth/height and FWHM to be determined. The same procedure was repeated after spin coating while checking the 

pre-scan to ensure the same defect (location) was being analyzed. The chart in Figure 6 (right) shows the pre-/post-depth 

and FWHM of four pit-type defects. It can be seen that the depths (in blue) decreased and the FWHMs (in red) 

increased. The average SP calculated for these defects is 5.5. High resolution transmission electron microscope (TEM) 

cross-section images were taken to determine the thickness of the coating. Figure 6 (left) shows the energy dispersive 

spectroscopy micrograph of the coating cross-section, indicating that the coating is aluminum-oxide-based.  

 

Although spin coating works well for pits, it is expected to leave radial comet-like tails for particles during smoothing. 

Also the final surface roughness, smoothing power, and coating thickness are interrelated; slower spin speeds are 

expected to produce thicker coatings and better smoothing, but also increase the surface roughness. Further experiments 

are underway to determine the optimal conditions for spin coating and to reduce the defectivity of the solution.  

 

 

3.3.2 Inpria capillary coating 

 

Capillary (or meniscus) coating is a novel technique based on the principle of the capillary effect
[32]

. The coating 

thickness and finish mainly depend on the surface energy at the interface of the coating liquid and the substrate surface. 

In capillary coating, the solution from a reservoir rises up between two parallel sheets due to capillary forces and flows 

up out of the nozzle (Figure 7, left). The substrate surface to be coated is placed a fraction of a millimeter above the 

nozzle and translated horizontally relative to the nozzle. When the meniscus atop the nozzle intersects the substrate, the 

solution attaches to the substrate surface by capillary forces, depending on surface wettability. As the relative motion 

continues, a thin film becomes entrained on the surface
[33]

. The fluid dynamics that control the entrained film thickness 

are similar to those for dip coating, and controlling the way the film dries after it is applied is an essential step in 

ensuring film uniformity. A distinct advantage of capillary coating is its efficient use of the fluids. It provides nearly 

100% utilization of a coating solution, and with in-line filtration its lifetime is extremely long. Unlike spin coating, it has 

the potential to uniformly smooth both pit and particle defects as well as produce more controllable coatings.  

 

 
 

Figure 7: Schematic of capillary coating technique (left, courtesy of Itochu). Chart showing defect depth/height before and after 

capillary coating for selected pits and particles (right).  

 

Capillary coating was evaluated on a cap coating tool made by Hirano Tecseed Co., Japan, using the capillary coating 

technology licensed from HamaTech, Germany. The chart in Figure 7 (right) shows the depth/height before and after 

capillary coating for specific defects. The three pits are highlighted by a green box. Capillary coating seems to cover up 

particles up to ~28 nm high for an 83 nm thick coating. A value of 0 indicates that the defect was not found in the 6x6 

µm
2
 AFM post-scan, either because the defect was sufficiently smoothed or because the particle somehow moved from 

its initial location during processing. The average smoothing power calculated for only those defects that could be 

accounted for before and after with any doubt (and excluding pit #146, infinite) was determined to be ~8.2. The RMS 

roughness went from 0.08 nm on the substrate to 0.14 nm on the coated metal oxide film. More experiments are planned 

to determine the optimal process conditions that would provide the maximum smoothing with the least increase in 

surface roughness.  
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4. SUMMARY 
 

The current substrate polishing processes appear unable to simultaneously reach the roughness and defectivity levels 

required for the commercialization of EUV lithography. Polishing LTEM/ULE substrates is more challenging than Qz 

substrates because of the doping and other related factors. We have investigated alternative techniques based on 

substrate, silicon thin film, and inorganic metal oxide coating by evaluating roughness, defectivity, and substrate 

smoothing for each technique. CMP is still the best mainstream method currently available with respect to overall 

process integration, but it can potentially be used in combination with the above techniques to get down to the required 

specifications. For example, it can be used in combination with MRF polishing to reduce the extent of sub-surface 

damage, or it can be used in combination with DPNP to etch embedded or hard to remove particles. Further work is 

required to refine the current techniques; evaluate their defectivity, roughness, and smoothing; and verify final proof of 

concept by obtaining printability data on the actinic inspection tool. 
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ABSTRACT 

This paper reviews recent progress of nanophotonic 
device using self-assembled quantum dots (QDs). We 
developed a self-assembly method that aligns 
nanometre-sized QDs into a straight line along which 
photonic signals can be transmitted by optically near-field 
effects. 

