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Abstract Using DCM dye grains and light of different
wavelengths generated by two CW laser diodes that oscillate
in the near-infrared wavelength region, visible light emis-
sion from dye grains due to near-infrared excitation based
on a nonadiabatic, nondegenerate excitation process was ob-
served for the first time. Unlike sum-frequency generation
with nonlinear polarization, the difference in polarization
angles of the two beams did not affect the emitted light in-
tensity. Optical sampling based on this nonadiabatic, nonde-
generate excitation principle was demonstrated for the first
time. The optical pulse shape in the wavelength band of
A =1250-1350 nm, which is close to the wavelength range
used for optical fiber communications, was measured with
a temporal resolution of 0.8—1.1 ps.

1 Introduction

There is much demand for optical pulse measurement in
the near infrared region at wavelengths of about 1-1.5 pm,

H. Fujiwara (BJ)

Central Research Laboratories, Hamamatsu Photonics K.K.,
Hirakuchi 5000, Hamakita-ku, Hamamatsu 434-8601, Japan
e-mail: fujiwara@crl.hpk.co.jp

Fax: +81-53-585-0673

T. Kawazoe - M. Ohtsu

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

T. Kawazoe - M. Ohtsu

Nanophotonics Research Center, Graduate School of
Engineering, The University of Tokyo, 2-11-16 Yayoi,
Bunkyo-ku, Tokyo 113-8656, Japan

which includes optical pulses used in optical fiber commu-
nication and pulses from fiber lasers that oscillate in the
near infrared region [1-3]. However, the measurement is not
easy because there is no photodetector with a high enough
sensitivity and a high temporal resolution for this wave-
length region. In order to measure optical pulse shapes in the
picosecond/femotosecond regime in this wavelength band,
sum-frequency generation (SFG) with nonlinear crystals can
be used to convert light of a certain wavelength to a shorter
wavelength, whose intensity can then be measured with a
photodetector that is sensitive to visible light [4-7]. Because
the temporal resolution is determined by the width of the
sampling pulse, a high temporal resolution can be obtained
by using a short laser pulse. With this method, however,
the signal beam (beam to be measured), the sampling beam,
and the converted beam (to a short wavelength) must satisfy
phase matching conditions [8—11]. As aresult, depending on
the wavelength of the beam to be measured, it is necessary
to provide an optical element for polarization control, such
as a wavelength plate, to adjust the incident angle to nonlin-
ear crystals; therefore, this method may not be suitable for
measuring beams with a wide wavelength band or exhibiting
polarization dependence.

In our past research, we have succeeded in generating
visible light through nonadiabatic excitation of dye grains
using near-infrared light [12, 13]. These dyes are transpar-
ent to near-infrared light; however, individual protrusions
on the dye grains serve as sources of optical near-fields.
The energy of these optical near-fields is transferred to dye
grains in the vicinity, and their dye molecules are nonadia-
batically excited to a vibrational state of higher energy with
the aid of the phonon energy in the grains (Fig. 1). Be-
cause this intermediate excited state (| Eg; el) Q) |E4; vib))
is a real energy state, excitation to an even higher energy
state (| Eex; el) @ | Ep; vib) or |Eg;el) @ |Ec; vib)) is pos-
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Fig. 1 Illustration explaining the origin of the visible light emission
by a two-step process based on the nonadiabatic excitation induced by
an optical near-field

sible with the subsequent transfer of the optical near-field
energy. Eventually, the dye molecules are excited to an elec-
tronic excited state (| Eex; €l) Q) | Eem; vib)), generating vis-
ible light.

It has been speculated that nonadiabatic excitation is pos-
sible even if the excitation beam used to cause excitation
to this intermediate excited state (indicated as Ist step in
Fig. 1) and the second excitation beam (2nd step) differ from
each other in terms of wavelength, etc. (i.e., mutually non-
degenerate). Also, because the energy of the intermediate
excited state is greater than the thermal energy, which is de-
termined by the sample temperature, it cools to a lower en-
ergy state; however, in the case of dye grains, the amount of
time that the dye molecules maintain the energy difference
E1-E2 (defined as the lifetime of the intermediate excited
state, ), where E1 is the energy needed for excitation to
the electronic excited state (i.e., the origin of light emission)
and E2 is the light energy needed for the second excitation
from the intermediate excited state, has been experimentally
shown to be extremely rapid, at about 2 ps or less [13].

By exploiting this phenomenon, assuming the signal
beam to be the beam for the first excitation, the sampling
beam to be the beam for the second excitation, and visi-
ble light emission of the dye to be the resultant sampling
signal, optical measurement with a temporal resolution of
2 ps should be possible. This optical measurement method
does not use nonlinear polarization with polarization depen-
dence but makes use of the vibrational level of molecules
with a continuous energy distribution as an intermediate ex-
cited state. Therefore, an optical measurement device with a
simple optical system, free of polarization dependence, and
with a wide measurable wavelength band should be possible.
In this paper, we reveal the existence of a nonadiabatic ex-
citation process induced by mutually nondegenerate beams,
and we discuss the potential application of this excitation
process to optical pulse-shape measurement.
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2 Nonadiabatic excitation and light emission
with two nondegenerate beams

Using the dye 4-dicyanomethylene-2-methyl-6-p-dimethyl-
aminostyryl-4H-pyran (DCM), dye grains were obtained by
dispersing DCM powder in ethanol solution, placing the so-
lution in quartz cells, and evaporating the solution. The size
of dye grains is distributed between 10 nm and several mi-
crons. The resulting thickness of dye grains in the quartz
cells was 1 mm. DCM has an absorption edge wavelength of
about 560 nm and does not absorb near-infrared light in the
wavelength range of about 750-1350 nm [14]. However, our
previous research has shown that, by irradiating the dye with
near-infrared light at wavelengths of about 750-808 nm, the
dye molecules are nonadiabatically excited, generating visi-
ble light at wavelengths of about 650-700 nm [12].

Using two laser diodes that generated two beams of dif-
fering wavelengths as excitation light sources, the emitted
light intensities obtained by irradiating the dye grains with
the generated CW beams simultaneously or separately were
measured and compared. The properties of the first beam
(referred to as “signal beam” hereafter) were: wavelength
A1 = 1150 nm; intensity lex(1150) = 0.55-2.28 W /cm?; and
linear polarization. The properties of the second beam (re-
ferred to as “sampling beam” hereafter) were: wavelength
A2 = 808 nm; intensity lex(gog) = 2.0-19.9 W /cm?; and el-
liptical polarization. Emission spectra of the dye grains were
measured using a CCD linear image sensor with a spectrom-
eter (C10027-02 Hamamatsu Photonics KK).

The emission spectra are shown in Fig. 2a. The broken-
line curve indicates the emitted light intensity, /1159(A), ob-
tained when the signal beam alone was radiated. The dotted-
line curve indicates the emitted light intensity, Igpg(2), ob-
tained when the sampling beam alone was radiated. The
solid curve indicates the emitted light intensity, /11504808 (1),
obtained when the two beams were radiated simultaneously.
The value of I1150(1) was small, approximately equivalent
to the noise level of the detector; nonetheless. The value of
I1150+808(A) was larger than the sum of the emitted light
intensities obtained by separately radiating the signal beam
or the sampling beam, i.e. I1150(%) + Igog(A). This result
suggests that there is an excitation process induced by the
simultaneous radiation of the signal beam and the sampling
beam. The triangles in Fig. 2b show the relationship between
the emitted light intensity I1150(A) at A = 680 nm (i.e.,
I1150(680)) and the excitation light intensity lex(1150) (Sig-
nal beam intensity). Similarly, squares show the relationship
between the emitted light intensity Igpg(A) at A = 680 nm
(i.e., Ig03(680)) and the excitation light intensity lex(gos)
(sampling beam intensity). Because the values of 111509(680)
were small, being approximately equivalent to the noise
level of the detector, the relationship between /1150(680) and
Iex(1150) 1s not clear. On the other hand, Igg(680) was pro-
portional to exgog) under weak excitation and proportional
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Fig. 2 a Emitted light spectra of visible light emission from the
DCM dye grains due to near-infrared excitation. Wavelength region
greater than A = 685 nm is not shown due to optical attenuation by a
short-pass filter used for eliminating stray light. The broken-line curve
is the result for irradiation with the signal beam only (signal beam in-
tensity Jex(1150) = 0.55 W/cmz). The dotted-line curve is the result
for irradiation with the sampling beam only (excitation beam inten-
sity Iex(gog) = 19.9 W/cmz). The solid-line curve is the result for si-
multaneous irradiation with the signal beam and the sampling beam.
b The excitation intensity dependence of the emitted light intensity.
Triangles indicate the excitation intensity lex(1150) dependence of the
emitted light intensity 11150(680). Squares indicate the excitation in-
tensity Jex(g0s) dependence of the emitted light intensity Igog(680).
The solid-line curve is the result of curve fitting for Igpg(680) with
a quadratic function

to [ e2x(808) under strong excitation. The solid-line curve in
the figure was obtained by least squares fitting of a quadratic
function, and the broken-line curves show components pro-
portional to Iex(gog) and Ie2x(808)- These components corre-
spond to the one step and the two steps of the nonadiabatic
excitation process, respectively [12, 13].

The excitation process responsible for A7 will now be
discussed, where A/ is the emitted light intensity increment
caused by the simultaneous radiation of the signal beam
and the sampling beam, defined as Al = 111504303 (680) —
{I1150(680) + 1803(680)}. Figure 3a shows the relationship
between A and the intensity of the signal beam used for ex-
citation, lex(1150), With the intensity of the sampling beam,
Iex808), as a parameter. The solid straight lines in the fig-
ure were obtained by least squares fitting of linear func-
tions, and their agreement with the experimental values in-
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Fig. 3 a The signal beam intensity /ex(1150) dependence of the emitted
light intensity increment Al. The solid straight lines are the results of
curve fitting for A/ with linear functions. b The sampling beam inten-
sity Iex(gos) dependence of the emitted light intensity increment A[.
The solid-line curves are the results of curve fitting A/ with quadratic
functions

dicates that one photon of the signal beam contributes to
the excitation process. On the other hand, Fig. 3b shows
the relationship between A/ and the intensity of the sam-
pling beam used for excitation, Iexgog), With the intensity
of the signal beam Iex(1150) as a parameter. The solid-line
curves in the figure were obtained by least squares fitting of
quadratic functions, and the straight lines shown in broken
lines represent values proportional to Iexgog) and Ie2x(808)

when Iex(1150) = 0.55 W/cmZ. These results show that A7
was proportional to Iexgog) under weak excitation and pro-
portional to ICZX(SOS) under strong excitation. The compo-

nents that are proportional to Iex(gog) and / e2x(808) correspond
to the one step and the two steps of the nonadiabatic excita-
tion process, respectively.

The signal beam and the sampling beam were mutually
nondegenerate, having no correlation in their phases, and
they were also low intensity CW beams. Therefore, the exci-
tation process due to the simultaneous radiation of the signal
beam and the sampling beam is likely not a multi-photon ex-
citation process via a virtual energy state, but a nonadiabatic
multi-step excitation process brought about by the two mu-
tually nondegenerate beams.

Considering the dependence of Al on the excitation in-
tensities (i.e., Iex(1150) and Iex(gog)), seven potential excita-
tion processes (Processes 1-7) were identified, as shown
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Fig. 4 Energy diagrams of
nonadiabatic excitation process
of the DCM dye grains by the
sampling beam and the signal
beam. The broken lines - --
represent vibrational states of
dye molecules at electronic
ground states, the dotted lines
represent the vibrational states
of dye molecules at electronic
excited states. The elapsed time
from the initial excitation of dye
molecules at the ground state ®
|Eg;el) @ |E;; vib) is shown on
the horizontal axes
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in Fig. 4. For all seven cases, the elapsed time after
excitation of dye molecules from the ground state, i.e.,
|Eg;el) @ |E;; vib), is shown on the horizontal axes.

Process 1 Dye molecules are excited to an intermediate ex-
cited state, |Eg; el) &) |E,; vib), by nonadiabatic excitation
by the sampling beam, after which, they cool to a lower
energy state, approaching thermal equilibrium, |Eg; el)
&) | E;; vib). In this process, however, the molecules are adi-
abatically excited to an excited state, | Eex; €l) @) | Ep; vib),
by the signal beam, eventually transiting to an electronic
excited state, | Eex; €l) @) | Eem; vib), which is the origin of
light emission.

Process 2 This process is similar to Process 1 described
above, but the excitation by the signal beam is nonadia-
batic. In this case, the dye molecules are excited by the
signal beam from the intermediate excited state, | E,; el) Q)
|Eq; vib), to an even higher vibrational state, |E,; el) X
|E.; vib). Eventually, transition to |Eex;el) @) |Eem; vib)
occurs by coupling of a higher vibrational state with an elec-
tronic excited state.

Process 3 Molecules are excited to an intermediate excited
state by the nonadiabatic excitation by the signal beam, after
which, they cool to a lower energy state; however, in this
process, they are adiabatically excited by the sampling beam
t0 | Eex; €l) ® | Eem; vib).
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Process 4 This process is similar to Process 3 described
above, but the excitation by the sampling beam is nonadi-
abatic, causing an excitation to | Eex; €l) Q) | Eem; vib).

Process 5 Nonadiabatic excitation by the sampling beam is
repeated twice in exciting the molecules to the intermediate
excited state, after which, they cool to a lower energy state;
however, in this process, they are adiabatically excited by
the signal beam to | Eex; €l) Q) | Eem; Vib).

Process 6 This process is similar to Process 5 described
above, but the excitation by the signal beam is nonadiabatic,
causing an excitation to | Eex; el) @) | Eem; Vib).

Process 7 The molecules are nonadiabatically excited to the
intermediate excited state by the signal beam, after which,
they cool to a lower energy state, then they are nonadiabati-
cally excited by the sampling beam, twice in succession, to
| Eex; el) ® | Eem; Vib).

In Fig. 3b, because AI has a primary dependency of the
sampling beam intensity /ex(g08) under weak excitation, two-
photon energy associated with Processes 14 is sufficient as
the excitation energy required for light emission from the
dyes. Nevertheless, Processes 5—7, involving three photons,
appeared because there are dye molecules having low cou-
pling efficiency between the electronic excited state and the
molecular higher vibrational state of the ground state, and,
in Processes 2 and 4, they do not relax to the electronic ex-
cited state | Eex; el) Q) | Eem; vib) but approach thermal equi-
librium by cooling. In these Processes 57, the time required
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Fig. 5 The relationship between the emitted light intensity increment
Al and the polarization angle difference A6 between the signal beam
and the sampling beam

to reach the electronic excited state |Eex; €l) &) | Eem; Vib),
which is the origin of the dye light emission, after the dye
molecules in the ground state are excited (i.e., the lifetime
of the intermediate excited state) is longer than it is in
Processes 1-4.

Next, in order to investigate the dependence of the dif-
ference in polarization angle between the sampling beam
and the signal beam, A6, on Al, the following experiment
was conducted. A polarizer and a neutral density (ND) filter
were placed in the optical path of the sampling beam, and
the polarization direction of the linearly polarized sampling
beam was controlled while keeping the intensity of a sam-
pling beam incident on the sample constant, i.e., lex808) =
2.2 W/cm?. The relationship between Al and A@ is shown
in Fig. 5. The values of Al showed nearly no change with
respect to A6. Fluctuations in the values are likely due to the
precision in adjusting the sampling beam intensity Zex(gos)
with the ND filter. In support of this, when dye grains are
singly irradiated with a sampling beam whose polarization
direction is tilted from that of the signal beam by A#, the
resulting emitted light intensity I393(680) actually shows a
fluctuation similar to AI. Therefore, Al is independent of
the difference in polarization angle between the sampling
beam and the signal beam. Possible reasons for this lack of
dependence are that the orientation of the dye grains is ran-
dom, and that the intermediate excited state is a real energy
state and information about the polarization direction of the
beam that excites the dye molecules to the intermediate ex-
cited state is lost. This non-dependence of the emitted light
intensity on the difference in polarization angle between the
two beams is a considerably different property from sum-
frequency generation with nonlinear polarization, in which
there is a dependence on the polarization angles of the sam-
pling beam and the signal beam [15].

The above experimental results showed, for the first time,
the existence of a nonadiabatic excitation process by two
mutually nondegenerate beams. In addition, unlike sum-
frequency generation with nonlinear polarization, with this
excitation process, the emitted light intensity did not change
with respect to the difference in polarization angle between
the two beams.

3 Application to optical pulse-shape measurement

Turning now to a practical application of the nonadiabatic
excitation process by two mutually nondegenerate beams
discussed in the previous section, if the sampling beam and
light emission from the dye grains were considered as an
optical pulse and a result of sampling, respectively, appli-
cation to optical sampling for measuring the pulse shape
of a signal beam is possible. Pulse-shape measurement us-
ing such a method was attempted for the first time with the
measuring device illustrated in Fig. 6a. The signal pulse
(center wavelength A1 = 1250-1350 nm; mean intensity
I} = 1.3 W/cm?; repetition frequency = 80 MHz) to be
measured was generated with a Ti:sapphire laser and an
optical parametric oscillator (OPO). Light at this wave-
length can also be used for optical fiber communication.
Also, the pump beam of the OPO was used as the sampling
pulse (center wavelength 1, = 750-775 nm; intensity I, =
3.2-5.1 W/cm?; repetition frequency = 80 MHz). After
passing through separate optical paths, the two pulses were
directed to the same optical path using half mirrors and were
made incident on DCM dye grains at an identical position.
Note that the polarization directions of the signal beam and
the sampling beams were perpendicular to each other. The
length of the optical path for the optical pulse to be measured
was made variable to control the difference in time at which
the two optical pulses were incident on the dye grains (i.e.,
delay time), Ar. Components of the emitted light intensity
I (A, Ar) at the wavelength A = 680 nm (i.e., I (680, Atr))
were extracted with a spectrometer; and the measurement
was made using a photomultiplier tube (H7421-40, Hama-
matsu Photonics K. K.). When At < 0, the sampling beam
reaches the dye grain before the signal beam does, making it
possible to observe light emission by Processes 1, 2, 5, and 6
in Fig. 4. On the other hand, when At > 0, the sampling
beam reaches the dye grains after the signal beam, making it
possible to observe light emission by Processes 3, 4, and 7.

Figure 6b shows the results of pulse-shape measurement
for the signal beam (wavelength A; = 1250 nm, intensity
I, = 1.3 W/cm?), where the sampling beam had a wave-
length A, = 750 nm and intensity I, = 3.2 W/cm?. The
vertical axis in the figure shows the increment in emit-
ted light intensity, A7 (680, At), defined as: AI(680, Ar) =
(1(680, Ar) — 1(680, —00)). In the vicinity of Ar =0, val-
ues of AI(680, Ar) can be clearly observed because of the
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Fig. 6 a Schematic representation of the optical pulse measurement
system using the nonadiabatic excitation light emission induced by
nondegenerate beams. b Signal wave profiles with A = 1250 nm
and intensity /; = 1.3 W/cm?, and with A» = 750 nm and
L =32 W/em?. ¢ Signal wave profiles with A; = 1350 nm
and intensity I} = 1.3 W/cm2, and with A = 775 nm and in-
tensity o = 5.1 W/cm?. The solid-line curves in b and c are
the results of curve fitting A/ with the sum of two exponen-
tial functions. The broken lines indicate the respective exponential
functions: Aexp(—At/trs) + Bexp(—At/tgow) for At > 0, and
Cexp(At/teast) + D exp(At /Tg10w) for At <0

light emission based on the nonadiabatic excitation process
induced by the nondegenerate beams (i.e., the signal beam
and the sampling beam). The signal to noise ratio (S/N) of
this signal wave profile was 34, and its full width at half
maximum was about 0.8 ps. The actual time interval of
an incident optical pulse can be estimated from its spec-
tral width, and the pulse widths for the signal beam and
the sampling beam were estimated to be about 0.2 ps and
0.1 ps, respectively. These estimated widths are smaller than
those determined by the measurements in this study. The
reasons for this inconsistency were considered. Curve fitting
for AI(680, Ar) was possible with use of the sum of two ex-
ponential functions for the time regions At < 0 and At > 0,
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respectively (i.e., A exp(— At /Tgast) + B exp(— At /tg10w) for
At > 0 and C exp(At/trast) + D exp(At /t50w) for At < 0).
Solid-line curves in Fig. 6b are the results of least squares
fitting. For the region Az > 0, decay time constants Tg,g and
Tslow Were 0.35 ps and 1.7 ps, respectively. The coefficient B
of the decay component with the decay time constant Tgjoy
is about 1/4 of the coefficient A of the decay component
with the decay time constant tg,g. On the other hand, for
the region At < 0, the decay time constants Ty and Tgjow
were 0.3 ps and 1.6 ps. There is no substantial difference
between the coefficient D of the decay component with the
decay time constant g0y and the coefficient C of the decay
component with the decay time constant g,g. Also, as com-
pared with the region Ar > 0, the decay component with
Tglow has a greater proportion with respect to A7 (680, Ar).
Consequently, the signal waveform profile shown in Fig. 6b
is not symmetrical around A¢ = 0, and compared with the
region At < 0, the curve shows a steeper slope in the re-
gion At > 0. The decay time constants Tryg; and 7gow can be
considered as the lifetime of the intermediate excited state,
because the values of 7gg and tg0w (i-€., 0.3—1.7 ps) were
approximately equivalent to the lifetime of the intermedi-
ate excited states obtained for Coumarin 480 and Coumarin
540A dye grains (i.e., 1.1-1.9 ps) in an experiment on nona-
diabatic excitation light emission induced by degenerate
beams [13]. Therefore, the temporal resolution of this mea-
surement method (i.e., full width at half maximum of 0.8 ps)
is likely determined by the lifetime of the intermediate ex-
cited state. Although further investigation is needed to pro-
vide a detailed explanation, the presence of the two decay
time constants, T and Tgow may be explained by the sam-
pling beam contributing to A7 (680, At) through both the
two-step (Processes 1, 2 (At < 0), 3, and 4 (Af > 0)) and
the three-step (Processes 5, 6 (At < 0), and 7 (At > 0)) of
the nonadiabatic nondegenerate excitation process.