1. INTRODUCTION 
Innovations in optical technology are required for the 

development of future information processing systems, 
which includes increasing the integration of photonic 
devices by reducing their size and levels of heat 
generation. To meet this requirement, we proposed 
nanophotonic signal transmission (NST) devices that 
consist of semiconductor quantum dots (QDs) [1,2]. These 
NST devices operate using excitons in QDs as the signal 
carrier, due to optical near-field interactions between 
closely spaced QDs. The exciton energy transfers to 
another QD when the exciton energy levels are resonant 
and, therefore, the optical beam spot may be decreased to 
be as small as the QD size. To produce the NST device, a 
new technique is required for positioning and alignment of 
QDs with precise separation. 

2. SELF-ASSEMBLY OF QDs ALONG DNA 
Figure 1 illustrates our approach for the development of 

a self-assembling NST device with angstrom-scale 
controllability in spacing among QDs using silane-based 
molecular spacers and DNA [3]. First, ZnO QDs 5 nm 

diameter in diameter were synthesized using the Sol-Gel 
method [4]. Then, the surfaces of QDs were coated with 
a silane coupling agent 0.6 nm in length. The function of 
the agent is to maintain the spacing between QDs, and 
to be adhesive to anionic DNA, due to its cationic nature. 
We used λ DNA (stretched length = 16 µm) as a 
template, and when the QDs are mixed, the QDs are 
self-assembled onto the DNA by electrostatic 
interactions. Dense packing of the ZnO QDs along the 
DNA was obtained, as shown by transmission electron 
micrography (TEM) (Fig. 2(a)). The separation between 
QDs (S) was determined by TEM and shown to be 1.2 
nm, which was in good agreement with twice the length 
of silane coupling agents (Fig. 2(d)). Such a high density 
of packing, despite the electrostatic repulsion between 
ZnO QDs, was due to the quaternary ammonium group 
of the silane coupling agent [3]. 
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Fig. 2 TEM analysis of fabricated ZnO QDs. 

(a) Typical TEM pictures of the ZnO QDs. (b) 
and (c) Schematic of QD alignment. (d) ZnO QD 

diameter distribution. 

MEET3 - 3
Invited

ISSN-L 1883-2490/18/1189 © 2011 ITE and SID IDW ’11       1189



3. NEAR-FIELD ENERGY TRANSFER ALONG THE QD 
CHAINS 

To observe the optical properties of the aligned ZnO 
QDs, the DNA with QDs was stretched and straightened 
on the silicon substrate using combing technique [5], 
where the silicon substrate was terminated with silane 
coupling agent and the anionic DNA was adsorbed on the 
cationic silicon substrate. We obtained the isolated chain 
of ZnO QDs (see Fig. 3(a)). From the polarization 
dependence of photoluminescence (PL) at a wavelength 
of 350 nm (Fig. 3(b)), corresponding to the ground state of 
5-nm ZnO QDs, the strong PL emission was obtained by 
excitation of parallel polarization along the QD chains (E0). 
Previous studies on the excitation polarization 
dependence of nanorods [6] indicated that the PL under 
parallel excitation (E0) is much greater than that under 
perpendicular polarization (E90), due to the absorption 
anisotropy. Similar polarization dependence was 
observed in our chained structure. It is possible that the 
dipoles between adjacent QDs are coupled with optical 

near-field interaction, and QD chains have large dipolar 
strength (see Fig. 3(b)), indicating that they act as an 
NST device along the chained QDs. 

 

4. SUMMARY 
As optical near-field energy can transmit through the 

resonant energy level, NST devices have a number of 
potential applications, such as wavelength division 
multiplexing using QDs of different sizes. 
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Fig. 3 TEM analysis of fabricated ZnO QDs. 

(a) Stretched ZnO QD chain along the λ DNA. (b)
Incident light polarization dependence of PL
intensity. A 4th-harmonic, Q-switched Nd:YAG
laser (λ = 266 nm) was used to excite the ZnO 
QDs. θ: Polarization angle with respect to the
direction along the QD chains. 
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Summary 
To break through the diffraction limit and achieve novel functionalities and energy 
saving at a smaller scale, a deeper understanding of light–matter interactions on the 
nanoscale is indispensable. Here we demonstrate nanophotonic systems exploiting 
localized and hierarchical optical near-field processes on the nanoscale.  
 
Introduction 

Conventional optical sciences and technologies are based on light propagation in 
a medium. As a result, it is generally impossible, for example, to shrink the size of an 
optical light spot beyond the diffraction limit imposed by the wave properties of 
propagating light. Also, the functional behavior of propagating light is quite limited. 
Therefore, it is fundamentally important to shift the physical fundamentals from 
propagating light to nanometer-scale light–matter near-field interactions [1]. By 
treating the optical near-field as a quasi-particle called a dressed photon, meaning 
that photon is dressed by material excitations on the nanoscale [1], optical near-field 
interactions provide unique physical processes, such as optical energy transfer 
involving energy levels that are optically forbidden conventionally and hierarchical 
properties. These phenomena cannot be achieved or even explained based on 
propagating light. We demonstrate nanophotonic systems, both theoretically and 
experimentally, by exploiting these unique optical near-field processes on the 
nanoscale in order to extract added-value or novel functionalities, as schematically 
shown in Fig. 1. 
Nanophotonic System Based on Localized Energy Transfer 

Optical near-field interactions associated with nanoscale materials, such as 
quantum dots, are described by a Yukawa-type potential. This picture has revealed 
that the interaction between two quantum dots via optical near-fields, even though it 
involves dipole-forbidden energy levels, results in unidirectional energy transfer by an 
energy dissipation process occurring in the larger dot [1,2] (Fig. 1(a)). For 
system-level applications, various signal processing functions, such as logic gates, 
summation, and broadcast, have been demonstrated [2-4]. It should be noted that 
the lower bound of the energy dissipation required in such localized energy transfer is 
about 104 times lower than the bit flip energy in an electrically wired device [5]. Also, 
we investigated efficient and modulatable optical energy transfer in 
multiple-quantum-dot structures by introducing a network of optical near-field 
interactions. With a density-matrix–based formalization of inter-dot optical near-field 
interactions, our theoretical approach reveals efficient, robust, and modulatable 
optical energy transfer and shows good agreement with experimental observations 
[6,7]. 
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Nanophotonic System Based on Hierarchy in Optical Near-Field 
Optical near-field interactions at the nanoscale are scale-dependent, or 

hierarchical, meaning that interactions behave differently depending on the physical 
scale involved [8]. We have developed the theoretical basis of part of this behavior 
based on angular spectrum analysis [9] (Fig. 1(b)). In addition, optical near-fields 
could behave differently depending on the nanostructures involved, while keeping the 
macro-scale optical response functions constant. We experimentally demonstrated a 
“hierarchical hologram” based on this principle, where three-dimensional images are 
observed in the far-field, while including hidden information by engineering the shape 
of the hologram on the nanoscale, information which is only retrievable via optical 
near-fields [10].  
Conclusions 

We have been demonstrating nanophotonic systems based on localized and 
hierarchical optical near-field processes, which are unachievable with conventional 
propagating light, to implement novel functionalities. Together with further theoretical 
[1,9] and experimental advancements [2] of light–matter interactions on the 
nanoscale, we seek to further advance nanophotonic systems.  

 
Fig. 1. Nanophotonic system based on optical near-field processes: (a) Systems based on energy 

transfer between quantum nanostructures via optical near-field interactions and (b) systems based on 
hierarchical properties of optical near-fields  
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Motivation: Transparent polycrystalline ceramics
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Polishing: Transparent polycrst. ceramics

Present process
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Laser assisted sputtering
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Cross sectional profiles
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Requirement of ultra flat surface with Ra<1A 
for the reduction of scattering loss

Motivation

Ultra-flat sub. with sub-nm roughness: 
High Power,  fs pulse, EUV, HDD, etc…

Cavity mirror
Beam expander
Beam splitter

Lens and mirror etc…

EUV exposure system

http://www.euva.or.jp/
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Chemical-Mechanical polishing
lower limit of Ra ~ 2A
Pad roughness ~ 10m