The signal waveform profile shown in Fig. 6b is not sym-
metrical around At = 0 because the dye grains receive dif-
ferent levels of excitation energy from the beam that reaches
them first, depending on the excitation routes (Processes 1,
2, 5, and 6 vs. Processes 3, 4, and 7), and because the life-
time of the intermediate excited states differ accordingly.
When At > 0, a signal beam with a long wavelength reaches
the dye grains first to excite them to the intermediate excited
state, but the photon energy of this excited state is lower than
that of the sampling beam with a short wavelength. There-
fore, because the lifetime of the intermediate excited state is
short, the waveform profile in the Ar > 0 region is steeply
sloping downward.

Figure 6¢ shows the results of pulse-shape measurement
for the signal beam (wavelength A; = 1350 nm, intensity
Iy = 1.3 W/cm?) where the sampling beam had a wave-
length A = 775 nm and intensity /> = 5.1 W/cm?. Keep-
ing the incident angle to the sample identical to the case
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shown in Fig. 6b, a signal waveform with an S/N of 19
and a full width at half maximum of about 1.1 ps was mea-
sured. As with Fig. 6b, curve fitting for the signal waveform
AI (680, At) is possible with use of the sum of two expo-
nential functions for the time regions Ar < 0 and Ar > 0,
respectively. For the region At > 0, decay time constants
Trast and Tgow Were 0.62 ps and 5.2 ps, respectively, and, for
the region At < 0, decay time constants T, and gy Were
0.69 ps and 3.0 ps, respectively. Similarly to Fig. 6b, the
signal waveform profile is not symmetrical around At =0,
and, compared with the region Af < 0, the curve is steeply
sloping downward in the region Az > 0.

As shown by the above experimental results, the sig-
nal waveform obtained by the optical pulse-shape measure-
ment using nonadiabatic excitation light emission from the
DCM dye grains induced by nondegenerate beams had an
S/N of about 19-34 and a measurement wavelength range
of 1250-1350 nm. The full width at half maximum was
about 0.8—1.1 ps, which is likely constrained by the life-
time of intermediate excited state. The signal waveform was
skewed around Ar = 0 because the levels of the excitation
energy imparted to the dye molecules by the beam reach-
ing them first were different between the regions before and
after At = 0. With this measurement method, there is no
restriction on angular correlation between the polarization
directions of the signal beam and the sampling beam, nor is
there any need for a device for controlling the polarization
direction before the beam reaches the dye grains, such as a
wavelength plate. In addition, a wide wavelength region can
be measured with this method because the incident angle to
the dye grains can be fixed independent of the wavelength
of the signal beam.

4 Conclusions

Using DCM dye grains and mutually nondegenerate beams
generated by two CW laser diodes, visible light emission

from the dyes by near-infrared excitation based on a nona-
diabatic, nondegenerate excitation process was observed for
the first time. In addition, this excitation principle was ap-
plied, for the first time, to optical sampling as a measure-
ment method. As a result, the optical pulse shape in the
wavelength band of A = 1250-1350 nm, which is close to
the wavelength range used for optical fiber communications,
was measured with a temporal resolution of 0.8—1.1 ps.
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Abstract The distribution dependency of quantum dots was
theoretically and experimentally investigated with respect
to the basic properties optical excitation transfer via opti-
cal near-field interactions between quantum dots. The ef-
fects of three-dimensional structure and arraying precision
of quantum dots on the signal transfer performance were
analyzed. In addition, the quantum dot distribution depen-
dency of the signal transfer performance was experimentally
evaluated by using stacked CdSe quantum dots and an op-
tical near-field fiber probe tip laminated with quantum dots
serving as an output terminal, showing good agreement with
theory. These results demonstrate the basic properties of sig-
nal transfer via optical near-field interactions and serve as
guidelines for a nanostructure design optimized to attain the
desired signal transfer performances.

1 Introduction

Optical near-field interactions, occurring locally in the
nanometer scale by photons dressed by material excitations,
have unique properties that cannot be found in propagating
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light, and they have allowed realization of not only integra-
tion below the diffraction limit, but also various new func-
tions [1]. In particular, optical excitation transfer between
nanoscale matter, such as quantum dots, quantum wells,
etc., via optical near-field interactions is one of the most
unique features of nanophotonics [2, 3], and allows transi-
tions to energy levels that are electric-dipole forbidden with
conventional propagating light. On the basis of this property,
a diverse range of practical applications has been developed,
for example, logic devices such as AND gate [4, 5], nano-
fabrication [6—8], information and communication systems
[9, 10], and so on. Theoretically, a dressed photon model
has been formulated in which light-matter interactions on
the nanometric scale are considered as photons dressed by
material excitation [1]. As will be introduced in Sect. 3 of
this paper, insights gained from the model include that opti-
cal near-field interactions between nanoscale matter are de-
scribed by Yukawa potential functions and theories of opti-
cal excitation transfer even to conventionally electric-dipole
forbidden energy levels.

However, in order to utilize optical excitation transfer via
optical near-field interactions in devices and systems, an un-
derstanding of the signal transfer between functional ele-
ments is essential. Furthermore, this signal transfer needs to
be capable of, not to mention extremely short-distance sig-
nal transfer such as that between a small number of pieces
of adjacent nanoscale matter, but also long-distance sig-
nal transfer, in some cases, beyond the wavelength dimen-
sion, in order to connect a macroscale external system with
nanoscale devices.

Regarding such signal transfer using optical near-field in-
teractions, we have already achieved, for example, concen-
tration of optical excitations from smaller quantum dots to
larger ones using the optical-nanofountain, having a struc-
ture in which the larger quantum dots are surrounded by the
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smaller ones [11]. In addition, we have demonstrated a sys-
tem that realizes simultaneous distribution (broadcasting) of
signals to multiple quantum dots by controlling the dot size
and selecting the frequency of propagating light [12].

Although signal transfer using optical near-field interac-
tions has been partially realized with these methods, many
basic and important issues remain to be resolved. For exam-
ple, distance dependency of signal transfer via optical near-
field interactions has not been elucidated. In addition, as was
begun in a previous study [13], error-resistance (robustness)
of the optical near-field interactions between quantum dots
is being addressed. However, despite its extreme importance
for implementation of nanophotonics, the capacity for con-
trolling quantum dot position has not been subjected to a
systematic evaluation from the standpoint of signal transfer;
and thus, it remains as a priority task. Furthermore, there are
other critical issues, including an ideal nanostructure design
for realizing desired signal transfer performance.

Therefore, in this paper, array dependency of quantum
dots was theoretically and experimentally analyzed with re-
spect to the basic properties of signal transfer using optical
near-field interactions. More specifically, for signal transfer
between quantum dots serving as signal input and output,
the three-dimensional structure of the dot-array between the
two ends was varied, and the resulting variation in the signal
transfer performance was evaluated. The effects of dot-array
control precision on the signal transfer performance were
also evaluated by giving a certain randomness to the dot-
array. In addition, signal transfer via stacked CdSe quantum
dots was evaluated using a near-field optical probe that had a
relatively large quantum dot, to which optical excitation was
transported, provided at its tip. Here, the dot-array depen-
dency of the signal transfer was experimentally evaluated
by controlling the array structure of the quantum dots that
acted as a transfer medium for signal. With these examina-
tions, structural dependency of the signal transfer via optical
near-field interactions was demonstrated, and basic insights
were gained for achieving a nanostructure optimized for sig-
nal transfer.

The paper is organized as follows. The basic elements of
optical excitation transfer via optical near-field interactions
will be reviewed and an overview of the signal transfer sys-
tem will be given in Sect. 2. In Sect. 3, a theoretical model
for evaluating the structural dependency will be introduced
and evaluated by simulation. The experiment will be dis-
cussed in Sect. 4, and Sect. 5 concludes the paper.

2 Basic elements of optical excitation transfer
via optical near-field interactions
Figure 1(a) shows a schematic representation of the optical

excitation transfer via optical near-field interactions, show-
ing an optical excitation in QDyg, in a state in which small
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Fig. 1 (a) Schematic representation of optical excitation transfer via
optical near-field interactions. (b) Schematic representation of signal
transfer system via optical near-field interactions

spherical quantum dots QD¢ with diameter ds are adjacent
to spherical quantum dots QD; with diameter d, which is
comparatively larger than dg. When the diameter of QD is
given by dr, = 1.43 x ds, the ground level Eg 1 of an exciton
of ODg and the excited level Ey, » of OD; resonate [14]. In
this case, please note that Ey, > is a dipole-forbidden energy
level, which is not populated by propagating light. However,
when QDg and QD are closely arranged, transition from
Eg 1 to Ey > is permissible by optical near-field interactions
that occur between the two [1]. Because there is ground level
Ep 1 for OD;, which is more stable than E;, », the optical
excitation immediately relaxes to Ey, 1. Due to this dissipa-
tion, the energy of the optical excitation is in a nonresonant
state with QDg (because Es 1 = E1 2 > Er 1), and thus, the
transferred optical excitation cannot revert back to QDg. In
other words, the energy dissipation that occurs in @D; en-
sures unidirectional optical excitation transfer from QDyg to
QD L-

If OD;, (ODg at the signal input) and QD (QD, at
the signal output) are spatially arranged at a distance so that
there is no optical near-field interaction between them, nat-
urally, optical excitation transfer from QD;, to QD does
not occur. However, by filling the space between QD;, and
0D, with the same-sized QDg’s as OD;,, optical near-field
interactions can occur between adjacent quantum dots, and
an optical excitation occurring in QD;, can be consecutively
transferred from one quantum dot to the next. As described
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above, unidirectional optical excitation transfer occurs at the
output quantum dot, OD,,, due to the energy dissipation
that occurs at QD,,,;. As a result, optical excitation transfers
from OD;j, to OD .

Therefore, even when QD;, and QD,,; are arranged with
a spatial separation, by appropriately arranging QDg’s be-
tween the two, long-distance signal transfer becomes possi-
ble. In addition, the optical near-field interactions that are
basis of the optical excitation transfer between quantum
dots depends on the interdot distance; however, as shown
in Fig. 1(b), as long as the interdot distance is maintained
within a range allowing the optical near-field interactions
to occur, the quantum dots need not be in an orderly array.
Therefore, the proposed optical signal transfer system is ex-
pected to be highly resistant to positional displacement of
the quantum dots. This characteristic will be described in
more detail in the following section.

3 Theoretical analyses

A three-dimensional distribution model of quantum dots, as
shown in Fig. 1(b), was formulated in order to evaluate the
structural dependency of the optical excitation transfer in
the system formed of QDg and QD described in the pre-
vious section. Here, the performance of the signal transfer
between OD;, and OD,,, was analyzed with respect to the
effects of the distance between the input quantum dot QD;,
and the output quantum dot QD,, and the structure of the
internal dot distribution.

The formulated model is based on a system composed of
(N — 1) smaller quantum dots QDg and one larger quan-
tum dot QD . Here, it is assumed that QD¢ and OQD; have
a size ratio as described in the previous section, and opti-
cal excitation transfer via optical near-field interactions can
occur. QDg’s are denoted as ODq,...,0ODy_;, and OD;
is denoted as QD distinguishing individual quantum dots
with subscripts 1 through N. The following rate equation is
introduced, assuming optical near-field interactions between
two arbitrary quantum dots OD; and OD ;:

dn; N n; N n; n;
i Jj i i
_Z 2: 5 1
dt c (‘L’j,‘) P (‘L’,‘j) Ti (H

j=1

Here n; is the probability of optical excitation occurring at
the ith quantum dot; 7;; is the interaction time of the optical
near-field interaction between QD; and QD;, satisfying the
relation 7;; = 7j;; and 7; is, for i =1 to N — 1, the optical
excitation relaxation lifetime of QDg and, for i = N, the
sublevel relaxation time from excitation level Ey, > of QD
to the ground level Ep, ;. Here, the interdot interaction time

is defined the reciprocal of the optical near-field interaction,
and is described by the following Yukawa function [1]:
1 exp(—urij
hUjj = — = AijM-
Tij Tij

@

Here £ is Planck’s constant divided by 2. U;; is the optical
near-field coupling strength between OD; and QD; rij is
the center-to-center distance between OD; and QD ;; A;j isa
constant; and u is the effective mass of the Yukawa function,
which is given by

V2E,(En + E,)

he )

"=
where E, and E,,, when applying them to the experimental
conditions described in Sect. 4, indicate the exciton energies
of the CdSe quantum dots and the ZnS shell layer, respec-
tively; and c is speed of light. Here, the output signal from
the output quantum dot, I,, can be defined by

d oy _ n_N 4)

dt N

assuming that QD is the output quantum dot QD,,, and
that the time integral of the optical excitation probability for
0Dy at the ground state is Ioy;.

Parameters of the above theoretical model were set based
on preliminary experimental results of CdSe/ZnS core-shell
quantum dots used in the experiment described later. First,
in a previous study [15], by evaluating time-resolved spec-
tral properties of fluorescence lifetime from a mixed sys-
tem with CdSe/ZnS core-shell quantum dots of 2.8 and
4.1 nm diameters, optical excitation transfer due to opti-
cal near-field interactions was indirectly confirmed in this
system. Based on this insight, the optical excitation trans-
fer time between QD¢ and QD; via optical near-field inter-
actions at a center-to-center distance of 7.3 nm was set at
135 ps. In the CdSe/ZnS core-shell quantum dots of 2.8 nm
diameter, £, and E, are 2.25 eV and 2.54 eV, respec-
tively. Based on these, the coefficient A;y(= Ay;) in (3)
was determined to be 65.3 s~L. In addition, A;j, which is
a constant that defines the optical excitation transfer time
between QDg’s via optical near-field interactions, was de-
finedas A;; = A;; =3 x Ajn (i, j # N), based on the den-
sity of states ratio of excitons, estimated from the absorp-
tion coefficient of energy levels Er » and Er ;. Also, the
optical excitation lifetime of QD¢ was experimentally de-
termined as t; = 2.2 ns (i, j # N), and the sublevel relax-
ation time 7 for QD; was set at 1 ps based on a previous
study [16].

Furthermore, to evaluate the spatial array structure de-
pendency of quantum dots between QD;, and QD the
three-dimensional structure shown in Fig. 2(a) was used.
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Fig. 2 (a) Schematic representation of the calculation model. (b) Cal-
culation results of Joy (Ny, N;) for (Ny, N;) = (1, 1), (9, 1), (9, 2), and
(15,2). Red curve = Iy (1, 1), blue curve = Iy (9, 1), green curve =
10wt (9, 2), black curve = Iy (15,2). (¢) Calculation results of
To(Ny, N;). Red circles = To(Ny, 1), blue squares = To(Ny,?2),
green diamonds = Ty(Ny,3), black triangles = Tyo(Ny,4), and
solid lines of corresponding colors are approximation curves,
where To(Ny, 1) = 2.85 — 2.85exp(—N,/11.0), To(Ny,2) =4.77 —

More specifically, QDg’s Ny, Ny, and N, were arrayed
in the x, y, and z directions, respectively, and QD was
placed adjacent to a QDy that a distance 7 away from QOD;,
in the x direction. Distance dependency of the signal transfer
was evaluated based on output signals from the output quan-
tum dot at varying positions. The effects of arrangement of
the nanostructure composed of ODg’s on the distance de-
pendency were also evaluated.

Further details of the model are as follows: the center
position of the input quantum dot QD;, is set at the ori-
gin (0,0,0). ODg’s are arrayed, 10 in —x direction and
306 in +x direction (i.e., Ny = 317). The center-to-center
distance between adjacent dots is 7.3 nm. The number of
quantum dots in the y and z directions are given by N, and
N_; however, because they are arrayed in the most densely
filled structure, quantum dots in adjacent rows are staggered
by half of the interdot distance, as shown in Fig. 2(a). As-
suming the initial values at # = O for the probability of op-
tical excitation for QD;, and output signal intensity to be
ny =1 and Iy = 0, respectively, the evolution of the op-
tical excitation of individual quantum dots over time was
numerically solved using (1) to (4). The output signal of (4)
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4.77exp(—N,/11.5), To(N,,3) = 6.48 — 6.48exp(—N,/11.2),
To(Ny,4) =791 —7.91exp(—N,/10.8). (d) Standard deviation o (v)

of 12,,/19,, (change in output signal with respect to v, the displacement

of OQDy). Inset: schematic representation of QD¢ position displace-
ment model. Black dashed circles indicate positions of QDg’s without
displacement; black arrows indicate destinations of centers of QDyg’s.
Side length of squares shown in red dashed lines is v, and the tips of
the black arrows always fall within these squares

was evaluated at + = 12 ns, which is over 5 times the re-
laxation lifetime of optical excitation from QDg, namely,
2.2 ns.

Figure 2(b) shows the distance dependency of the out-
put signal when the dot-array structures were (Ny, N;) =
(1,1),(9,1),(9,2), and (15,2). With respect to the vary-
ing x positions T of QD , the output signals showed nearly
linear decays on a log scale, indicating that the output sig-
nals have decaying properties of a monoexponential func-
tion with respect to the transfer distance. However, it is note-
worthy that the decay trend greatly differs depending on the
dot-array structures. That is, within a range of small trans-
fer distance T, Iy is larger when the overall scale of the
dot-array is smaller (i.e., when N, and N, are smaller);
however, when the transfer distance 7 increases, the de-
cay is moderate with larger Ny and N,. Therefore, these
results suggest that, strategically, it is better to keep the
number of quantum dots small for a short-distance signal
transfer and to increase it for a long-distance signal trans-
fer.
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Table 1

N, B (um) C

1 2.85 11.0
2 4.77 11.5
3 6.48 11.2
4 7.91 10.8

Because I, tends to show a decay described by a mono-
exponential function with respect to the transfer distance T,
it has properties defined by

How — exp(_—ﬂ) ®)
dT To

Therefore, Ty in (5) can be considered as the signal transfer
distance, which is an index characterizing the signal transfer.
Assuming this, how Tp changes with respect to the dot-array
dimensions Ny and N, was analyzed. Figure 2(c) shows the
N, dependency of Ty for N, =1, 2, 3, and 4, indicating
monotonic increases of Tp with increasing Ny and N, re-
spectively. Furthermore, because T shows a saturating trend
with respect to Ny, the dependency of To(Ny, N;) on Ny is
evaluated by

To(Ny., N;) = B — Bexp(—Ny/C) ©)

where the constant B is an index providing the maximum
distance of the optical excitation transfer, and the constant
C is an index characterizing the saturation of the maximum
distance. As a result, the constants B and C can be obtained,
as shown in Table 1, for N, = 1, 2, 3, and 4, respectively.
Corresponding curves are shown in Fig. 2(c). For example,
when N, = 1, the maximum transfer distance is 2.85 pum,
whereas when N, =4, it is 7.92 um, indicating also that a
long-distance transfer is possible by increasing the number
of ODg’s involved in the transfer.

In the above analyses, it is assumed that the dot-array is
orderly with equal intervals, as in Fig. 2(a). In reality, how-
ever, it is likely that the quantum dots are variously posi-
tioned, and therefore, it is important to evaluate the effects
of position variability on the signal transfer performance.
The evaluation was conducted as follows. A system of
(Ny, N;) = (5,1) was analyzed. The x- and y-coordinates
of center positions of all QDg’s except QD;, were ran-
domly shifted by uniform random numbers between —v/2
and +v/2, as illustrated in the inset in Fig. 2(d). Given this,
0D, is set at a point 1000 nm away from QD in +x direc-
tion to evaluate the output signal 1},. The rates of change,
12,./19,, from the output signal with no displacement, 19,
was examined with 500 iterations of position shifts by ran-
dom numbers, the results of which were used to calculate
the standard deviation o (v). Corresponding to the increase

in the maximum value of position displacement |v|, o (v)
increased nearly linearly; however, even when |v| = 3 nm,
o (3) was merely 6.8 x 1073, As indicated by the Yukawa
function of (2), the interdot interaction time between nearest
neighbors is short with the optical excitation transfer via op-
tical near-infrared interactions, and it is likely that the opti-
cal excitation transfer is occurring preferentially. Therefore,
even when the overall distribution is random, the signal at
0D, is transferred to QD as long as there is a highly ef-
ficient transfer route in the system, which is likely reflected
in the robustness of the signal transfer against positional dis-
placements shown above.

4 Experiment

An experimental test of the above-described signal trans-
fer performance was conducted as follows. CdSe/ZnS core-
shell quantum dots (Evidot by Evident Technologies) of
2.8 nm and 4.1 nm diameters were used for the smaller quan-
tum dots QDyg’s and the larger quantum dot QD , respec-
tively. Figure 3(a) shows a transmission electron microscope
image of OD’s distributed in a single layer, which was pre-
pared by dropping QDy’s dispersed in 1-phenyloctane at a
concentration of 1 mg/mL onto a mica substrate. A certain
distance was maintained between quantum dots due to mod-
ified groups on the surface of the quantum dots, and the
mean center-to-center distance between adjacent quantum
dots was estimated to be 7.3 nm.

The sample was prepared following the procedure be-
low.

1. Al light shielding film was applied to a SiO; substrate at
50 nm thickness by sputtering.

2. An aperture of 500 nm diameter was made in the Al light
shielding film using EB lithography and ICP.

3. An SiO; film was formed on the Al light shielding film
at 20 nm thickness by sputtering.

4. ODg solution in 1-phenyloctane was dropped on the sub-
strate treated as above, and excess solution was blown off
after leaving it for 10 min.

The SiO, film sputtered in Step 3 was formed for the
purpose of preventing excitation energy loss due to optical
near-field interactions between QD and the Al light shield-
ing film. In Step 4, the concentration of the solution was
varied at 0.5, 1.0, and 3.0 mg/mL to prepare samples A, B,
and C, in which the heights of distributed QDg’s were de-
termined by atomic force microcopy to be H = 10, 20, and
50 nm, respectively.

The following fiber probe was prepared for the measure-
ment of the above samples. First, a fiber probe with nano-
metric protrusion [17], in which a sharpened core protrudes
from an Au light shielding film of a 800 nm thickness, was
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Fig. 3 (a) Transmission
electron microscope image of a
single-layer CdSe/ZnS
core-shell quantum dot.

(b) Schematic representation of
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prepared, and then OD;’s were attached to the tip of the
probe by immersing the probe for 10 min in a QD; solution
(1-phenyloctane solution at 1 mg/mL).

By using this fiber probe, the fluorescence distribution
was measured with the measuring system shown in Fig. 3(b).
CW laser light (A =473 nm) was radiated from the back of
the substrate at a power density of 1.27 W/cm?, thus ex-
citing only QDg’s at the aperture. At this time, by scanning
near the aperture with the fiber probe at a controlled distance
of 10 nm or less to the sample, QD ’s adhered to the tip of
the probe served as the output quantum dot, and the exci-
tation energy unidirectionally flowed toward the probe. The
beam collected by the probe was passed through a bandpass
filter with a center wavelength of A = 540 nm and was de-
tected by a photomultiplier tube, giving the measured value
of emission intensity Igps of QDg. Because the output sig-
nal Iy at QD is proportional to the total level of the optical
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excitation of QDg’s in the vicinity, it is possible to estimate
the decay of I,y from the point of excitation beam intro-
duction to the distance T, by measuring Igps under the CW
excitation.

Measurement results for samples A, B, and C are shown
in Fig. 4(a). Because the excitation intensity at the aper-
ture on the substrates (dashed circles in the figure) was high
enough for the signal to pass through the filter, the signal
intensity at that point was high for all samples. Then, the
signal intensity declined as the distance from the aperture
increased. Setting 7' = 0 at the position with the maximum
light intensity at the aperture, this maximum value was used
to obtain normalized light intensity values Igps along the
white dashed arrows in Fig. 4(a), the profiles of which are
shown in Fig. 4(b). Profiles for samples A, B, and C are
shown by red, blue, and green lines, respectively. In the re-
gion where T < 500 nm, it is assumed that the results re-
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flect the distribution of the excitation intensity at the aper-
ture, and, for the range T > 500 nm, approximation with
a monoexponential function was performed for each pro-
file. Based on each approximation, a transfer distance Ty,
which is defined by % = exp(_Ton), was calculated. As a
result, approximated curves, shown as black dashed lines in
Fig. 4(b), were obtained, and T values were calculated to be
1.92 pm, 4.40 um, and 11.8 um for samples A, B, and C, re-
spectively. As described above, oy is proportional to Igps,
and therefore, the calculated 7y corresponds to the maxi-
mum transfer distance evaluated as the constant B in (6) in
the previous section. The experimentally determined trans-
fer distance and decay distance obtained from B in Table 1
are indicated in Fig. 4(c) with circles and squares, respec-
tively. The increasing trend in the transfer distance with an
increase in the height of the distributed QDg’s, H, observed
in the theoretical and experimental results show good agree-
ment with each other. It is speculated that the experimentally
obtained transfer distance is generally low because the relax-
ation time of optical excitation of QDg’s is reduced by op-
tical near-field interactions with metal, such as the Al light
shielding film on the substrate, the Au light shielding film
of the probe, etc. [18]. These results demonstrated the sig-
nal transfer performance between quantum dots via optical
near-field interactions.

5 Conclusions

The array dependency of quantum dots was theoretically and
experimentally analyzed with respect to the basic properties
of transfer via optical near-field interactions. Effects of the
array structure of the quantum dots, which act as a medium,
on the signal transfer performance were analyzed with a the-
oretical model using a rate equation. Increasing the number
of quantum dots in the dot-array is detrimental to short-
distance signal transfer (signal intensity decreases); how-
ever, it allows for long-distance transfer because decaying of
the signal with respect to the transfer distance is alleviated.
In addition, a high resistance against positional variations
of quantum dots was shown. Using different-height, stacked
CdSe quantum dots and a near-field optical probe whose tip
had CdSe quantum dots that serves as an output end, the de-
pendency of signal transfer performance on the structure of
distributed quantum dots was experimentally evaluated, and

the obtained results were consistent with the theoretical cal-
culations. These results demonstrate the basic properties of
signal transfer in nanophotonics, which will serve as design
guidelines for realizing an optimal nanostructure that gives
desired signal transfer performance.
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Abstract

In this paper, we report on site-selective deposition of metal nanoparticles using a non-adiabatic
photochemical reaction. Photoreduction of gold was performed in a silica gel membrane
containing tetrachloroaurate (AuCl, ) ions, using ZnO nanorods as the sources of optical
near-field light, resulting in deposition of gold nanoparticles with an average diameter of

17.7 nm. The distribution of distances between the gold nanoparticles and nanorod traces
revealed that the gold nanoparticles were deposited adjacent to the ZnO nanorods, reflecting the
attenuation of the optical near-fields in the vicinity of the ZnO nanorods. We found that the
emission wavelength from the ZnO nanorods was longer than the absorption edge wavelength
of the tetrachloroaurate. Additionally, from the intensity distribution obtained by a
finite-difference time-domain method, the gold deposited around the ZnO nanorods was found

to be due to a non-adiabatic photochemical reaction.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Metal nanoparticles have been attracting attention as materials
for nanoscale photonic and electronic devices [1-4]. Gold
nanoparticles in particular have been studied extensively
because of their chemical stability [5]. There are
several methods of producing gold nanoparticles, such as
sputtering [6] and photochemical synthesis [7]. Among these
methods, photochemical fabrication using AuCl, ions has
the advantage of deposition-site selectivity by selecting the
light irradiation area. However, although positional control of
gold nanoparticles using interference of laser light has been
reported [8], positional control on the nanometric scale has
been difficult because of the diffraction limit of light. In this
study, we succeeded in selectively depositing gold only in an
area below the optical diffraction limit by using a non-adiabatic
reaction induced by optical near-fields as the photochemical
reaction.

0957-4484/10/285302+04$30.00

Recently, methods involving the use of optical near-fields
have been considered for positional control on the nanometric
scale using light [9]. In addition, with a non-adiabatic process
mediated by coherent phonons induced close to the surface
of a nanomaterial by optical near-fields, it is possible to
induce novel reactions that are impossible with conventional
approaches involving propagating light [10]. Typical features
of this method are:

(1) Because the reaction is mediated by coherent phonons, it is
possible to induce a photochemical reaction in the material
even when using light having a photon energy lower than
the absorption edge of the material. As a result, a short
wavelength light source is not required.

(2) It is possible to process a nanostructure on the material
surface to function as a nanometric light source simply by
using propagating light, eliminating the need for a probe
and mask [11, 12]. As a result, processing of large surface
areas is possible.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Schematic diagram of photodeposition of gold
nanoparticles using optical near-fields: (a) adiabatic process,
(b) non-adiabatic process.

Here we explain deposition of gold particles by a non-
adiabatic process, which is the principle of the present study.
For comparison, we also explain an adiabatic process that has
often been used conventionally. We consider a case where a
nanostructure is placed in contact on top of a film containing
AuCl, serving as a source of gold particles. When this
nanostructure is irradiated with light, optical near-fields are
generated around the nanostructure. If the photon energy of the
irradiated light (hv;) is greater than the photoreduction energy
of the AuCl, ions (hv,), gold nanoparticles are deposited via a
normal photochemical reaction in the entire irradiated region
by the incident light and scattered light (figure 1(a)). This
reaction process is called an adiabatic process. In contrast,
if hy; < hv,, it is normally not possible to bring about a
photoreaction, and thus no gold particles are deposited in the
area irradiated with incident light and scattered light. However,
optical near-fields are generated close to the surface of the
nanostructure, and gold nanoparticles are deposited by these
optical near-fields even if hv; < hv, (figure 1(b)). This is
because the optical near-fields can induce a reaction with the
AuCl; ions by binding with coherent phonons. Phonon level
can be excited with optical near-field. The energy required
to excite the phonon level is lower than the electronic excited
level, therefore reduction of the AuCl; ions can be realized
with lower photon energy than the absorption bandgap energy.
This reaction process is called a non-adiabatic process and
occurs only around the nanostructures which generate the
optical near-fields. The detail of non-adiabatic process has
been reported in [10, 13]. By using the non-adiabatic process,
it is possible to eliminate the influence of propagating light,
that is, incident light and scattered light, allowing only the
optical near-field effect to be utilized [11-14]. In this paper,
we report on the formation of gold nanoparticles using optical
near-fields, which enables positional control on the nanometric
scale.

2. Experimental technique

In order to achieve deposition of gold nanoparticles, we used
a silica gel film containing AuCl, ions as the gold source.
First, we fabricated silica sol. The silica sol was fabricated
by combining HAuCl ethanol solution (0.5 g cm™3), spin-on
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Figure 2. (a) SEM image of ZnO nanorods used as sources of optical
near-field light; (b) experimental setup; (c) absorption spectra of ZnO
nanorods (curve A) and HAuCly solution (curve B), and
photoluminescence (PL) spectrum of ZnO nanorods (curve C).

glass (SOG) material (Tokyo Ohka Kogyo Co., Ltd, Tokyo,
Japan; OCD15000-T), and dimethylformamide at a ratio of
1:2:1 by volume. The dimethylformamide was used to prevent
cracks when drying the film. A film of the silica sol was coated
on a silicon substrate with a spin coater. To prevent progression
of the reduction reaction of the AuCl, ions due to heat, the film
was vacuum dried at room temperature. During this drying
process, the silica sol film was transformed to a silica gel film.
The fabricated gel film was about 200 nm thick and contained
AuCl; at a concentration of 6.0 mg cm ™.

To control the gold deposition position, we used ZnO
nanorods as the nanostructures for generating the optical near-
fields. The ZnO nanorods were grown on a sapphire substrate
by metal organic chemical vapour deposition (MOCVD) using
a two-temperature growth technique (figure 2(a)) [15]. This
growth technique involved growth in two stages: a first stage
in which thick ZnO nanorods were grown at low temperature
and a second stage in which thin ZnO nanorods were grown at
high temperature. The thin ZnO nanorods in the second stage
were grown from the tips of the thick ZnO nanorods in the
first stage. The diameters of the nanorods in the second stage,
measured from SEM images, were 52 & 6 nm. Figure 2(b)
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shows the experimental setup. The substrate on which the
ZnO nanorods were grown was pressed into the silica gel film
containing the AuCl; and was irradiated with HeCd laser light
(3.81 eV, 15 mW, 1 mm irradiation spot diameter) from the
ZnO nanorod side for 1 min.

3. Result and discussion

Figure 2(c) shows the absorption spectra of the ZnO nanorods
(curve A) and the HAuCly solution (curve B). From these
results, we found that the absorption edge energy of the AuCI;
ions in the solution was 3.44 eV. Curve C in figure 2(c) is
the ZnO nanorod photoluminescence (PL) spectrum due to
excitation with the HeCd laser. The peak wavelength of the
PL spectrum was at 3.30 eV. The approximate length, diameter,
and density of first-stage ZnO nanorods were 1 um, 70 nm, and
160 wm~2, respectively. The reported absorption coefficient
of ZnO thin film was 1-2 x 10° um~™' [16, 17]. These
findings show that the excitation light was absorbed by the
first-stage ZnO nanorods and did not reach the silica sol film.
In addition, the photon energy of light emitted from the ZnO
nanorods was smaller than the absorption energy of the AuCl,
ions, making it impossible to achieve gold deposition via the
adiabatic process. Therefore, in this experiment, the gold
deposition occurred only via the non-adiabatic process by light
emission from the ZnO nanorods.

Figures 3(a) and (b) are top-view and perspective-view
SEM images of the surface of the silica gel film after the
ZnO nanorods were pressed into it and irradiated with light.
The white points indicated by the solid-line arrows show the
deposited gold nanoparticles, and the dark points, indicated
by the broken-line arrows, show indentations of traces left by
pressing the ZnO nanorods. The surface density of the ZnO
nanorod traces was smaller than the surface density of the
ZnO nanorods themselves. This is because of some variation
in the lengths of the ZnO nanorods employed, meaning that
only ZnO nanorods with a large height were pressed into the
silica gel. Also, the sites where deposited gold particles were
produced were sparse despite the fact that the spot irradiated by
the HeCd laser light was 1 mm in diameter. We evaluated the
gaps between the gold nanoparticles and the nanorod traces.
The shapes of the gold nanoparticles and the ZnO nanorods
were approximated by circles of equal area. Figure 3(c) shows
the distribution of distances between the centers of gravity of
the gold nanoparticles and the nearest ZnO nanorod traces,
normalized by the radii of the ZnO nanorod traces. This
distribution was calculated using figure 3(a). We consider this
distribution to be enough to evaluate the effect of the non-
adiabatic process. Regarding the distances between the centers
of gravity, 36% of the total were 2—3 times greater than the radii
of the nanorod traces, and 30% were 3—4 times greater; thus,
considering that the actual shape is non-circular, it means that
the gold nanoparticles were deposited adjacent to the nanorod
traces. The average diameter of the gold nanoparticles obtained
from SEM measurements was 17.7 £ 6.1 nm.

We performed numerical calculations to show that the
deposition of gold only in the vicinity of the nanorods was
due to the non-adiabatic process. A non-adiabatic reaction

LI B
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Normalized nearest distance (-)

Figure 3. (a) Top-view SEM image of the silica gel surface after
laser irradiation; (b) perspective-view SEM image of the cleaved
substrate; (c) distribution of distances between gold nanoparticles
and nearest nanorod traces, normalized to the radius of the nanorod
trace.

involving excitation of coherent phonons is described by the
virtual exciton—phonon—polariton (EPP) model; however, in
finite-difference time-domain (FDTD) numerical analysis, the
spatial distribution of virtual EPPs, that is to say, the rate of
the photochemical reaction, is represented by 7 (r)dI (r)/dr.
Here, I(r) is the photon intensity and d/ (r)/dr is the photon
intensity gradient [10].

The model used in the FDTD simulation is shown in
figure 4(a). The first-stage nanorod is rectangular with a side of
100 nm, and the second-stage nanorod is a hexagonal rod with
a side of 10 nm. The tip of each rod-like structure is pyramidal.
A 100 nm portion at the tip of the second-stage nanorod is
surrounded by SiO;, corresponding to the silica gel film. These
nanorods are periodically arrayed at a pitch of 20 nm. The light
source was plane wave propagating to the —z direction and had
a wavelength of 325 nm. As optical constants, we assumed
n=20and k = 035forZnO [18],andn = 1.5and k = 0
for SiO; [19]. The calculated intensity distributions, 7 (r), in
the Y Z plane (x = 0) and the XY plane (z = 0) are shown in
figures 4(b) and (c).

Curve A in figure 4(d) shows the spatial distribution of
1(r) at the SiO, surface as a function of the distance, d, from
the ZnO nanorod surface. Here the intensity was normalized
to the value at d = O nm. The intensity was 0.45 at
d = 40 nm and did not greatly decrease with increasing d.
Therefore, when deposition of gold nanoparticles proceeds via
the adiabatic process, gold nanoparticles should be deposited
in the entire irradiated area, not just in the vicinity of the
ZnO nanorods. In contrast, curve B in figure 4(d) shows the
distribution of 7 (r) dI(r)/dr, thus showing the distribution of
virtual EPPs. The intensity gradient d/ (r)/dr is given by

dI(r)/dr =
V0T (x, y,2)/0x)2 + {01 (x, y,2)/9y )2+ (x, y, 2)/3z)2.
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Figure 4. (a) Configuration of the model used in the FDTD
simulation. Calculated electric field intensity distributions in (b) Y Z
plane (axis center) and (c) XY plane (SiO, surface). (d) Intensity
distributions versus distance from nanorod surface for / (curve A)
and / x d//dr (curve B).

The values of I (r) dI (r)/dr were also normalized to the value
at d = 0 nm. Compared with I(r), I(r)dI(r)/dr showed
a sharp decrease with increasing d. In the curves of I(r)
and I(r)dI(r)/dr, we compare the distances at which the
intensity falls to 1/e, as the attenuation length. [7(r) does
not fall to 1/e at I (50 nm), whereas the attenuation length
for I(r)dI(r)/dr is 0.9 nm. These results show that the
effect of the non-adiabatic process is localized close to the
nanorods. These simulation results show good agreement
with the experimental result that the gold particles are in
contact with the nanorod traces, indicating that the deposition
reaction of gold nanoparticles deposited close to the ZnO
nanorods in the experiment was due to the non-adiabatic
process.

In addition, as shown in figure 4(c), the intensity
distribution obtained from the FDTD calculation shows a
strong polarization dependence. In the experiment, however,
the gold nanoparticles were deposited in random directions
relative to the nanorod traces.  This difference arises
because the deposition reaction of the gold particles is not
an adiabatic reaction due to the excitation light but is a
non-adiabatic reaction due to light emission from the ZnO
nanorods. Because the exciton emission shows no polarization
dependence, the non-adiabatic photoreaction which induces
this exciton emission as a light source also shows no
polarization dependence. Therefore, the directions of gold
particle deposition are random.