Mechanical polishing

Galileo Galilei
1564- 1642
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Realization of ultra-flat silica surface using near-field etching

Cl2 is selectively photodissociated at the protrusions
The activated Cl atoms etch away the protrusions
NF etching automatically stop when the substrate become sufficiently flat
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Time dependence of average Ra
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In situ real-time monitoring of changes in surface roughness
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Time dependence of the scattered light intensity

T. Yatsui et al., Nanotechnology 21, 355303 (2010)
http://nanotechweb.org/cws/article/lab/43766
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Near-field etching on nano-wall substrate
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Near-field etching on nano-wall substrate
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Near-field etching on nano-wall substrate

T. Yatsui,  et al., Appl. Phys. B, 103, 527 (2011)
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Concluding remarks on nanophotonic fabrications

Applicable to various
structure: convex & concave
lens, hollow structure, etc…
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Emission from a dipole-forbidden energy state in ZnO 

quantum dots induced by the near-field interaction 
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To reduce the size of photonic devices below the diffraction limit, we have proposed 

nanophotonic devices1 that consist of semiconductor quantum dots (QDs). In a nanophotonic 

device, the dipole-forbidden energy-transition2 can reduce the size of device beyond the 

diffraction limit of light and achieve the unidirectional energy transfer, which is unattainable 

in conventional photonic devices. The dipole-forbidden energy transition originates from an 

exchange of the virtual photons between the resonant energy states. The use of virtual photons 

activates dipole-forbidden energy state. Although emission from the dipole-forbidden energy 

state cannot be detected in the far field, it can be utilized when the nanoparticle and detector 

are in close proximity. Here, we report direct observation of emission from an optically 

forbidden level in ZnO QDs using the near-field interaction induced by a fiber probe. 

ZnO colloidal QD was synthesized using sol-gel method3. The average diameter of 

fabricated ZnO QD was 4 nm. The synthesized ZnO QDs were dispersed uniformly over a 

sapphire substrate. The red open circles in Fig. 1A and the blue open circles in Fig. 1B 

represent the far-field and near-field spectra which were obtained with the probe-to-sample 

distance of 6 m and 5nm, respectively. 

To observe the changes between far- and near-field spectra, we considered the quantized 

energy levels in ZnO QDs. QDs synthesized by the sol-gel method are known to be spherical, 

although the crystalline structure of ZnO QDs is wurtzite 4. In the present study, the QD shape 

was assumed to be spherical with radius R, and the quantized energy levels were calculated as 

3.423 eV (E1, dipole-active state), 3.4780 eV (E2, dipole-forbidden state), and 3.551 eV (E3, 

dipole-active state), respectively5. Using these energy values, we fitted the PL spectra using 

Lorentzian functions, shown as solid red, blue, and green lines, respectively, in Figs. 1A and 

1B. The fitted profiles were used to determine near/far ratios, i.e., the ratio between the peak 

intensities of each near/far spectrum (Table 1). The peak intensity of E2 increased drastically 

as the fiber probe approached the ZnO QDs, whereas the peak intensity of E1 remained 

constant. The increase in the peak intensity of E3 was due to the higher excitation photon 

energy of 3.81 eV. 
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In conclusion, we achieved direct 

observation of emission from an optically 

forbidden level in ZnO QDs. By introducing 

a near-field fiber probe in close proximity to 

the QDs, we observed increased emission 

intensity from the dipole-forbidden. Because 

the decay time of the dipole-forbidden state is 

longer than that of the dipole-active state by 

106, the dipole-forbidden state can be used to 

realize novel devices such as optical buffer 

memory, and signal-transmission devices. 
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Fig. 1. Far-field (A, red open circles) and 
near-field (B, PL spectra of ZnO QDs). The 
respective separation between the fiber and ZnO 
QD was (a) 1 m and (b) 5 nm, respectively. 
 
Table 1 The ratio between near-field and far-field 
intensity. 