4. Conclusion

In this paper we have reported on the deposition of
gold nanoparticles using the non-adiabatic reaction. Gold
nanoparticles were deposited adjacent to ZnO nanorods,
reflecting the attenuation of the optical near-fields in the
vicinity of the ZnO nanorods, which acted as sources of optical
near-field light. The average diameter of the gold nanoparticles
obtained from SEM images was 17.7 £ 6.1 nm. The emission
wavelength from the ZnO nanorods was found to be longer
than the absorption edge wavelength of the tetrachloroaurate
(AuCly). Also, from the intensity distribution obtained
by FDTD calculations, the gold deposited around the ZnO
nanorods was found to be due to a non-adiabatic photochemical
reaction. By using a non-adiabatic reaction induced by
optical near-fields in photodeposition, we successfully realized
selective deposition of gold nanoparticles only at sites adjacent
to the sources of optical near-field light.
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Abstract In this paper, we propose a novel photovoltaic
device using P3HT and ZnO as test materials for the p-
type and n-type semiconductors, respectively. To fabricate
an electrode of this device, Ag was deposited on a P3HT
film by RF-sputtering under light illumination (wavelength
Ap = 660 nm) while reversely biasing the P3HT/ZnO pn-
junction. As a result, a unique granular Ag film was formed,
which originated from a phonon-assisted process induced by
an optical near-field in a self-organized manner. The fabri-
cated device generated a photocurrent even though the in-
cident light wavelength was as long as 670 nm, which is
longer than the long-wavelength cutoff A, (= 570 nm) of
the P3HT. The photocurrent was generated in a wavelength-
selective manner, showing a maximum at the incident light
wavelength of 620 nm, which was shorter than Ay because of
the Stark effect brought about by the reverse bias DC electric
field applied during the Ag deposition.

1 Introduction

A key issue in the progress of optical technologies is to im-
prove the performance of semiconductor photovoltaic de-
vices, for example, increasing their conversion efficiency.
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Although it is also essential to expand their working wave-
length ranges, the long-wavelength cutoff A, is governed by
the bandgap energy E, of the semiconductor material to be
used as the active medium for these devices; for example, the
long-wavelength cutoffs are 390 nm, 1100 nm, and 3000 nm
for GaN, Si, and InGaAs, respectively. To expand the wave-
length range, higher E, is required, which can be met by
exploring novel materials or structures of semiconductors.

This paper proposes a novel method of expanding the
working wavelength range of a photovoltaic device beyond
the one limited by E, even though the semiconductor mate-
rials remain untreated. It utilizes a phonon-assisted process
(also called a nonadiabatic process [1]) induced by an opti-
cal near-field. Furthermore, a wavelength-selective feature
of photocurrent generation is realized by controlling the
morphology of a metallic electrode surface by utilizing this
phonon-assisted process.

It has been found that optical near-fields can excite co-
herent phonons on the surface of a nanometric particle,
and that, together with the optical near-fields, these excited
coherent phonons form a coupled state which is called a
virtual exciton-phonon-polariton [1]. This coupled state is
used in the phonon-assisted process, by which electron-
hole pairs can be created in the semiconductor even though
the incident photon energy is lower than E,. This is be-
cause the energies of both the optical near-field and the in-
duced phonon contribute to this photocurrent generation via
an electric dipole-forbidden transition. Previous theoretical
studies support the possibility of exciting electrons by a two-
step phonon-assisted process for creating electron-hole pairs
(Fig. 1) [2, 3].

(1) The first step is the transition from the initial state in the
valence band (| Eg; el) ® | Eex thermal; phonon)) to the in-
termediate state (|Ey; el) ® |Eex; phonon)) by the opti-
cal near-field. Here, | E,; el) represents the ground state

@ Springer
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Fig. 1 Exciting an electron by
the two-step phonon-assisted
process. (1) and (2) represent
the first and second steps of the

Conduction band

excitation, respectively

Optical near-field or
propagating light

Valence band O

of the electron, |Eex thermal; Phonon) represents the ex-
cited state of a phonon whose energy is determined by
the lattice temperature, and | Eex; phonon) represents the
excited state of a phonon whose energy depends on the
energy of the optical near-field. The optical near-field
is indispensable for this transition because it is electric
dipole-forbidden.

(2) The second step is the transition from the interme-
diate state to the final excited state in the conduc-
tion band (|Ecx;el) ® |Eex; phonon)) by the opti-
cal near-field or conventional propagating light. Here,
| Ecx; el) represents the excited state of the electron, and
| Ecx'; phonon) represents the excited state of a phonon
whose energy depends on the photon energy used
for transition. Since this transition is electric dipole-
allowed, it can be brought about not only by the opti-
cal near-fields but also by the conventional propagating
light. After this transition, the excited phonon relaxes to
the thermal equilibrium state | Eex’ thermal; phonon).

This phonon-assisted process has already been applied
in the development of novel photochemical vapor deposi-
tion [3], photolithography [4], self-organized photochemical
etching [5], and optical frequency up-conversion [6].

2 Control of the morphology of a metallic electrode
surface by a phonon-assisted process

In the present study we utilized the phonon-assisted process
twice: once for efficient photocurrent generation in the
wavelength range beyond the one limited by E,, as was de-
scribed in Sect. 1, and once for fabricating a metallic elec-
trode of the photovoltaic device, in which the morphology
of the electrode surface can be controlled in a self-organized
manner so that the phonon-assisted process is efficiently in-
duced for photocurrent generation.

@ Springer
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Poly(3-hexylthiophene) (P3HT) was used as a test mate-
rial of a p-type semiconductor material for the photovoltaic
device because it was straightforward to fabricate in a thin
film without using any specialized equipment. It has been
popularly used as a hole-conduction component [7]. Prelim-
inary experiments confirmed that (1) the P3HT used showed
maximum photo-absorption at the wavelength A, = 430 nm,
(2) its long-wavelength cutoff A, was 570 nm, and (3) the
magnitude of the photo-absorption at A, was less than 1/100
times that at A,, which was negligibly low for the present
study, and thus, the P3HT was transparent in the wave-
length range longer than A.. A ZnO thin film was used as
an n-type semiconductor material because it is transparent
in the wavelength range longer than 400 nm, and also be-
cause the energies of its valence and conduction bands al-
low efficient photocurrent generation [8]. The ITO and Ag
films were used as the two electrodes. The P3HT played the
main role in determining the device operation because the
depletion layer of the pn-junction was formed in the P3HT.

Thin films of these materials were deposited on a sap-
phire substrate by a series of processes: (1) After successive
ultrasonic cleaning steps of the sapphire substrate using ace-
tone, methanol, and pure water, respectively, an ITO film of
200 nm thickness was deposited on the sapphire substrate
by sputtering. (2) A ZnO film of 100 nm thickness was de-
posited on the ITO film by sputtering. (3) A 10 mg/ml chlo-
roform solution of P3HT was spin-coated on the ZnO film,
followed by baking at 120°C for 6 hours in vacuum in order
to remove impurities, such as the residual chloroform. As a
result, a P3HT film of 50 nm thickness was formed. (4) An
Ag thin film with a thickness of a few nanometers was de-
posited on the P3HT film. As a result, a multilayered film
covering an area of 30 mm? was obtained on the sapphire
substrate (Fig. 2(a)).

At the last stage of the fabrication process, Ag was fur-
ther deposited on the Ag thin film made in step (4) in or-
der to efficiently bring about the phonon-induced process
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for photocurrent generation. Figure 2(b) schematically ex- separated from each other due to the electric field of the
plains this deposition, which was proposed by referring to reversely biased voltage. As a result, the positive holes
the authors’ previous work on size- and position-controlled are injected into the deposited Ag.
self-assembling optical near-field deposition of nanometric ~ (3) [Step (3) in Fig. 2(b)] Since the sputtered Ag is posi-
metallic particles [9]. Briefly, the Ag was deposited by RF- tively ionized due to the transmission of the Ag through
sputtering under light illumination on the previously de- the argon plasma (argon gas pressure: 0.6 Pa) or due
posited Ag thin film of step (4) while the P3HT/ZnO pn- to the collision of the argon plasma with the Ag-target
Junction was reversely biased with a DC voltage Vj. Here, used for RE-sputtering [10], these positively ionized Ag
Vi was fixed to —1.5 V, and the wavelength ¢ of the inci- particles are repulsed from the area of the positively

dent light was 660 nm, which is longer than A, of the P3HT.
The diameter of the light beam used to illuminate the central
part of the Ag film surface of Fig. 2(a) was 3 mm. It is ex-
pected that this deposition with light illumination controls
the morphology of the Ag film as a result of the phonon-
assisted process induced by the optical near-field. When the
Ag film with this controlled morphology is used as an elec-
trode of the device, it is also expected that a conspicuous
phonon-assisted process will be induced for photocurrent

charged Ag film in which the positive holes have been
injected in the manner described in (2). This means
that subsequent deposition of Ag is suppressed in the
area in which the optical near-fields are generated effi-
ciently. As aresult, a unique granular Ag film is formed,
which depends on the spatial distribution of the opti-
cal near-field energy. This granular Ag film grows in
a self-assembled manner with increasing RF-sputtering
time, resulting in the formation of a unique morphol-

generation.

The mechanism of controlling the morphology is: OgY:

(1) [Step (1) in Fig. 2(b)] Under light illumination, an op- By using this morphology-controlled Ag film as an elec-
tical near-field is generated on the Ag surface. This trode of the photovoltaic device and by applying the inci-
optical near-field excites a coherent phonon at the pn- dent light from the rear surface of the sapphire substrate
junction, resulting in generation of a virtual exciton-  (Fig. 2(c)), it is expected that the optical near-field can

phonon-polariton [1, 2]. By the two-step phonon-assisted be efficiently generated on the electrode. Thus, electron-
process described in Sect. 1, electrons can be excited ~ hole pairs can be created efficiently by the phonon-assisted
to create the electron-hole pair at the pn-junction even  process if the photovoltaic device is illuminated by light
though the photon energy of the incident light is lower ~ Wwith the same wavelength A¢ as the one used for control-
than E. ling the morphology of the Ag film. On the other hand,
(2) [Step (2) in Fig. 2(b)] The created electron-hole pairs if it is illuminated by light of a different wavelength A1,
disappear because the electrons and positive holes are  the efficiency of the electron-hole pair creation should be
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Fig. 3 SEM images of the Ag film surfaces. (a)—(e) are for Devices 1-5, respectively. Histograms in (d) and (e) represent the distributions of the
grain diameters in the SEM images. The solid curves in these figures are the lognormal size distributions fitted to the histograms

lower because the spatial profile and the photon energy of
the generated optical near-field are different from those in
the case of using Ao for controlling the morphology. Thus,
this device should exhibit wavelength-selectivity in the pho-
tocurrent generation, which should take a maximum at the
wavelength A¢. Furthermore, since this wavelength is longer
than A, the working wavelength becomes longer than the
one limited by E.

By employing several values of V}, and the incident light
power P, Ag was deposited on the previously fabricated Ag
film of step (4) by 30 minutes of RF-sputtering. Finally, five
devices were fabricated; the values of Vj, and P were V, =0
and P =0 (Device 1), Vp =0 and P = 30 mW (Device 2),
Vp, =0 and P = 80 mW (Device 3), V, = —1.5 V and
P =50 mW (Device 4),and V, = —1.5Vand P =70 mW
(Device 5). Device 1, fabricated without applying Vj, and P,
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was used as a reference to evaluate the performance of the
other devices.

Figures 3(a)—(e) show SEM images of the Ag-film sur-
faces of Devices 1-5. By comparing them, it is clear that
the Ag surfaces of Devices 4 and 5 (Figs. 3(d) and (e)) were
very rough, with larger grains than those of Devices 1-3
(Figs. 3(a)-(c)). Furthermore, since the grain sizes in
Figs. 3(d) and (e) were different from each other, these fig-
ures were analyzed to evaluate the size distribution of the
grains. The figures were digitized, and the shapes of the
grains were approximated by circles of equal area. After
this approximation, the distribution of the diameters was
fitted by a lognormal size-distribution function, which has
been popularly used for representing the size distribution in
particle growth processes [11, (1)]. The results are shown
in Figs. 3(d) and (e). From the lognormal size-distribution
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Fig. 4 Optical transmittance of the device measured by applying the
incident light from the rear surface of the sapphire substrate. Curves A
and B are for Devices 5 and 4, respectively

curves fitted to the histograms, the average and standard de-
viation of the diameters of Fig. 3(d) were found to be 90 nm
and 64 nm, respectively. Those of Fig. 3(e) were 86 nm and
32 nm, respectively. These results show a decrease of the
standard deviation with increasing incident light power for
controlling the morphology, indicating that these granular
surfaces were formed in a self-organized manner.

It should be possible for the optical near-field on the Ag
grains of Figs. 3(d) and (e) to extend to the pn-junction be-
cause the decay length of the optical near-field on a nano-
metric particle is equivalent to the particle size. This possi-
bility was confirmed by evaluating the optical transmittance
of the devices by applying the incident light (light beam di-
ameter: 2 mm) from the rear surface of the sapphire sub-
strate. As shown by curve A in Fig. 4, the optical trans-
mittance of Device 5 was higher than 0.1 in the wavelength
range 400-880 nm. Curve B also shows a high optical trans-
mittance for Device 4. From these curves, it was confirmed
that the thicknesses of the Ag film in Figs. 3(d) and (e), aver-
aged over the illuminated area, were less than 20 nm. Thus,
the sum of the thicknesses of the Ag and P3HT was esti-
mated to be less than 70 nm. Therefore, it is expected that the
optical near-field generated on the Ag grains of Figs. 3(d)
and (e) can extend to the pn-junction because the average
diameters of these grains were 90 nm and 86 nm, respec-
tively. As a result, it is expected that this optical near-field
efficiently creates electron-hole pairs at the pn-junction by
the phonon-assisted process. On the other hand, the optical
transmittances of Devices 1-3 were as low as 1 x 107 in
the whole wavelength range of Fig. 4, indicating the high
reflection and absorption by the Ag films. This is because
these Ag films were as thick as 800 nm, which was mea-
sured directly by using a surface profiler.

3 Evaluation of the wavelength dependence of the
generated photocurrent

In order to evaluate the dependence of the generated pho-
tocurrent on the incident light wavelength A;, in the first

measurement we employed a halogen lamp as a light source,
whose emission wavelength range was 350-1500 nm and
whose light beam diameter was 1 mm. The light was inci-
dent on the device through the sapphire substrate (Fig. 2(c)).
The first row of Table 1 represents the measured values of
the photocurrent iy whote, j (j = 1-5 for Devices 1-5) gener-
ated by the incident light in the wavelength range 350 nm <
Xi <1500 nm. The incident light power Pynole integrated
over this wavelength range was 5.5 mW. The second row is
the photocurrent iy, jong, ; for the wavelength range 600 nm <
A; <1500 nm, which is longer than A, of P3HT. This long-
wavelength light component was extracted from the light
source by using a long-pass optical filter. The incident light
power Plong was calibrated to 5.0 mW by taking the opti-
cal transmittance (= 0.96) of the long-pass optical filter into
account. The third row represents the photocurrent ip short, j
for the wavelength range 350 nm < X; < 600 nm, which was
obtained by simply taking the difference between the mea-
sured values of iy whole, ; and ip jong, ;-

This table clearly shows that Devices 4 and 5 generated
the photocurrents i, jong,4 and ip jong,5 €ven in the longer
wavelength range beyond E, of the P3HT, whereas Devices
1-3 generated the photocurrents ip short, j (j = 1-3) only in
the shorter wavelength range limited by E,. It also shows
that the photocurrent ip 1ong, 5 Was much higher than ij, 1ong, 4.
This is attributed to the fact that the phonon-assisted process
was induced more strongly in Device 5 for generating pho-
tocurrent from Device 5 because the Ag film had a more
effective morphology due to the higher optical power illu-
mination in the RF-sputtering process.

Table 1 also shows that the photocurrent ip short,5 from
Device 5 in the short wavelength range A; < 600 nm
(2.07 eV photon energy) was much lower than ip short,1
of Device 1. The photocurrent ip short,4 0f Device 4 was
also lower than ip shor,1. These lower photocurrents are at-
tributed to de-excitation of electrons by another two-step
phonon-assisted process, which is opposite to that illus-
trated in Fig. 1. Because the incident light wavelength for
generating ip short,j is shorter than the one limited by E,
of P3HT, the electrons in Device 1 can be directly excited
by a conventional electric dipole-allowed transition from
HOMO to LUMO (from the valence to the conduction band
in the case of Fig. 1. |Eg; el) ® |Eex,thermal; phonon) —
|Eex; el) ® | Ecx’; phonon)) to create the electron-hole pairs.
The phonons subsequently relax to the thermal equilib-
rium phonon state |Eex thermal; Phonon)). Afterwards, the
created electron-hole pairs are spent to generate the pho-
tocurrent. Simultaneously, however, electron-hole recom-
bination is also possible, resulting in conventional propa-
gating light emission via the electric dipole-allowed tran-
sition (| Eex; el) ® | Eex, thermal; phonon) — |Eg; el) ® |Ecy;
phonon)) (Fig. 5(a)). As a result, the higher the magnitude
of this recombination, the lower the generated photocurrent.
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Table 1 Photocurrent generated by a halogen lamp (in units of nA)

Device 1 Device 2 Device 3 Device 4 Device 5
ip,whole,j (350 nm < A; < 1500 nm) 2.18 3.01 2.32 1.65 5.17
(Pwhole,j = 5.5 mW)
ip,long,j (600 nm < A; < 1500 nm) 0.02 0.02 0.04 0.34 5.10
(Piong,j = 5.0 mW)
ip,short,j (350 nm < A; < 600 nm) 2.16 2.99 2.28 1.31 0.07
(= ip,whole,j - ip,long.j)
|E,cel> ®|E,,.;phonon> |E,.el>®|E,,.;phonon>
|Eex;e"'> ® |Eex_[hemaf;phonon> |E9X;E!>® |Esx‘me_,ma,;ph0n0n>
Short-wavelength Short-wavelength Propagating light

incident light Propagating light

|Eel>® |E,, tomarPhonon>
a |E;e>® |E,,.;phonon>

Fig. 5 Schematic explanation of exciting an electron with incident
light whose wavelength is shorter than the one limited by E, of
P3HT. Subsequent de-excitation is also illustrated. (a) is applied to

In the case of Devices 4 and 5, on the other hand, a further
decrease of the photocurrent is expected by de-excitation of
electrons through the two-step phonon-assisted process ((1')
and (2') in Fig. 5(b)):

(1) The first-step de-excitation is through the transition
from the initial state in LUMO (| Ecx; el) @ | Eex, thermal;
phonon)) to the intermediate state (|Eg;el) ® |Eex;
phonon). Since this transition is electric dipole-allowed,
it can emit conventional propagating light, as well as
generating the optical near-field.

The second-step de-excitation is through the transi-
tion from the intermediate state to the ground state in
HOMO (|Eg; el) ® |Eex thermal; phonon)). Since this
transition is electric dipole-forbidden, only the optical
near-field is generated.

2

De-excitation through the two-step phonon-assisted proc-
ess in Device 5 was confirmed by measuring the photolumi-
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incident light or optical near-field

|E :el> ®|E,,;phonon>

Optical near-field

|Egiel>®|E,, termarPhonon>
b |Eel>®|E,

X

»»phonon>

all Devices 1-5. (b) is also applied to Devices 4 and 5. (1) and (2) in
(b) represent the first and second steps of the de-excitation, respectively

nescence (PL), i.e., the propagating light emitted as a re-
sult of the first-step de-excitation (1), using the second har-
monic of a Ti:Al,O3 laser as a light source (wavelength:
430 nm). It should be pointed out that pump-probe spec-
troscopy has previously enabled measuring the lifetimes of
the intermediate state | Eg; el) ® | Ecx'; phonon) in Coumarin
480 and 540A dye grains [12]. The results of the present
measurements are shown in Fig. 6. As a reference, the curve
of Fig. 6(a) represents the PL spectrum emitted from De-
vice 1. Its peak wavelength was 585 nm, which was 15 nm
longer than A, of P3HT due to the conventional Stokes-shift
of P3HT [13]. The full-width at half-maximum (FWHM) of
this spectral curve was 90 nm. This spectrum is attributed to
the conventional propagating light emission of Fig. 5(a).

On the other hand, curve A of Fig. 6(b) is the PL spec-
trum from Device 5. Its peak wavelength was 620 nm, i.e.,
the red-shift from A, was as large as 50 nm. This red-shifted
PL was attributed to the propagating light emission due to
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Fig. 6 Photoluminescence (PL) [ T
spectra of the devices. (a) The
PL spectrum of Device 1.

(b) Curve A represents the PL
spectrum of Device 5. The
upward-pointing black arrow
indicates a kink in this curve.
Curve B represents the PL
spectral component due to the
conventional propagating light
emission, as in the case of (a).
Curve C represents the

PL intensity (a.u.)

T T T T T

PL intensity (a.u.)

0 )
remaining component 550 600

a Wavelength (nm) b

the first-step de-excitation of Fig. 5(b). The FWHM of this
spectral profile was as wide as 150 nm, which was attributed
to the several PL spectral components which overlap each
other due to the multiple closely spaced phonon energy lev-
els. Furthermore, curve A has a kink at 585 nm, as is indi-
cated by the upward-pointing arrow. This is because curve
A also contains the PL spectral component due to the con-
ventional propagating light emission, as was the case of De-
vice 1. By referring to the spectral profile of Fig. 6(a), the
spectral component at the kink was extracted from curve
A, and the result is represented by curve B. The remain-
ing component is represented by curve C. By this extrac-
tion, the magnitudes of the contributions of the conventional
de-excitation (Fig. 5(a)) and the first-step phonon-assisted
process ((1) of Fig. 5(b)) to curve A were evaluated by com-
paring the areas bounded by curves B and C and the horizon-
tal axis. As a result, the ratio of the calculated areas was 1:4,
from which it was found that the PL and the de-excitation
of Device 5 was dominated by the phonon-assisted process
of Fig. 5(b).

The second measurements evaluated the detailed wave-
length dependences of the photocurrent generation in the
longer wavelength range beyond E, of P3HT, using a
Ti:Al,O3 laser-pumped wavelength-tunable optical para-
metric oscillator as a light source. Experimental results for
the wavelength range 580 nm < A; < 670 nm are shown in
Fig. 7. Since a limited area of the device surface was illu-
minated by a 1 mm-diameter incident light beam, the gener-
ated photocurrent density was employed to draw this figure,
as has been popularly employed in previous work [7]. A lin-
ear relation between the incident light power and the gen-
erated photocurrent density was confirmed by preliminary
experiments by applying low-power incident light (0.02—
2 mW, corresponding to 2.5 mW/cm?-250 mW/cm? den-
sity). This linear relation was attributed to the fact that the
rate of creating electron-hole pairs was governed only by
the electric dipole-forbidden transition of the first-step ex-
citation of Fig. 1 under low light power-density excitation.
The creation rate by the second-step excitation of Fig. 1 was
sufficiently high because of the electric dipole-allowed tran-
sition. Based on this linear relation, the incident light power

650 700 550 600 650 700
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Fig. 7 Dependences of the generated photocurrent densities on the
wavelength of the incident light. Curves A, B, and C are for Devices 1,
4, and 5, respectively

density was fixed to 125 mW/cm? (1 mW optical power)
for photocurrent density measurements. The photocurrent
densities from Devices 2 and 3 are not shown in this figure
because they were negligibly low. That from Device 1 was
also very low, but it is shown by curve A as a reference.
Curves B and C represent the measured photocurrent
densities from Devices 4 and 5, respectively, generated by
incident light with wavelengths up to A; = 670 nm, which
clearly demonstrates the expansion of the working wave-
length range beyond that limited by E, of P3HT. These
curves also indicate the possibility of photocurrent gener-
ation even in the wavelength range longer than 670 nm. The
photocurrent of curve C was the highest at 4;, = 620 nm,
whereas it was very low in the range A; < 600 nm, due to
the strong phonon-assisted process, as was shown in Table 1.
Thus, Device 5 is effectively a wavelength-selective pho-
tovoltaic device for incident light with a wavelength be-
yond that limited by E,, which was the aim of this study.
The photocurrent density was 0.15 mW/cm? at the peak of
curve C (%;, = 620 nm), which corresponds to a quantum
efficiency of 0.24% because the incident light power den-
sity was 125 mW/cm?. This efficiency is as high as that
of a conventional hetero-junction photovoltaic device us-
ing P3HT [14]. However, it should be pointed out that De-
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vice 5 realized such a high quantum efficiency even for
wavelengths longer than the one limited by E, of P3HT.

The wavelength A, (= 620 nm) at the peak of curve C
was 40 nm shorter than Ay (= 660 nm) used for control-
ling the morphology of the Ag film. This difference was at-
tributed to the DC Stark effect induced by the reverse bias
voltage V;, (= —1.5 V) applied in the process of controlling
the morphology of the Ag film: It is known that the width of
the depletion layer of a pn-junction is about 10 nm for gen-
eral organic semiconductors [15]. Also, the relative dielec-
tric constant of P3HT is 3.0 [16]. By using these values, it is
estimated that a DC electric field of 1 x 10® V/m was applied
to the depletion layer of the P3HT/ZnO due to Vj,. Further-
more, by approximating the reduced mass of the electron—
hole pair in the pn-junction as the mass of an electron in
vacuum, the shift of the long-wavelength cutoff A, induced
by the applied DC electric field was estimated by using a
formula for the photo-absorption coefficient [17, (23)]. As a
result, the estimated value was 40 nm, which agrees with the
measured wavelength difference given above.

4 Summary

P3HT and ZnO were used as test materials for the p-type
and n-type semiconductors, respectively. In order to fab-
ricate an electrode, Ag was deposited on the P3HT film
by RF-sputtering under light illumination (wavelength Ao =
660 nm) while the P3BHT/ZnO pn-junction was reversely bi-
ased. As a result, a unique morphology was formed on the
Ag film, which originated from the phonon-assisted process
brought about by the optical near-field in a self-organized
manner. The fabricated devices generated photocurrent by
the phonon-assisted process brought about by the opti-
cal near-fields even with incident light of 670 nm wave-
length, which was longer than the long-wavelength cutoff X,
(= 570 nm) limited by the bandgap energy E; of P3HT. On
the other hand, the photocurrent was extremely low for inci-
dent light wavelengths shorter than A, which was attributed
to de-excitation by the phonon-assisted process. Thus, it
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was concluded that the photocurrent was generated in a
wavelength-selective manner, exhibiting a maximum at the
incident light wavelength of 620 nm, which was attributed
to the Stark effect due to the reversely biased DC electric
field applied in the Ag deposition process.

It is expected that the present method can be applied
not only to P3HT but also to other organic and inorganic
semiconductors because the phonon-assisted process was
induced merely by controlling the morphology of the elec-
trode, while the semiconductor materials remained un-
treated. Higher efficiency can be expected by fine adjust-
ment of the reverse bias voltage, light power, and wave-
length used for controlling the morphology.
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1. Introduction

Holography, which generates natural three-dimensionabs, is one of the most common
anti-counterfeiting techniques [1]. In the case of a volumgram, the surface is ingeniously
formed into microscopic periodic structures which diffraccident light in specific directions.
A number of diffracted light beams can form an arbitrary &acBmensional image. Gener-
ally, these microscopic structures are recognized as hbfficult to duplicate, and therefore,
holograms have been widely used in the anti-counterfeiinigank notes, credit cards, etc.
However, conventional anti-counterfeiting methods basethe physical appearance of holo-
grams are less than 100% secure [2]. Although they proviske eauthentication, adding other
security functions without degrading the appearance ieqlifficult.

Previously, we have proposechararchical hologram, which is created by applying nano-
metric structural changes to the surface structure of aam@ional hologram [3]. The physical
scales of the nanometric structural changes and the elahsémnictures of the hologram are less
than 100 nm and larger than 100 nm, respectively. In priecgktructural change occurring at
the subwavelength scale does not affect the optical resdanstions, which are dominated by
propagating light. Therefore, the visual aspect of the tn@m is not affected by such a small
structural change on the surface. Additional data can tleusriiten by engineering structural
changes in the subwavelength regime so that they are ondgsitde via optical near-field inter-
actions (we call such information retrievadar-mode retrieval) without having any influence
on the optical responses obtained via the conventiondidharight (what we callfar-mode
retrieval). By applying this hierarchy, new functions canduided to conventional holograms.

In this paper, we propose embeddingnanophotonic code, which is physically a
subwavelength-scale shape-engineered metal nanoseyictia hierarchical hologram to im-
plement a near-mode function. The basic concept of the ratopic code and fabrication of a
sample device are described. In particular, since our E@papproach is to embed a nanopho-
tonic codewithin the patterns of the hologram, which is basically composehefdimensional
grating structures, it yields clear polarization depemgecompared with the case where it is
not embedded within the hologram or arrayed structures.€Tae also other benefits with the
proposed approach; a major benefit is that we can fully etilie existing industrial facilities
and fabrication technologies that have been developedrgorfaonventional holograms, yet
adding novel new functionalities to the hologram.

Here we numerically and experimentally demonstrate thesgufes of embedding a
nanophotonic code in an embossed hologram for hierarchié@imation retrieval. Section
2 describes the design and fabrication of the prototypecde@ection 3 shows numerical char-
acterizations, and Section 4 gives experimental resuistié@h 5 concludes the paper.

2. Design and fabrication of the hierar chical hologram: A nanophotonic code embedded
in an embossed hologram

Our nanophotonic code is defined by induced optical neaidj&lhich are generated by irra-
diating a nanometric structure with light. An optical nédiatel is a non-propagating light field
generated in a space extremely close to the surface of a rnostructure [4]. Because the
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light distribution depends on several parameters of thecstre and the retrieving setup, vari-
ous types of coding can be considered. Moreover, several features of nanophotonics, such
as energy transfer [5] and hierarchy [6], may be exploited.

As shown in Fig. 1, we created a sample device to experinfgmtaonstrate the retrieval
of a nanophotonic code within an embossed hologram. Theeaihévice structure, whose size
was 15 mmx 20 mm, was fabricated by electron-beam lithography on alSstsate, followed
by sputtering a 50-nm-thick Au layer, as schematically shawthe cross-sectional profile in
Fig. 1(b).

40 nm

e

500 nm 80 nm

near-field N —

A
Au layer—_-‘-—E..f.

. e
Si substrate —

(b) ©

Fig. 1. (a) Fabrication of a nanometric structure as a naoigpiic code within the em-
bossed structure of Virtuagram®. (b) Schematic diagranabfitated sample device, and
(c) SEM images of various designed patterns serving as habopic codes.

As indicated in the left-hand side of Fig. 1(a), we can obserthree-dimensional image of
the earth from the device. More specifically, our prototypeice was essentially based on the
design ofVirtuagram®, developed by Dai Nippon Printing Co., Ltd., Japan, whiglaihigh-
definition computer-generated hologram composed of biteargl one-dimensional modulated
gratings, as shown in Fig. 1(a). Within the device, we sligimodified the shape of the structure
so that near-mode information is accessible only via optiear-field interactions. As shown in
Figs. 1(a) and (c), square- or rectangle-shaped structwtesse associated optical near-fields
correspond to the near-mode information, were embeddédtkinriginal hologram structures.
We call such embedded nanostructurasophotonic codes. The unit size of the nanophotonic
codes ranged from 40 nm to 160 nm.

Note that the original hologram was composed of arrays ofddmeensional grid structures,
spanning along the vertical direction in Fig. 1(c). To embwsalnanophotonic codes, the grid
structures were partially modified in order to implementriheophotonic codes. Nevertheless,
the grid structures remained topologically continuousigireected along the vertical direction.
On the other hand, the nanophotonic codes were alwaysésofiaim the original grid struc-
tures. Those geometrical characteristics provide intieigpolarization dependence, which is
discussed in detail in Sec. 3.

3. Numerical evaluations

First, electric fields at the surface of nanometric strueduvere numerically calculated by a
finite-difference time-domain (FDTD) method based on eteaagnetic simulation witRoynt-
ing for Optics, a product of Fujitsu, Japan.
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As shown in Figs. 2 and 3, two types of calculation models wegated in order to examine
polarization dependencies due to the existence of envieoteth structures in retrieving the
nanophotonic code. The calculated layer is set 10 nm abaveuthface of structures. The
nanophotonic code was represented by a square-shapedustustrwhose side length was
150 nm and whose depth was 100 nm, which is shown near ther teiigs. 2(a) and 3(a).

L X 150

nm

E B
A |>1

Fig. 2. (a) Calculation model of embedded nanophotonic euitle environmental struc-
tures and calculated intensity distribution of electritcfieroduced by (bx-polarized input
light and (c)y-polarized input light.

100 nm
>

I 250 nm

»“

@ (b)

Fig. 3. (a) Calculation model of isolated nanophotonic cadd calculated intensity dis-
tribution of electric field produced by (-polarized input light and (cy-polarized input
light.

As shown in Fig. 2, the square-shaped structure was embéaudgxtriodic one-dimensional
wire-grid structure, whose pitch was 150 nm, which modeddypical structure of an embossed
hologram. As shown in Fig. 3, on the other hand, the squaapeshstructure, whose size was
the same as that in Fig. 2(a), was not provided with any grigcgire. By comparing those
two cases, we can evaluate the effect of the environmenmtaitstes around the nanophotonic
code. Also, we chose the square-shaped structure thatrigpgoin both thex andy directions
in order to clearly evaluate the effects of environmentalctires and ignore the polarization
dependency originating in the structure of the nanophotoode itself. Periodic-conditioned
computational boundaries were located i away from the center of the square-shaped
structure. The wavelength was set to 785 nm.

Figures 2(b), 3(b) and 2(c), 3(c) show the electric fieldristy distribution on the surface
of the structure assumingpolarized and/-polarized input light irradiation, respectively. We
then investigated how the environmental structures aftetite electric fields in the vicinity of
the nanophotonic code and the influence of input light ppédion. For such purposes, we first
evaluated the average electric field intensity in the argh@hanophotonic code, denoted by
(I)signak @nd that in the area including the surrounding areas, édrimt(l )eny. More specifi-
cally, (I)signai represents the average electric field intensity in theu@8.6um area covering
the nanophotonic code, as shown by the dotted square in(@g.whereasl )eny indicates that
in the 2.5um x 2.5um area marked by the dashed square in Fig. 4(a). Figure 4topsuizes
the calculatedl)signaiand(l)env, respectively shown by the red and blue bars.
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Fig. 4. (a) Schematic diagram explaining definition of ageralectric field intensity
(Dsignaland(l)env, and (b) their graphical representations in each calaratiodel. Ev-
ident polarization dependency was exhibited in the caseaobmetric code embedded
in environmental structures. (c) The ratio @fsigna) With x-polarized input to that with
y-polarized input light for the embedded and isolated stmas. (d) Numerical recogniz-
ability Rnum in two types of models witly-polarized input light. The result indicates that
the recognizability of the nanophotonic code was greathaeced by embedding it in the
environmental structure.

We first investigated the polarization dependencies. Incse of the nanophotonic code
embedded in environmental periodic structures, evidelarjzation dependency was observed
for both (I)signai and (I )eny. For example(l)signa With x-polarized input was about two times
larger tharl)signal With y-polarized input light. On the other hand, the isolated mdumonic
code did not show any polarization dependency. Figure 4fo)pares the ratio ofl)signal
with x-polarized input light to that witly-polarized input light for the embedded and isolated
structures.

Second, from the viewpoint of facilitating recognition dtnanophotonic code embedded
in the hologram, it would be important to obtain a kind of reghecognizability for the sig-
nals associated with the nanophotonic codes. In order taa@&essuch recognizability, here we
define a figure-of-merRym as

I signal
Rnum = <<i>egnv ' (Dsignal 1)

which yields a higher value with higher contrast with reggec|)signajand(l)env (indicated
by the term1)signal/ (1) env) @nd with higher signal intensity (indicated Ry signa)- Figure 4(d)

shows the calculate®,ym in the case of-polarized light input to the two types of models. The
result indicates that the nanophotonic code embedded inoamental structure is superior to
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that of the isolated code in terms of the recognizabilityriediby eq. (1).

We consider that such a polarization dependency and thgmeability of nanophotonic
codes are based on the environmental grid structures that &ong the vertical direction.
The input light induces oscillating surface charge disttitms due to the coupling between
the light and electrons in the metal. In the present casey-taarized input light induces
surface charges along the vertical grids; since the griccgire continuously exists along the
y-direction, there is no chance for the charges to be coretetrHowever, in the area of the
embedded nanophotonic code, we can find structural digagtytiin the grid; this results in
higher charge concentrations at the edges of the embeddegmatonic code.

On the other hand, thepolarized input light sees structural discontinuity ajdhe horizon-
tal direction due to the vertical grid structures, as welhabe areas of the nanophotonic codes.
It turns out that charge concentrations occur not only iretligees of the nanophotonic codes but
also at other horizontal edges of the environmental griccatires. In contrast to these nanopho-
tonic codes embedded in holograms, for the isolated sqglaped nanophotonic codes, both
x- andy-polarized input light have equal effects on the nanostmest.

These mechanisms indicate that such nanophotonic codesieledbin holograms could also
exploit these polarization and structural dependencdsomiy retrieving near-mode informa-
tion via optical near-field interactions. For instance, weald facilitate near-mode information
retrieval using suitable input light polarization and enovimental structures.

4. Experiment

In the experimental demonstration, optical responsesxgurear-mode observation were de-
tected using a near-field optical microscope (NOM). A schi@amdiagram of the detecting
setup is shown in Fig. 5(a), in which the NOM was operated iilamination-collection mode
with a near-field probe having a tip with a radius of curvatof® nm. The fiber probe was
connected to a tuning fork. Its position was finely reguldiggensing a shear force with the
tuning fork, which was fed back to a piezoelectric actuafbe observation distance between
the tip of the probe and the sample device was set at less tham5The light source used was
a laser diode (LD) with an operating wavelength of 785 nm, scattered light was detected
by a photomultiplier tube (PMT). A Glan-Thomson polarizextfnction ratio 10°) selected
only linearly polarized light as the radiation source, arftai-wave plate (HWP) rotated the
polarization.

@_ Sample substrate
t with Nanophotonic codes
”””” ’ Observation distance ~ 50 nm

Scanning probe

LD
Tuning fork (A =785 nm)
PMT
Optical
HWP isolator

Glan-Thomson polarizer

(@ (b)

Fig. 5. (a) Schematic diagram of the experimental setupsfinieving a nanophotonic code,
and (b) observed optical image as basic retrieval results.
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Figure 5(b) summarizes the experimental results obtaimedtiieving nanophotonic codes
which werenot embedded in the hologram. In this demonstration, diffeseapes of nanopho-
tonic codes were formed in the positions marked by the dasinglds in Fig. 5(b). For the first
step of our demonstration, the device was irradiated witldoaly polarized light by removing
the polarizer from the experimental setup. Clear near-fglical distributions that depended
on the structures of the nanophotonic codes were obtained.

Figures 6 and 7 show other retrieved results of nanophotmities that were embedded in the
hologram andot embedded in the hologram, respectively, using a lineardgrpeed radiation
source. Figures 6(a) and 6(b) respectively show observell aages of the nanophotonic
code embedded in the hologram with a standard polarizatiefingd as 100-degree polariza-
tion) and 60-degree-rotated polarization. Figure 6(c) mamizes the NOM images obtained
with input polarizations from 0-degree to 180-degree satgiolarizations at 20-degree inter-
vals. Also, Figs. 7(a), 7(b), and 7(c) represent the NOM iesagf the nanophotonic code which
was not embedded in the hologram. As is evident, in the cateafanophotonic code embed-
ded in the hologram, clear polarization dependence wasadxsefor example, from the area
of the nanophotonic code located in the center, a high-ashsignal intensity distribution was
obtained with polarizations around 80 degree.

0 deg 20 deg 40 deg 60 deg 80 deg

100 deg 120 deg 140 deg

(©

Fig. 6. Observed NOM images of optical intensity distribag of retrieved nanophotonic
code embedded in environmental structures with (a) a stdnglalarization and (b) 60
deg-rotated polarization, and (c) NOM images observed tayliating light with various

polarizations.

160 deg 180 deg

To quantitatively evaluate the polarization dependendhefembedded nanophotonic code,
we investigated two kinds of intensity distribution progilBom the NOM images observed.
One is a horizontal intensity profile along the dashed linEig 8(a), which crosses the area
of the nanophotonic code, denoted k), wherex represents the harizontal position. The
other was also an intensity distribution as a function ofzwrtal positiorx; however, at every
positionx, we evaluated the average intensity along the verticattime within a range of 2.5
um, denoted byl (x))env, Which indicates the environmental signal distributiorhé&M a higher
intensity is obtained selectively from the area of the ndrwdpnic code, the difference between
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Standard (100 deg) 60 deg-rotated
(@) (b)

0 deg 20 deg 40 deg 60 deg 80 deg

100 deg 120 deg 140 deg 160 deg 180 deg

(©)

Fig. 7. Observed NOM images of optical intensity distribng of retrieved isolated
nanophotonic code with (a) a standard polarization and Qbdléy-rotated polarization,
and (c) NOM images observed by irradiating light with vagqolarizations.