Far
(Fig. 1A)

Near
(Fig. 1B)

Near/Far ratio

E1 0.78 0.72 0.92 

E2 0.12 0.31 2.58 
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Preface

The goal in nanotechnology is to make high-performance nanodevices. For nan-
odevice fabrications, novel bottom-up approach, fabricating devices and systems
by hierarchical assembly or controlled growth of nanoscale materials, has attracted
tremendous interest. Because this bottom-up method allows single-crystalline
nanostructure growth on a variety of substrates, the bottom-up method has been
used to prepare high-quality nanomaterials even on amorphous glass, plastic, and
graphene substrates. In the bottom-up approach, one-dimensional (1D) semicon-
ductor nanostructures, including nanorods, nanowires, nanobelts, and nanotubes,
are vital components for fabricating optoelectronic and photonic nanodevices. In
particular, 1D semiconductor nanostructures such as nanowires, nanorods, and
nanotubes open up significant opportunities for the fabrication of high-performance
optoelectronic nanodevice. For the fabrication of high-efficiency optoelectronic
devices including light-emitting diodes (LEDs) and solar cells, 1D heteroepitaxial
nanostructures with well-defined crystalline interfaces must be essential building
blocks since embedding quantum structures in individual nanostructures would
enable novel physical properties such as quantum confinement to be exploited,
such as the continuous tuning of spectral wavelength by varying the well thickness.
Sophisticated optoelectronic nanodevices can be readily fabricated by composition
and doping controls of semiconductor nanostructures. Furthermore, nanodevices
based on vertically ordered 1D nanostructures permit extremely small size and
ultrahigh density. Here, this book introduces the current status of semiconduc-
tor nanostructures for optoelectronic devices and outlines the processing and
characterizations of semiconductor nanostructures and their optoelectronic device
applications.

In Chaps. 1–6, current research activities related to the synthesis of 1D semi-
conductor nanostructures by various growth methods and their optoelectronic
device applications are reviewed. Chapter 1 provides an overview of vapor–
liquid–solid growth process, which has widely been employed for preparation of
semiconductor nanowires. Using this technique, Si, Ge, GaAs, InP, GaP, ZnO,
and GaN nanowires have been synthesized and several nanodevices including

v



vi Preface

p–n junction semiconductor nanowire LEDs and solar cells have been fabricated.
In Chaps. 2 and 3, catalyst-free metal-organic vapor phase epitaxy to prepare high
purity semiconductor nanostructures is introduced. Here, the processes to control
positions, conductivities, and compositions of nanostructures for fabricating coaxial
nanostructure LEDs are also described. Chapter 4 describes synthesis methods and
characteristics of AlN nanostructures for UV optoelectronic device applications.
Chapter 5 reviews the research progress on the controlled synthesis of a wide variety
of nanowire heterostructures such as branched heterostructures, which includes
solution phase and template-based methods. Meanwhile, the semiconductor nanos-
tructures can be hybridized with graphene, which has recently been attracting much
attention as a novel nanomaterial system for flexible optoelectronic devices as
details are described in Chap. 6.

In Chaps. 7 and 8, structural and optical characterizations of semiconductor
nanomaterials and nanostructures are reviewed. Chapter 7 introduces research on
structural properties of ZnO and GaN nanostructures using X-ray absorption fine
structure. As described in Chap. 8, optical properties of semiconductor nanostruc-
tures were investigated using luminescence characterization techniques, which are
nondestructive, nonintrusive, and sensitive to the presence of defects or impurities
in nanomaterials.

The last three chapters describe nanodevice applications of 1D semiconductor
nanostructures. In Chap. 9, lasing characteristics of single and assembled nanowires
are reviewed. Chapter 10 introduces near-field optical evaluation and the use of
nanorod quantum structures for nanophotonic devices such as a nanophotonic
gate. Finally, Chap. 11 presents the overview of nanowire solar cell studies, and
integration strategies for practical device applications.

This book entitled “Semiconductor Nanostructures for Optoelectronic Devices –
Processing, Characterization and Applications” is being introduced to review the
recent works in the field of 1D nanomaterials and their optoelectronic device
applications. Each chapter is written by leading scientists in the relevant field.
Thus, I hope that high-quality scientific and technical information is provided to
students, scientists, and engineers who are, and will be, engaged in fabrications of
semiconductor nanostructures and their optoelectronic device applications.

I extend my acknowledgment to Dr. Claus Ascheron of Springer-Verlag for his
guidance and suggestions.

Seoul Gyu-Chul Yi
Republic of Korea
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