[ (x) and (I (x))env can be large. On the other hand, if the intensity distribuisouniform along
the vertical direction, the difference betwekx) and (I (x))env should be small. Thus, the
difference ofl (x) and (l(x))env indicates the recognizability of the nanophotonic code. We
define an experimental recognizabilRyxp as

Rexp= Y [1() = (I(X))eny|- (2)

Figure 8(b) shows an example k) and(l (x))env Obtained from the NOM image of the
nanophotonic code embedded in the hologram with the stdndgut light polarization (cor-
responds to Fig. 6(a)). Figures 8(c) and 8(d) slraw, as a function of input light polarization
based on the NOM results shown in Figs. 6(c) and 7(c), resjedctThe nanophotonic code
embedded in the hologram exhibited much greater polaozatependency, as shown in Fig.
8(c), where the maximurRexp was obtained at 80-degree input polarization, whereas only
slight polarization dependency was observed with the isdlaanophotonic code, as shown in
Fig. 8(d). Such polarization dependence in retrieving teaphotonic code agrees well with
the results of the simulations in Figs. 2 and 3.

5. Summary

In this paper, we described the basic concept of a nanopicatode embedded in a hologram
as an implementation of a hierarchical hologram, and we deinated its features by numer-
ical simulations, experimental fabrication of prototypevites, and optical characterization.
One of the most notable characteristics of our proposedoagpris embedding a nanopho-
tonic code within the patterns of a hologram composed ofdineensional grating structures;
it yields clear polarization dependence compared with afaisd nanophotonic code that is
not embedded within a grid structure. These features wemeessfully demonstrated both nu-
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Fig. 8. (a) Schematic diagram explaining definitiort ©f) and(l (x))env, and (b) their plot-
ted results. (c) Calculated experimental recognizabRgyp of embedded nanophotonic
code and (d) that of isolated nanophotonic code. Evidemtgrzability and polarization
dependency were exhibited.

merically and experimentally. Also, because embeddingretréeval of a nanophotonic code
requires highly advanced technical know-how, this appnaan also improve the strength of
anti-counterfeiting measures.

Our results indicated that the environmental structureiges interesting polarization de-
pendency, and more interestingly, facilitates the reslied near-field information. In our fur-
ther research, we may understand the relation between tiievesl optical intensity distribu-
tions and the design of the nanometric structures, inctutlieir environmental conditions.
Such insights should allow us to propose, for instance, amied strategy for implementing
nanophotonic codes, or a strategy robust to errors thatippsscur in the fabrication and/or
retrieval processes [7]. Moreover, a simpler method faieeing the nanophotonic code is re-
quired without using optical fiber probe tips [8]. These aspare currently being investigated
by the authors.
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We report a self-assembly method that aligns nanometer-sized quantum dots (QDs) into a straight
line along which photonic signals can be transmitted by optically near-field effects. ZnO QDs were
bound electrostatically to DNA to form a one-dimensional QD chain. The photoluminescence
intensity under parallel polarization excitation along the QDs chain was much greater than under
perpendicular polarization excitation, indicating an efficient signal transmission along the QD
chain. As optical near-field energy can transmit through the resonant energy level, nanophotonic
signal transmission devices have a number of potential applications, such as wavelength division
multiplexing using QDs of different sizes. © 2010 American Institute of Physics.

[doi:10.1063/1.3372639]

Innovations in optical technology are required for the
continued development of information processing systems.
One potential innovation, the increased integration of photo-
nic devices, requires a reduction in both the size of the de-
vices and the amount of heat they generate. Chains of closely
spaced metal nanoparticles that can convert the optical mode
into nonradiating surface plasmonic waves have been pro-
posed as a way to meet these requirements.l'2 However, one
disadvantage is that they cannot break the plasmon diffrac-
tion limit. To overcome this difficulty, we developed nano-
photonic signal transmission (NST) devices consisting of
semiconductor quantum dots (QDs).> These NST devices
operate using excitons generated in the QDs by optical near-
field interactions between closely spaced QDs as the signal
carrier. The exciton energy is transferred to adjacent QDs
through resonant exciton energy levels, and therefore the op-
tical beam spot may be decreased to the size of the QD.
Moreover, NST devices using semiconductor QDs have
higher transmission efficiency because QDs hardly couple
with the lattice vibrational modes as opposed to transmission
in metallic waveguides. This lattice vibration is the principal
cause of large propagation losses in plasmonic waveguides.
Here we report a self-assembly method that aligns
nanometer-sized QDs into a straight line along which photo-
nic signals can be transmitted by optically near-field effects.

The NST device fabrication process requires the follow-
ing:

(A) Small size dispersion of QDs: it is estimated that to
fabricate an NST device consisting of 5 nm QDs and
an efficiency equivalent of 97%, the size dispersion
must be as small as +0.5 nm.’

(B) Subnanometer scale controllability in the separation
between QDs: because the optical near-field coupling
efficiency between adjacent QDs is determined by a

“Electronic mail: yatsui@ee.t.u-tokyo.ac.jp.

0003-6951/2010/96(13)/133106/3/$30.00

96, 133106-1

Yukawa type function,’ the separation between QDs
should be controlled to a subnanometer scale.

To meet these requirements, we developed a new tech-
nique for positioning and aligning QDs that yields precise
separation. Figure 1 illustrates our approach to a self-
assembling NST device with angstrom-scale spacing control-
lability among QDs using silane-based molecular spacers
and deoxyribonucleic acid (DNA).”® First, ZnO QDs 5 nm in
diameter were synthesized using the sol-gel method.”!” Typi-
cal transmission electron micrographic (TEM) images of
synthesized ZnO dots are presented in Figs. 2(a) and 2(b).
The dark areas indicated by the dashed ellipses correspond to
the ZnO QD. These images reveal lattice spacing matches for
the c-plane (0.26 nm) and m-plane (0.28 nm) of wurtzite
7Zn0. These results confirmed that the fabricated ZnO QDs
had high-quality single-crystal crystallinity. An average ZnO
QDs diameter of 5.2 nm with a standard deviation (o) of
0.5 nm was determined from TEM images [Fig. 2(c)] and
meets the first requirement (A).

Second, the surfaces of QD were coated with a silane
coupling agent N*(CHs);(CH,);Si(OCH3); with 0.6 nm in
length. To avoid particle aggregation, we added small

ZnO
QD

A-DNA

Silane ! i
coupling { ocH, —si NN
agents | | | :

: !

FIG. 1. (Color online) Schematic of ZnO QD alignment along the N DNA.
S: separation between QDs.

© 2010 American Institute of Physics
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FIG. 2. (Color online) TEM analysis of fabricated ZnO QDs. [(a) and (b)]
Typical TEM pictures of the ZnO QDs. (c) ZnO QD diameter distribution.

amounts of the agent into the ZnO QD colloidal dispersion.
The agent maintains the spacing between QDs and, because
of its cationic nature, acts as an adhesive for the anionic
DNA. Third, we used N\ DNA (number of base pairs
=48 000, stretched length=16.4 um) as the template to
align the QDs so that the QDs were self-assembled onto the
DNA by electrostatic interactions when they were mixed. As
shown in the TEM image [Fig. 3(a)], dense packing of the
ZnO QDs along the DNA was realized, in which the diam-
eter of the DNA with the QDs was 15 nm. Considering a
QD size of 5 nm and the DNA diameter of 2 nm, four QDs
were attached around the DNA [see Figs. 3(b) and 3(c)]. The
1.2 nm separation between QDs (S) was determined from the
TEM image [Fig. 3(d)] and was in good agreement with
twice the length of the silane coupling agents. Because the
length of the silane coupling agents can be controlled by
changing the number of CH, by 0.15 nm, this technique
meets the second requirement (B). Despite the electrostatic
repulsion between ZnO QDs, such high-density packing is
due to the guaternary ammonium group of the silane cou-
pling agent.” Quaternary ammonium groups and these QDs
have highly condensed positive electrical changes on their
particle surfaces. Because of these condensed charges, the
QDs were densely adsorbed on the oppositely charged sur-
faces when their intervals were fixed by the stabilizer length.

To observe the optical properties of the NST, we
stretched and straightened the QD-immobilized DNA on the

(b) 20

QD DNA

0 \\
0 1.0 .0 0

z Separation S (nm)

Distribution (%)

FIG. 3. (Color online) TEM analysis of aligned ZnO QDs. (a) TEM image
of the aligned ZnO QDs. [(b) and (c)] Schematics of the QD alignment
along the DNA. (d) Separation (S) distribution.
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FIG. 4. (Color online) Schematic of the molecular combing technique. (a)
Schematic of the alignment of the DNA with QDs on the cationic silicon
substrate. (b) Charge-coupled device image of the stretched X DNA.

silicon substrate using the molecular combing technique
[Fig. 4(a)]."! First, the silicon substrate was terminated with
the silane coupling agent so that the anionic DNA was ad-
sorbed on the cationic silicon substrate. Second, the solution
including the DNA and the QDs was dropped onto the cat-
ionic silicon substrate. Finally, the glass substrate was slid
over the droplet. To check the alignment of DNA-QDs align-
ment, we obtained an emission image of the cyanine dye
attached to the DNA using its 540 nm emission peak under
halogen lamp illumination. As shown in the optical image
taken with a charge-coupled device camera [Fig. 4(b)], the
DNA with QDs stretched in the direction determined by the
slide direction of the glass substrate; also, these stretched
DNA were found to be isolated.

Using the linearly aligned ZnO QDs, we evaluated the
photoluminescence (PL) polarization dependence. A fourth-
harmonic of a Q-switched Nd: YAG laser (neodymium-doped
yttrium aluminum garnet; Nd:Y;Al;0,, laser, A=266 nm)
with a spot size of approximately 2 mm was used to excite
the ZnO QDs at various polarization angles [Fig. 5(a)]. From
the polarization dependence of the PL at a wavelength of
350 nm [Fig. 5(b)], corresponding to the ground state of
5 nm ZnO QDs, stronger PL emission was obtained by ex-
citing the parallel polarization along the QD chains (E,) than
was obtained under the perpendicular polarization [Eq; Fig.
5(c)]. Since the decay time of ZnO QDs is more than 20
times longer than the energy transfer time to adjacent QDs,'?
it is possible that the dipoles between adjacent QDs were
coupled by an optical near-field interaction, indicating that
the signals were transmitted through the QD chain. Further-
more, QD chains have great dipolar strength [see the inset of
Fig. 5(c)] that can be realized when the QDs are coherently
coupled.lz’13 If M QDs are coherently coupled and the coher-
ent length along the z-axis is N times greater than that along
the x-axis, the equivalent total dipolar strength is given by
Me X d [Eqyy; see Fig. 5(d)] and Me X Nd [E,; see Fig. 5(e)],
where e is the electrical charge excited in the QD and d is the
coherent length along the x-axis, which is equivalent to the
width of the QD chain. The resulting emission intensities are
(Mexd)?> and (MeXNd)?> for Eq and E,, respectively.
Therefore, we obtained N? times greater PL intensity with E,
than with Eq,. To evaluate the number of coherently coupled
QDs, N, we fit the polarization intensity dependence PL(6)
using
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FIG. 5. (Color online) Polarization dependence of the linearly aligned QD
chain. (a) Incident light polarization dependence of PL intensity. 6: Polar-
ization angle with respect to the direction along the QD chains (x-axis). (b)
Typical PL spectra obtained at #=0 and 90. (c) Incident light polarization
dependence of the PL intensity obtained at A=350 nm. Curves A to D
correspond to N=3, 6, 9, and 10, respectively. Schematics of the equivalent
total dipole strength under (d) Eoy and (e) E,.

PL(6) = k(sin> 6+ N? cos? 6) + const., (1)

where k is a proportionality constant. As shown by the solid
curves in Fig. 5(c) (curves A to D correspond to N=3, 6, 9,
and 10, respectively), the polarization dependence of the PL
intensity was fitted using Eq. (1), and the value of N was
estimated to be 10, indicating that the coherent length along
the z-axis was ten times greater than the width of the QD
chain. Since the QD chain was 15 nm wide [see Fig. 3(a)],

Appl. Phys. Lett. 96, 133106 (2010)

the coherent length along the QD chain was 150 nm. This
value is five times larger than that in bulk ZnO." This large
coherent length along the QD chains originates from the re-
duction in phonon scattering in the QDs due to the decrease
in the propagation length through ZnO for QDs.

In conclusion, we developed a self-assembly method
for linearly aligning QDs to realize a NST device. The
polarization-dependent PL from the QD chain revealed that
the coherent length along the QDs chain was 150 nm, indi-
cating efficient signal transmission through the QD chain. As
optical near-field energy can transmit through the resonant
energy level, NST devices have a number of potential appli-
cations, such as wavelength division multiplexing using QDs
of different sizes.
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Abstract We propose an optical near-field assisted sputter-
ing method for repairing scratches on the surface of poly-
crystalline ceramics in a self-assembling manner. An Al,O3
source was sputtered on substrates with laser radiation of
wavelength 473 nm. The average depth of the scratched
grooves on polycrystalline AlpO3 ceramic substrate de-
creased from 3.2 nm to 0.79 nm. Using a Hough transform,
we also confirmed the selective repair of scratches.

PACS 81.16.Mk - 81.15.Cd

1 Introduction

Recently, optical transmission loss in polycrystalline ceram-
ics has been dramatically decreased to levels as low as those
in single crystals. As a result, these transparent ceramics are
attracting interest for applications in optical technology [1-
4] for use as gain media for solid state lasers or optical win-
dows [5-7]. To realize larger lasing efficiency or to reduce
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the scattering loss in optical windows, further decreases in
the surface roughness are required. To meet this require-
ment, chemical-mechanical polishing (CMP) has been em-
ployed on single crystalline and amorphous optical materials
[8]. However, this method is difficult to apply to polycrys-
talline 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, the CMP may cause bumps
on the surface, due to the difference in etching rates between
adjacent grains in the polycrystal.

To solve these problems, we propose a novel method that
makes use of the optical near field. Its outstanding advan-
tage is not only its high spatial resolution, which is beyond
the diffraction limit, but also its self-assembling reaction ca-
pability. Because localized optical near fields are generated
preferably on a surface with nanoscale curvature, they can
be induced on fine scratches, contributing to repair them.
In addition, the repairing process stops automatically after
the scratches disappear. Such selective self-assembling opti-
cal near-field interactions previously have been used for de-
positing nanoparticles, sputtering, and photochemical etch-
ing [9-11]. Here, we employ this novel technique to repair
the scratches on polycrystalline Al,O3 ceramics.

2 Experimental technique

Figure 1 shows a schematic of our method. As a result of
preliminary polish of the Al,O3 ceramic, its surface con-
tains nanoscale scratched grooves. Because the edges of the
grooves have larger surfaces areas than the flat surface, the
sputtered Al,O3 particles have a higher deposition rate at
the edge after migration on the surface [12, 13]. As shown
in Fig. 1(a), it therefore is expected that Al,Oz will be
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deposited preferentially at the edges of scratched grooves,
which will not help to repair the scratches. To avoid ex-
tra deposition on the edge of the grooves and to repair the
scratches, we used optical near-field desorption [10]. Be-
cause the optical near field (i.e., the dressed photon) can ex-

Sputtered
Al,O5 nanoparticles Laser irradiation
O
@) o O o @] o O o
o I?jlgrath?\ @)

-

Scratched .~
groove

w
CICNTA DI A0
! .1&‘0 ..: !

a b

Fig. 1 Schematics of deposition on the scratched substrate surface
(a) without and (b) with irradiation during the sputtering. D is the
depth and W is the width of the scratched groove

Fig. 3 AFM images of
substrates (a) before sputtering
(substrate A), (b) after
sputtering without irradiation
(substrate B), and (c) after
sputtering with irradiation T
(substrate C). (d), (e), and

(f) Cross-sectional profiles
along the white dashed lines in
(a), (b), and (c), respectively

cite coherent phonons in the nanoscale structure, a virtual
exciton—phonon—polariton (EPP) is generated on the sub-
strate. A multistep transition via the EPP can accelerate the
photochemical reaction although the photon energy is lower
than the absorption band edge energy of the material [14].
When the ceramic is irradiated, a highly localized optical
near field is generated at the edges of scratches, causing
the photodesorption of depositing Al,O3 nanoparticles. As
shown in Fig. 1(b), if the light has a lower energy than the
absorption band edge of the nanoparticles, effective deposi-
tion will decrease at the edge, and Al,O3 will accumulate
on the bottom of the groove [10]. This process automati-
cally stops after the scratches disappear, so that the optical
near field can no longer be generated.
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Fig. 2 Schematic of the experimental setup
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We performed optical near-field assisted sputtering to re-
pair the scratches on the surface of the translucent Al,O3 ce-
ramic SAPPHAL®.! Figure 2 shows a schematic of the ex-
perimental setup. Planar surfaces of SAPPHAL® substrate
were prepared by polishing using diamond abrasive grains
with a diameter of 0.5 um. The Al,O3 was deposited us-
ing radio-frequency (RF) magnetron sputtering (RF power:
300 W; frequency: 13 MHz). The total gas pressure was
7 x 107! Pa, with a gas flow of 16 sccm Ar and 1.2 sccm
0, [15]. We also used SAPPHAL® as the target material
for sputtering. The CW second harmonic of a Nd: YAG laser
with a wavelength of A = 473 nm was used as the light
source for optical near-field generation. During the sputter-
ing process, the surface was irradiated with light with an op-
tical power density of 2.7 W cm™2. As stated previously, the
photon energy of this laser was lower than the absorption
band edge energy of Al,O3 (A =250 nm) [16]. The light
was introduced to the ceramic surface through a multimode
optical fiber. After 30 min of sputtering, the thickness of the
deposited Al,O3 layer was about 100 nm. We observed the
surface of the substrates using an atomic force microscope
(AFM).

3 Results and discussion

Figures 3(a), (b), and (c) show typical AFM images of
SAPPHAL® surfaces before sputtering, after sputtering
without irradiation, and after sputtering with irradiation, re-
spectively. Figures 3(d), (e), and (f) show the cross-sectional
profiles of typical scratches along the white dashed lines
in Figs. 3(a), (b), and (c), respectively. The depth of the
scratched grooves in Fig. 3(e) is 4.4 nm, which is deeper
than that in Fig. 3(d) (4.0 nm). This was caused by the extra
deposition at the edges of the scratch due to the low sur-
face potential, as described in Fig. 1(a). In contrast, Fig. 3(f)
shows that the depth decreased to 1.8 nm without extra de-
position at the edges of scratches after sputtering with irra-
diation. For more quantitative evaluation, we calculated the
surface roughness Ra. The R, values over the AFM images
of Figs. 3(a)—(c) were Rag = 1.3 nm, Rap = 1.1 nm, and
Rac = 0.49 nm, respectively. These results indicated that
the repair of scratched grooves by optical near-field desorp-
tion at the edge of the scratches resulted in a drastic decrease
in the surface roughness.

To selectively evaluate the profiles of the scratched
grooves, we used the Hough transform [17]. After the AFM
image of Fig. 4(a) was leveled by a least squares-method
and binarized, the linear features of scratches were auto-
matically extracted using a Hough transform; see Fig. 4(b).

'A product of the Covalent Materials Corporation: http://www.
covalent.co.jp/.
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Fig. 4 (a) An AFM image is leveled by a least-squares method.
(b) Schematic of the Hough transform. Straight lines of the scratches
are detected using the Hough transform of (a). (¢) Histograms of
depths, D,,. (d) Widths (W,)) of scratches on alumina ceramics sub-
strates; A (before sputtering), B (after sputtering without irradiation),
and C (after sputtering with irradiation)

Through this method we obtained the depth D and width
W of the detected scratches. Figures 4(c) and (d) show sta-
tistical analyses of D and W obtained from the images in
Figs. 3(a), (b), and (c), respectively. As shown in Fig. 4(c),
the average values of D were Dy = 3.2 nm, Dg = 3.8 nm,
and D¢ = 0.79 nm, respectively, which confirmed that the
depth of the scratches was drastically decreased using near-
field assisted sputtering. Figure 4(d) shows that the width of
the scratches after the sputtering without irradiation (Wp)
was increased beyond the original value W4, which also
supports our deposition model; see Fig. 1(a). In addition, the
width W also increased in comparison to W4, supporting
the model of Fig. 1(b). Further decreases in the width could
be achieved by optimizing laser and sputtering conditions.

4 Conclusion

In conclusion, we proposed an optical near-field assisted
sputtering method for repairing the scratched grooves on a
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translucent polycrystalline Al,O3 ceramic surface. We con-
firmed that the depth of the grooves was decreased by RF
sputtering of Al,O3 with laser irradiation at a wavelength of
A =473 nm. We found a drastic decrease in surface rough-
ness and obtained an average depth of 0.79 nm. Further-
more, we analyzed the surface profile using a Hough trans-
form. This approach clearly revealed the effects of the opti-
cal near-field assisted sputtering, which selectively repaired
the scratched grooves. We believe our technique is applica-
ble to a variety of substrates, including ceramic and crys-
tal substrates. Furthermore, this method is compatible with
mass production.
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Abstract Exploiting the unique attributes of nanometer-
scaled optical near-field interactions in a completely par-
allel manner is important for nanophotonics for enhancing
the throughput in obtaining two-dimensional information on
the nanometer scale, as well as for developing more practi-
cal and easy characterization or utilization of optical near-
fields. In this paper, we propose transcription of optical
near-fields, whereby their effects are spatially magnified so
as to be detected in optical far fields. By utilizing cyano-
bridged metal complexes that exhibit photoinduced struc-
tural changes, transcription at the nanometric scale can be
realized. We synthesized single crystals of such metal com-
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plexes and observed their photoinduced phase changes. We
experimentally achieved photoinduced structural changes
via optical near-fields, which is the fundamental process in
their transcription.

PACS 42.79.Ta - 78.67.-n - 87.64.mt

1 Introduction

Nanophotonics is a novel technology that utilizes the opti-
cal near-field, which is the electromagnetic field that medi-
ates the interactions between closely separated nanometric
matter [1, 2]. By exploiting optical near-field interactions,
nanophotonics has broken the diffraction limit of light, and
realized quantitative and qualitative innovations, especially
in the fields of optical fabrication and measurement tech-
nologies [3, 4].

One of the most important technological vehicles that
have contributed to the study of nanophotonics so far is the
development of a high-quality optical near-field probing tip
for retrieval of optical near-fields. However, methods using
probing tips to characterize one-dimensional (1D) scanning
processes severely limit the throughput in obtaining two-
dimensional (2D) information on the nanometer scale. Ad-
ditionally, precision technologies are indispensable in fabri-
cating probe tips and also in controlling their position dur-
ing measurement; such technologies are large obstacles to
developing more practical and easy characterization or uti-
lization of optical near-fields. Therefore, eliminating one-
dimensional scanning processes, or in other words, probe-
free nanophotonics, is an important step toward further ex-
ploiting the possibilities of light-matter interactions on the
nanometer scale.
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In this paper, we apply nanophotonics to the field of in-
formation processing and describe the basics of probe-free
retrieval to implement spatially parallel processing in an
optical nanometric system. We propose transcription and
spatial-magnification of optical near-fields as preprocessing
of the retrieving process. Its implementation using metal
complexes exhibiting photoinduced phase transitions is ex-
perimentally and numerically demonstrated.

2 Concept of spatially parallel processing based
on nanophotonics

Figure 1 shows a schematic diagram that represents the ba-
sic concept of probe-free nanophotonics. Generally, the two-
dimensional distribution of optical near-fields in the vicinity
of the surface of a nanostructure in response to far-field light
irradiation can be measured by one-dimensional scanning of
an optical near-field probe tip, as shown in the upper half of
Fig. 1. The idea of the work presented here is to spatially
magnify the distribution of optical near-fields so that their
effects can be detected in optical far-fields, as schematically
shown in the lower half of Fig. 1. In other words, we tran-
scribe the optical near-field distribution to another layer with
a certain magnification factor.

The process of transcription is crucial for the implemen-
tation of such a concept, and it should originate from the
physical attributes associated with the material used. In our
proposal, it is necessary to spatially magnify an optical near-
field from the nanometric scale to the sub-micrometer scale
in the resultant transcribed pattern so that it is observable in
the optical far-field. It turns out that the magnification factor
in the transcription should be 10-100. Once the spatial pat-
tern is detectable in the far-field, various concepts and tech-
nologies common in parallel processing will be applicable,
such as fully parallel processing [5], so-called smart pixels,
or parallel processing VLSI devices [6].

Fig. 1 Basic concept of
spatially parallel processing
based on the transcription of
optical near-fields. Our
fundamental idea is to spatially
magnify the distribution of an
optical near-field from the
nanometric scale to the
sub-micrometer scale in the
resultant transcribed pattern so
that it is observable in the
optical far-field

Irradiation light

e

—

Irradiation light

Transcription media
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Cascadely excited state transition

Several properties of optical near-field sources and tran-
scription media can contribute to spatial patterns of tran-
scription. Therefore, it can be said that our proposal retrieves
not only the existence or nonexistence of optical near-fields,
but also several of their characteristics, such as energy trans-
fer [7] and hierarchy [8]. From this point of view, our pro-
posal is fundamentally different from other recording and re-
trieving methods, including near-field holography [9], which
is concerned only with structural changes in the media.

3 Transcription of optical near-fields
3.1 Photoinduced phase transition of metal complexes

A photoinduced phase transition has been observed in sev-
eral cyano-bridged metal complexes [10]. They exhibit
bistable electronic states at room temperature. The energy
barrier between these bistable states maintains a photopro-
duced state even after photo-irradiation is terminated. Also,
the state can easily be reset either via optical irradiation or
temperature control. Moreover, typical phase transitions are
excited in a cascaded manner, meaning that they exhibit high
quantum efficiencies.

Concerning the applicability of these features of cyano-
bridged metal complexes to the transcription discussed pre-
viously, we chose a rubidium manganese hexacyanoferrate
[11] as a suitable material for the transcription medium.
Compounds in this series show a charge-transfer phase tran-
sition from Mn'! (S = 5/2)-NC—Fe!ll (S = 1/2) as the high-
temperature (HT) phase to Mn!! (S = 2)-NC-Fe!! (S = 0)
as the low-temperature (LT) phase [12, 13]. The LT phase is
a ferromagnet because of ferromagnetic coupling between
the MnlIII sites (S = 2 at the Mn!!! sites), but the PI phase,
which has a similar valence state to the HT phase, is an
antiferromagnet (S = 5/2 at the Mn!" sites and S = 1/2 at
the Felll sites). Figure 2(a) shows the scheme for reversible
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- 1-D retrieval
L. }
nm

Transcription Near-field probe

as pre-processing
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Fig. 2 (a) Schematic
illustration of the
visible-light-induced reversible
photo-magnetic effect in
rubidium manganese
hexacyanoferrate. The
charge-transfer phase transition
is accompanied by a structural MM CT transfer

change from a cubic to a (Fell- Mnlll) hy
tetragonal structure due to ,
Jahn-Teller distortion of Mn'!l, !
(b) Observed SEM images of
rubidium manganese
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charge transfer between the Mn''-NC—Fe!' and Mnl-NC-
Fe!ll states and the spin ordering for the LT and HT phases.
This charge-transfer phase transition is accompanied by a
structural change from a cubic to a tetragonal structure due
to Jahn—Teller distortion of Mn'l. The maximum value of
the quantum efficiency of this type of material has found to
be more than 30 [14].

In their typical optical characterizations, these materials
are prepared in bulk form. However, for our transcription
purposes, especially for the proof-of-principle experiments
shown earlier, it is important to spatially distribute these ma-
terials so that we can evaluate the optical responses individ-
ually from each material. Therefore, in this paper, we mixed
the materials with a dispersant based on an ester surfactant
and dispersed the materials as single crystals in the solu-
tion. Scanning electron microscope (SEM) images of single
crystals are shown in Fig. 2(b). The mean size of the single
crystals was 1 um (horizontal) x 1 pm (vertical) x 500 nm
(thickness).

Position [um]

3.2 Proof-of-principle experiments

For experimental confirmation of the photoinduced phase
transitions, we first measured microscopic optical responses
of these single crystals on a sapphire substrate. Figure 3(a)
shows the experimental setup. A green laser light source,
emitting light at a wavelength of 532 nm with a power den-
sity of 45 mW /cm?, was employed for inducing the phase
transition from the LT to the HT phase [11]. The optical re-
sponses of the materials were obtained by a CCD camera
(Apogee, AltaU260) before and after 60 minutes of irradi-
ation. In the characterization processes, the materials were
irradiated with a halogen lamp. We alternately inserted three
types of band-pass filters to evaluate the spectral responses
before and after irradiation. The center wavelengths of the
band-pass filters were 650, 550, and 440 nm, and the band-
width of each filter was 20 nm.

To compare the differences in the images observed be-
fore and after irradiation, we calculated average pixel val-
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ues in the horizontal direction and plotted each value along
the vertical direction. Figure 3(b) shows the difference of
the two results, before and after the irradiation. The shaded
area in the profiles corresponds to the laser-irradiated area.
We can clearly observe the change of the response at each
wavelength, in particular at the wavelengths of 440 nm and
650 nm, in the irradiated area, whereas the responses re-
mained unchanged in the unirradiated area. Such changes
in the optical response correspond to changes of the dielec-
tric constant found in previous research with bulk materials
[11]. The results indicate that the phase transition of each
single crystal could be successfully observed as a change of
optical response at an appropriate wavelength.

To experimentally demonstrate the transcription of op-
tical near-fields with the materials introduced previously,
we employed a near-field optical microscope (NOM) setup,
as shown in Fig. 4(a). It was operated in an illumination-
collection setup using an optical fiber probe with a tip ra-
dius of 50 nm. A change in the material was induced by
laser light with a wavelength of 532 nm (L1). The op-
tical responses from the samples were evaluated micro-
spectroscopically using laser illumination with a wavelength
of 635 nm (L2). The power of L2 was kept as low as possible
in order to avoid any unintended transitions during observa-
tion. The fiber probe tip was positioned close to the target
crystal only when L1 was radiated for inducing a transition
in the sample. Scattered light from the sample was detected
with a photomultiplier tube (PMT) via a fiber probe, and an
optical image was constructed from the detected signal. The
spatial distributions evaluated with L2 illumination were ob-
tained before and after 15-minute irradiation with L1. From
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these distributions, we compared the differences (Fig. 4(b));
Fig. 4(c) shows the results. The detected signal intensity in
the near-fields was obviously increased by the L1 irradia-
tion. The increase nicely corresponds to the results of micro-
spectroscopic imaging at the wavelength of 650 nm, which
is shown in Fig. 3(b).

Furthermore, for numerical proof, we simulated the dif-
ference of the optical response between the LT- and HT-
phase materials using finite-difference time-domain based
electromagnetic simulation. We used Poynting for Optics,
a product of Fujitsu, Japan. A nanometric fiber probe with
a radius of 50 nm and an illumination light source with an
operating wavelength of 635 nm were also included in the
calculation model. The electric field intensity was evaluated
at the surface of each material. The results are shown in
Fig. 4(d). The power density at the surface of the HT-phase
material was much stronger than that of the LT-phase mate-
rial. This change is similar to the NOM result in Fig. 4(c).
These results also indicate that the increase of scattered light
intensity is attributed to the structural change in the rubid-
ium manganese hexacyanoferrate material. From these re-
sults, we believe that we have successfully demonstrated the
fundamental principle of the transcription of optical near-
fields at the scale of a single crystal by using a nanometric
fiber probe.

4 Conclusion

In summary, we proposed the concept of transcription of
optical near-field distributions for parallel nanophotonic
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processing, and we experimentally demonstrated its princi-
ple with nanometric light irradiation of a single crystal of a
metal complex exhibiting a structural change that affects the
change in its optical response. Specifically, we employed
rubidium manganese hexacyanoferrate as the transcription
medium, and we experimentally confirmed that the phe-
nomenon could be induced on the scale of a single crystal.
The transcription of optical near-fields that we demonstrated
here will be one of the key techniques for implementation of
proposed parallel nanophotonics processing systems.

Our idea is not only a technique having the traditional
meaning of transcription but is also a technique that reveals
several nanometric phenomena of optical near-fields. Fur-
ther advances, including the introduction of postprocessing
after the transcription and developing an original coding the-
orem that utilizes several features of nanophotonics, might
yield highly integrated, real-time information processing at
the scale of optical near-fields. This work is currently under-
way in our laboratory.
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Abstract Blue—green light emission (wavelength range:
460-520 nm) from coumarin dye grains due to near-infrared
excitation (CW, Aex = 808 nm), based on the nonadiabatic
excitation process induced by an optical near-field, was ob-
served. A maximum frequency up-shift of 1.17 eV was con-
firmed. Based on the excitation intensity dependence, a light
emission mechanism originating from a nonadiabatic three-
step excitation was confirmed for the first time. The lifetime
of the intermediate excited state was approximately 1.1—
1.9 ps, and thus realization of frequency up-conversion with
a rapid response can be expected.

PACS 78.67.-n - 78.47.J- - 33.80.Wz

1 Introduction

Light in the infrared region has been increasingly used in en-
vironmental and security applications, and there is a grow-
ing demand for infrared photodetectors. Among these, pho-
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todiodes using the inter-band transition due to light absorp-
tion have high industrial potential because of their relatively
rapid response [1]. However, because an infrared photode-
tector utilizes material with a narrow band gap, which eas-
ily produces noise by thermal excitation, a cooler for cool-
ing the photodetector is required in order to realize a suffi-
ciently high S/N ratio for detection. As a solution to these
problems, there is a method in which the incident light is
frequency up-converted (to a shorter wavelength) and a pho-
todetector having detection sensitivity for visible light, with
less noise, is used [2]. In using IR-phosphor for the fre-
quency up-conversion, excitation to a triplet state from the
ground state by another excitation method, such as ultravi-
olet excitation, is required, and thus, a slow response and
an unstable conversion efficiency of the measurement light
become problematic [3].

In order to solve these problems, we have been investi-
gating a novel method for the frequency up-conversion: a
method in which emission of visible light is obtained by
multi-step excitation of a dye molecule’s vibrational states
using an optical near-field with a near-infrared frequency,
thereby inducing transition of electrons into the electron-
ically excited state [4]. Excitation of the molecular vibra-
tional state is not possible with propagating light because
it is optically forbidden. However, if an optical near-field
is considered as a photon dressed with material excitations
(a dressed photon), the optical near-field excites a coherent
phonon at the molecular particle surface, creating a coupled
state with the coherent phonon (exciton—phonon—polariton
(EPP)) [5]. Therefore, molecules in the area where the opti-
cal near-field is present are excited by the phonon into higher
vibrational states, via which they are electronically excited
by the dressed photon. In contrast to the conventional optical
excitation using propagating light, which is adiabatic and ex-
cites only the electronic system, the method described above
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is referred to as nonadiabatic because the optical near-field
excites the molecular vibration. This nonadiabatic excitation
has been applied to, for example, chemical vapor deposition
[6-8], lithography [9, 10], and chemical etching [11].

In our previous work, we have discovered a novel light
emission process using the nonadiabatic excitation [4]. We
have observed emission of visible light through the near-
infrared excitation of dye grains, such as 4-Dicyanmethyl-
ene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM)
and Benzoic Acid, 2-[6-(ethylamino)-3-(ethylimino)-2,7-
dimethyl-3H-xanthen-9-yl]-ethyl ester, monohydrochloride
(Rhodamine 6G). These dyes are transparent to near-
infrared light; however, individual protrusions of dye grains
contribute to generating the optical near-field. Inside the dye
grains in the vicinity, dye molecules are excited to a higher
vibrational state as an intermediate excited state due to the
nonadiabatic excitation, thus causing light emission from
the dyes.

However, detailed properties of the intermediate excited
state in the nonadiabatic excitation process have not been
elucidated. In addition, with these types of dyes, wavelength
conversion has been limited to one from approximately A =
805 nm to 650 nm, that is, 0.37 eV in terms of the fre-
quency up-shift. This is because the excitation wavelength
and the fluorescence wavelength are close, and the excita-
tion to electrically excited states occurs only by the one- and
two-step nonadiabatic excitation processes. A larger up-shift
is needed for detector applications, which would be effec-
tively achieved by using a nonadiabatic excitation process
involving two or more steps. Also, realizing blue-green light
emission without using ultraviolet light as an excitation light
source shows great promise for applications such as dis-
plays.

Therefore, in the present study, experiments were con-
ducted involving switching the types of dyes to ones
that have fluorescence properties toward shorter wave-
lengths. The dyes used were 2,3,5,6-1H,4H-Tetrahydro-
8-methylquinolizino-[9,9a,1-gh]-coumarin (Coumarin 480)
and 2,3,5,6-1H,4H-Tetrahydro-8-trifluormethylquinolizino-
[9,9a,1-gh]-coumarin (Coumarin 540A), materials that gen-
erate fluorescence of A =460 nm and 570 nm, respectively,
when excited by light of a shorter wavelength than the
absorption-edge wavelength used in the conventional adi-
abatic excitation [12]. Using these dye grains as samples,
emission of visible light due to the near-infrared excitation
was measured, and the emitted light spectral properties, ex-
citation intensity dependence, and lifetime of the intermedi-
ate excited state were investigated.

2 Principles and sample preparation

We now describe the principles of light emission by non-
adiabatic optical near-field excitation of dye grains. Figure 1
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is an overview of light emission from dye grains induced by
the nonadiabatic optical near-field excitation (Fig. 2(c) of
[4]). When near-infrared light whose wavelength is longer
than the absorption-edge wavelength of the dyes is incident
on the dye grains, an optical near-field is generated at the
surface of the dye grains, and it is especially pronounced
at sharp protrusions. The generated optical near-field ex-
cites a coherent phonon at the surface of the dye grains,
creating a coupled state with it (exciton—phonon—polariton
(EPP)) [5]. Therefore, dye molecules in the dye grains in the
area in which the optical near-field is generated are excited
into a higher energy state by a phonon of the EPP. Because
the higher vibrational state serves as the intermediate ex-
cited state, the dye molecules are further excited by multiple
phonons to an even higher energy state through multi-step
excitation, eventually resulting in an electronically excited
state. Subsequently, visible light is emitted by the electronic
transition.

Figure 2 shows an overview of light emission by a multi-
step nonadiabatic optical near-field excitation, resulting in
transition of electrons in the dye molecules to an electroni-
cally excited state [4]. In Fig. 2, a three-step excitation to the
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electronically excited state is shown; however, a light emis-
sion process involving two steps [4] or four or more steps
is possible depending on the energy difference between the
excitation wavelength and the dye absorption-edge wave-
length. Figure 2 is an electronic potential curve in the con-
figuration coordinates of the dye molecules in the phonon
mode coupled with the optical near-field.

|Ey;el) and |Eg; vib) indicate the electronic state and
molecular vibrational state, respectively. E, denotes the en-
ergy of the electronic state, where the subscript « indicates
the ground state (o« = g) and the excited state (o = ex). Eg
denotes the energy of the molecular vibrational state, where
the subscript 8 indicates respective characteristic vibrational
states (8 =i,a, b, c,d, em).

(1) First step: The optical near-field is generated at the sur-
face of the dye grains by the incident excitation light.
The dye molecules in the nearby dye grains are ex-
cited by the nonadiabatic excitation process from the
ground state, |Eg;el)®|Ei;vib), to a higher vibra-
tional state, | Eg; el) @ | E4; vib) (indicated by the wavy
arrow in Fig. 2; the first step of the nonadiabatic ex-
citation process). Because molecules in the excited vi-
brational state seek stable thermal equilibrium, they are
relaxed (cooled) to a lower vibrational state.

(2) Second step: The vibrational state relaxing toward ther-
mal equilibrium, following the first step, serves as the
intermediate excited state, causing a second excitation
by a nonadiabatic excitation process to an even higher
energy state: a transition from |Eg;el) @ |Eq; vib) to
|Eg; el) @ |Ep; vib) (indicated by the wavy arrow in
Fig. 2; the second step of the nonadiabatic excitation
process). The molecules in the vibrational state result-
ing from the two steps of the nonadiabatic excitation
process relax (cool) to a lower energy state.

(3) Third step: Excitation to the electronically excited state
via the two transition routes described below is possi-
ble when the energy of the vibrational state relaxing
toward thermal equilibrium (intermediate excited state)
is equal to or greater than 1.17 eV, i.e., the difference
between the energy of the electronically excited state
(for example, light emission wavelength of Coumarin
480; hv = 2.70 eV, A = 460 nm) and the photon en-
ergy of the excitation light (for example, hv = 1.53 eV,
Aex = 808 nm). The first route (excitation (D) is an exci-
tation from | Eg; el) Q) |Ep; vib) to | Ecx; el) Q) | E; vib)
by adiabatic excitation using propagating light (indi-
cated by the thick arrow in Fig. 2). The other route (exci-
tation (2)) is an excitation to an even higher vibrational
state, from |Eg; el) @) | Ep; vib) to |Eg;el) Q| Eq; vib)
by the nonadiabatic excitation (indicated by the wavy
arrow in Fig. 2; the third step of the nonadiabatic exci-
tation process). This energy is greater than the initial

state |Eex; el) @ |Eem; vib) for light emission. Mole-
cules relax from the states in these two transition routes,
|Eex; el) Q| Ec; vib) or |Eg; el) Q| Eq; vib), to the ini-
tial state for light emission, | Eex; €1} X) | Eem; Vib).

Following excitation by the above three steps, radia-
tive relaxation occurs from the initial state for light emis-
sion, | Eex; el) @) |Eem; vib), to the ground state, | Eg; el) Q)
| E;; vib). Since the excitation in the third step is an adiabatic
excitation whose transition probability is about 10° times
greater than that of the nonadiabatic excitation [4, 6], the
probability of light emission that occurs in this transition
route is limited by the nonadiabatic excitation probability,
and the emitted light intensity has a squared dependence on
the incident light intensity (/ oc E2) (this excitation process
is referred to as a two-step nonadiabatic excitation process
since two nonadiabatic steps contribute to the excitation).
The nonadiabatic excitation 2) in the third step, on the other
hand, has a probability equal to the nonadiabatic excitation
probabilities of the first and second steps. The emitted light
intensity of the dyes due to this excitation is the origin of
the cubed dependence on the incident light (I o< E3) (this
excitation process is referred to as a three-step nonadiabatic
excitation process since three nonadiabatic steps contribute
to the excitation).

As experimental samples, two types of dyes (Coumarin
480 and 540A) were prepared. When these dyes are dis-
solved in solution, the absorption-edge wavelengths are ap-
proximately 440 nm for Coumarin 480 and 500 nm for
Coumarin 540A, and they do not absorb near-infrared light
of wavelengths around 808 nm [12]. These dyes were dis-
solved in acetone, then dripped into water to recrystal-
lize [13]. The dye grains were obtained by evaporating the
solution in quartz cells. The total thickness of the dye grains
in the quartz cells was 1 mm. SEM images of the dye grains
are shown in Fig. 3. Coumarin 480 dye grains take a rod-
like shape of approximately 2 um in diameter and 50 um in
length (Fig. 3a). Coumarin 540A dye grains take a granu-
lar shape with dimensions of approximately 5 um x 5 pm
x 5 um (Fig. 3b). The optical near-field is generated at the
surface of the dye grains by incident excitation light, and
it is especially pronounced at sharp protrusions. Coumarin
540A dye grains, which have smaller crystal grain size and
a greater number of protrusions per unit volume, have a
higher optical near-field generation efficiency, and thus are
expected to show a higher nonadiabatic light emission effi-
ciency (Figs. 2 and 3 in [4]).

3 Experimental results and discussions

3.1 Comparison between fluorescence and
nonadiabatically emitted spectra

The solid curve in Fig. 4a indicates the emitted blue light
spectrum of Coumarin 480 dye grains obtained by near-
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«Coumarin480

Coumarin540A

Fig. 3 SEM images of the dye grains. a Coumarin 480. b Coumarin
540A

infrared excitation. A CW laser diode (center wavelength
= 808 nm) was used as the near-infrared excitation light
source. Its excitation power was 1050 mW. The broken
curve in Fig. 4a indicates the fluorescence spectrum ob-
tained by conventional adiabatic excitation using an ultra-
violet HeCd laser (center wavelength = 326 nm, power
= 0.5 mW) as the excitation light source. Peak wavelengths
of the two curves agree closely, suggesting that the light
emission by near-infrared excitation is due to light emis-
sion from the electronically excited state. The frequency
shift between the emitted and the excitation light was ap-
proximately 1.17 eV. The solid curve in Fig. 4b indicates the
emitted green light spectrum obtained by exciting Coumarin
540A dye grains using the same near-infrared light source
as above. It was shifted about 54 nm toward shorter wave-
lengths as compared with the ultraviolet-excitation fluores-
cence spectrum (the broken curve). The reason for this blue
shift is currently under investigation.

We will now discuss the origin of light emission in Fig. 4a
and b. Comparing peak intensities of emission spectra in the
cases of near-infrared excitations, the peak intensity of the
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Fig.4 Spectral profiles of the visible light emitted from Coumarin 480
a and Coumarin 540A b. Solid and broken curves represent the spectra
obtained with near-infrared and ultraviolet excitation, respectively

light emitted from the Coumarin 540A dye grains was ap-
proximately 10 times greater than that of the Coumarin 480
dye grains. As shown in Fig. 3a and b, comparing the shapes
and sizes of the two dye grains, the nonadiabatic excitation
process is suggested to be the origin of the observed differ-
ence in the emitted visible light intensities.

3.2 Excitation intensity dependence

Figure 5 shows the dependence of emitted light intensity
I on the excitation intensity E at A =460 nm (Coumarin
480) and 520 nm (Coumarin 540A). The emitted light in-
tensity I was least-squares fitted by the third-order func-
tion I = aE + bE? + cE3. The values a, b, and ¢ for
the fitting obtained by the nonlinear Levenberg—Marquardt
method [14] were:

For Coumarin 480: a = (1.19 £ 0.85) x 1077, b =
(1.71 £0.10) x 10734, ¢ = (3.51 + 1.43) x 107%; and for
Coumarin 540A: a = (2.09 £ 0.20) x 10710, b = (1.42 +
0.02) x 10733, ¢ =(9.20 4+ 0.39) x 1073.

The results of fittings are shown by the solid curves in
Fig. 5. In addition, the broken lines indicate the excitation
intensity dependence of each order. The coefficient ratio ¢ /b
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of the second and the third orders was approximately 2 x
1072% t0 6 x 10729,

According to the EPP model, the coefficient ratio c¢/b
of the two-step and the three-step nonadiabatic excitation
processes is represented by [6]

c h I v},z el 2 1
b~ 27 [ymPE (uﬁ)(u‘) ' M

The theoretical value of (1) was approximately 7 x 10729,
when the measured value of Coumarin 540A at a low exci-
tation intensity / &~ aE = 14.8 photons/s and the excita-
tion light intensity £ = 9.2 x 10'® photons/s = 22.6 mW
were used, and additionally, ,un“d = 1 Debye, /fl =103 De-
bye (the electronic and lattice vibrational dipole moments),
Vm = 10~ eV (the linewidth of the electronic and vibra-
tional states), and v},/u’, = 0.1 (the conversion efficiency
from the incident photon to EPP) were used as other para-
meters. This theoretical value is nearly equal to the fitted
value based on the experimental value; therefore, the EPP
model is applicable to the excitation intensity dependence.

Only the coefficient a was larger than the theoretical
value. This is likely caused by difficulties in estimating the
first-order coefficient a. That is, the observed deviation of
the coefficient a from the theoretical value is likely to be
an experimental error, explained as follows: In the case of
the dye samples used in this experiment, there is a large en-
ergy difference between the emitted light (A = 460-520 nm)
and the infrared excitation light (A = 808 nm); therefore, en-
ergy needed for excitation cannot be secured in the one-step
nonadiabatic excitation process (and also in the adiabatic ex-
citation), resulting in a small proportional contribution to the
light emission. As a result, the measured value a E becomes
close to the detection limit (1 photons/s) of the photodetec-
tor (H7421-40 Hamamatsu Photonics KK).

Based on these experimental results and comparisons
with theoretical values, it can be concluded that the visi-

ble light emission process in Coumarin 480 and 540A dye
grains based on the near-infrared excitation was generated
by the two- and three-step nonadiabatic excitation, with the
excited vibrational level of the dye grains as the interme-
diate excited state. Light emission by the three-step nona-
diabatic excitation was confirmed for the first time in this
experiment.

3.3 Lifetime of the intermediate excited state

In the two- and three-step nonadiabatic excitation of
Coumarin 480 and 540A dye grains confirmed in this ex-
periment, the intermediate excited state shown in Fig. 2
is the vibrational state of the dye grains. The average life-
time of this intermediate excited state can be measured by
pump-probe spectroscopy. More specifically, the measure-
ment method was as follows. As the excitation light, a fem-
tosecond pulse from a mode-locked Ti:sapphire laser was
used (A = 805 nm, pulse duration = 100 fs, repetition fre-
quency = 80 MHz). The light pulse was split into two and
made incident on a single point on a dye grain after passing
through different optical paths. The length of one optical
path was made variable to control the difference in the inci-
dent time of the two light pulses reaching the experimental
sample. The relationship between the difference in the inci-
dent time for the two light pulses to reach the experimen-
tal sample, the delay time At, and the emitted light inten-
sity (the emitted light intensity at the spectral peak wave-
length of the near-infrared excitation) was examined. The
results are shown in Fig. 6. The vertical axis is the incre-
ment of the emitted light intensity A/, defined as follows:
From the nonadiabatically emitted light intensity obtained
at At = 0, the sum of nonadiabatically emitted light in-
tensities obtained for the two light pulses when they were
separately made incident on the sample was subtracted and
the difference was normalized. The increment of the emitted
light intensity A/ at the delay time At =t is proportional
to exp(—t/t), and the time constant t is the lifetime of the
intermediate excited state, explained as follows: The num-
ber of dye molecules in the intermediate state excited by
the pumping light pulse decreases with time constant t be-
cause their vibrational energies are much higher than the
thermal energy determined by the sample temperature [15—
17]. Also, AT at At =t is proportional to the number of dye
molecules excited by the probing light pulse from this inter-
mediate excited state to the electronically excited state for
light emission. The probability of this excitation is propor-
tional only to the number of the intermediately excited dye
molecules at Ar = ¢, because it is proportional to both the
probing light pulse intensity and the number of the interme-
diately excited dye molecules. (The former was regulated
(constantly) at 3.2 W/cm? in the experiment.) Therefore,
the time constant 7, i.e., the lifetime of the intermediate ex-
cited state in the dye molecules, could be measured from the
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Fig. 6 Measured temporal behavior of the increment of the light inten-
sity Al emitted from grains of Coumarin 480 a, grains of Coumarin
540A b, and Coumarin 540A in acetone solution c¢. d Solid and bro-
ken curves represent the spectral intensity emitted from Coumarin 480
grains with pulsed and CW laser excitation, respectively

dependence Al on the delay time Az between the pumping
and probing light pulses, if the time constant 7 is longer than
the pumping light pulse duration.

The decay time of Al was approximately 1.9 ps for
Coumarin 480 dye grains (Fig. 6a), suggesting that the life-
time of their intermediate excited state was 1.9 ps. Fig-
ure 6b shows that the decay time is approximately 1.1 ps
for Coumarin 540A dye grains, suggesting that the lifetime
of their intermediate excited state is 1.1 ps.

@ Springer

For the purpose of comparison, the same measurements
were carried out using a dye acetone solution (Coumarin
540A) without dye grain precipitation. The results are
shown in Fig. 6¢c. With this sample, light emission occurred
only by the two-photon excitation using propagating light.
The intermediate excited state of the two-photon excitation
light emission is based on a two-step excitation via a virtual
level; therefore, the emitted light intensity increases only
when the two excitation light pulses show a temporal over-
lap. As a result, the profile of the temporal behavior of A7
corresponds to the autocorrelation waveform of the excita-
tion light pulse. Unlike Fig. 6c, the results for the dye grains
(Fig. 6a and b) suggest that their intermediate excited states
are real levels whose lifetimes are longer than the duration
of the light pulses.

In Fig. 6d, the CW Ti:sapphire laser was used to excite
Coumarin 480 dye grains and the obtained emitted light
spectral intensity was compared to that of the pulse exci-
tation. The intensity ratio of the pulse excitation to the CW
excitation was approximately 3 x 103:1, which is two or-
ders of magnitude smaller than the ratio of peak intensities
(approximately 1 x 107:1). It can also be concluded from
this result that the intermediate excited states are real lev-
els whose lifetimes are longer than the durations of the light
pulses.

Blue light emission by near-infrared excitation was ob-
served from dye grains of (2,2'-([1,1’-Biphenyl]-4,4’-diyldi-
2,1-ethenediyl)-bis-benzenesulfonic acid (Stilben 420), pre-
pared by the same method as for Coumarin 480 and
Coumarin 540A. The emitted light wavelength was approxi-
mately 460 nm. The results of pump-probe spectroscopy are
shown in Fig. 7a. The lifetime of the intermediate excited
state for Stilben 420 was approximately 2.5 ps.

The relaxation (cooling) time for relaxing toward thermal
equilibrium from an excited vibrational state ranges from a
few ps to 10 ps for organic dye molecules and GaAs semi-
conductors [15-17], closely agreeing with our experimental
results. Therefore, it can be concluded that the lifetime of the
intermediate excited state observed in this experiment is the
average lifetime of the intermediate excited state for the dye
molecules that contributes to nonadiabatic light emission.
Figure 7b shows the relationships between emitted light in-
tensities of Stilben 420, Coumarin 480, and Coumarin 540A
obtained under equal excitation conditions, and the lifetime
of the intermediate excited states obtained in the experiment.
The emitted light intensities decreased as the lifetime of
the intermediate excited states became longer. The cooling
time constant represents the phonon generation efficiency,
and the smaller the cooling time constant is, the higher
the phonon generation efficiency becomes. Therefore, the
efficiency of the conversion from incident photon to EPP,
v;, /u;], is also likely higher, and it is speculated that dye
grains whose intermediate excited state lifetime is shorter
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Fig.7 Measured temporal behavior of the increment of the light inten-
sity Al emitted from grains of Stilben 420 a, and the relations between
the lifetime of the intermediate excited state and emitted light intensity
for grains of Stilben 420, Coumarin 480, and Coumarin 540A

have a greater efficiency of nonadiabatic light emission. The
lifetime of the intermediate excited state is expected to be
closely related to the dimensions and shape of grains, and
detailed experiments should be carried out for quantitative
evaluation.

As described above, the average lifetime of the interme-
diate excited state of dye molecules excited by the nonadi-
abatic excitation was 1.1-1.9 ps, which is extremely short.
Therefore, a frequency up-shifting mechanism using nona-
diabatic light emission has great promise for photodetector
applications since it can realize a very rapid response time.
In addition, realizing blue-green light emission without us-
ing an ultraviolet light source or a pulse laser with a high
peak intensity [ 18] as excitation light can be effective in such
areas as display applications.

4 Conclusions

The blue-green light emission (A = 460-520 nm) by near-
infrared excitation (CW, Aex = 808 nm) was observed from

coumarin dye grains. This phenomenon was based on the
nonadiabatic excitation. A maximum frequency up-shift of
1.17 eV was confirmed. Based on the excitation intensity
dependence, manifestation of a light emission mechanism
by the three-step nonadiabatic excitation was confirmed for
the first time.

The average lifetime of the intermediate excited state was
shown to be 1.1-1.9 ps. The frequency up-shifting mecha-
nism based on the nonadiabatic excitation in the dye grains
is very promising for application to fast-response infrared
photodetectors.
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Abstract Fresnel zone plates (FZPs) were fabricated in or-
der to evaluate the performance of nonadiabatic photolitho-
graphy by exploiting the localized nature of optical near
fields. This novel photolithography scheme could realize
FZPs with structures smaller than the wavelength of the light
source used for exposure. The FZP for 325-nm-wavelength
UV light could focus the incident light to a spot size of
590 nm. An FZP for focusing soft X-rays was also fabri-
cated and, compared to conventional adiabatic photolitho-
graphy, showed higher-contrast zones over the whole area
of the FZP. This method exhibits a high dynamic range and
good spatial resolution, and it was free from artifacts due to
the interference of the residual propagating exposure light
transmitted through the aperture of the photomask.

PACS 82.50.Nd - 81.16.Nd - 42.79.Ci

1 Introduction

A variety of advanced diffractive optical devices, including
fiber Bragg gratings [1], two-dimensional beam splitters [2],
periodically poled waveguides [3], and Fresnel zone plates
(FZPs) have recently been developed. The FZP is attractive,
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as it has advantages over conventional convex lenses such as
a solid immersion lens [4] due to its high focusing capabil-
ity, planar device configuration, negligible absorption loss in
the ultraviolet (UV) region, and low coma aberration for the
tilted light incidence [5]. FZPs have been used in several ap-
plications, including visible optofluidic microscopy [6] and
soft X-ray microscopy [7].

Electron beam lithography (EBL) and focused ion beam
(FIB) techniques have been used for fabricating FZPs [8, 9];
however, these methods are not compatible with mass pro-
duction because they involve raster scanning. Photolithogra-
phy is the dominant technique for mass production of semi-
conductor devices, but the spatial resolution is too low, as
it is diffraction limited. In order to solve these problems,
we have developed a prototype high-resolution near-field
photolithography system for industrial applications [10].
The major advantage of near-field photolithography is that
it is applicable for nonadiabatic photochemical reactions
[11-15], which enables the patterning of a UV-sensitive
photoresist and an optically inactive resist film using a vis-
ible light source [16]. In our previous experimental and
theoretical work, this reaction was described by a multi-
step excitation via molecular vibrational modes, based on
the exciton—phonon polariton model (i.e., the dressed pho-
ton model) [11-15]. In this paper, near-field photolithogra-
phy using a nonadiabatic photochemical reaction is termed
nonadiabatic photolithography [16, 17], whereas that using
a conventional adiabatic reaction [18] is called adiabatic
photolithography. In comparison with other conventional
fabrication methods, nonadiabatic photolithography has a
greater potential for practical use because short-wavelength
light sources are not required and it is compatible with mass
production.

In order to demonstrate the advantages of nonadiabatic
photolithography, we fabricated, as the first step, a typi-
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Fig. 1 a Structure of a
two-level Fresnel zone plate
(FZP). b Exposure setup,

¢ schematic illustrating the time
evolution of the exposed regions
in the photomask due to
nonadiabatic photochemical
reaction. (1), (2), and (3)

represent the exposed region Incident
before, during, and after the light
threshold exposed time,

respectively
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cal two-level FZP with a focal length, f = 516 ym and
spot size s = 463 nm for incident light with a wavelength
A =325 nm. These values are equivalent to those used for
the imaging system in the visible region [6]. As the second
step, we fabricated an FZP for the soft X-ray region in or-
der to evaluate the high dynamic range and spatial resolution
capabilities of nonadiabatic photolithography.

Figure la shows a two-level FZP, which was fabricated
by pattering a Ta film with concentric circular zones on a
substrate. The radius r,, of the nth order zone was

2
rp = nf)»—i—(%) . @))
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Exposure time

The bandwidth Ar, of the nth order is given by Ar, =
rn —Irp—1. This means that the Ar, of even-order zones (i.e.,
Aryy : m=1,2,3,...) is the bandwidth of the Ta ring used
for blocking the incident light. The odd-order Ar, is that
of the light transmission zone. The spot size, s, of the light
at the focal point was 1.03 Ary, where N is the highest
order, i.e., the order of the outermost zone [19]. Based on
these formulae, the number of the zones (i.e., N), the outer-
most radius r,—y, and the outermost bandwidth Ar,,—y are
derived as 231 um, 200 pm, and 450 nm, for A = 325 nm,
f =516 um, and s = 463 nm, respectively. Thus, the di-
ameter, d = 2r,—y, of the FZP was 400 pum. In such a con-
figuration, the ratio between the diameter of the innermost
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light transmission disk and the bandwidth of the outermost
light transmission zone (2Ar;/Ary) is as large as 60. This
means that a high dynamic range of fabrication is required,
i.e., wide and narrow bandwidths must be simultaneously
fabricated in the inner and outer regions of the FZP, respec-
tively, under the same exposure conditions. Furthermore, a
high spatial resolution is required for fabrication because the
outermost bandwidth of the soft X-ray FZP is as narrow as
190 nm (refer to Sect. 3.3), which is less than the wavelength
of the exposure light.

In this paper, we report the fabrication of FZPs using
nonadiabatic photolithography, evaluations of their light fo-
cusing properties, and evaluation of the cross-sectional pro-
files of the zones. From these results, we conclude that nona-
diabatic photolithography has a high dynamic range and
high spatial resolution, and that it is a promising method for
fabricating FZPs.

2 Nonadiabatic photolithography

Figure 1b shows the exposure setup used for the nonadi-
abatic photochemical reaction induced by the optical near
field. The photomask was composed of a Si substrate, a de-
formable Si3Ns membrane, and a patterned Cr thin film.
During exposure, the Cr thin film was brought to within
20 nm of the photoresist by deforming the membrane by
increasing the air pressure. Details of this procedure are de-
scribed elsewhere [10].

Nonadiabatic photolithography is based on a novel pho-
tochemical reaction caused by the coupling between the
dressed photons and coherent phonons around the edge of
the photomask [11-15]. As a result, the light can be used
for exposure even though its wavelength is longer than the
absorption-edge wavelength of the photoresist. Although the
incident propagating light can transmit through the aperture
of the photomask while generating the optical near fields at
the aperture, the photoresist is not sensitive to such a long-
wavelength propagating light. Thus, the nonadiabatic photo-
chemical reaction is induced only by the optical near field.

Because the nonadiabatic photochemical reaction de-
pends on the degree of localization of the dressed photons,
our previous works have employed the spatial distribution
of the quantity I (r) - dI(r)/dr in finite difference time do-
main (FDTD) simulations in order to estimate the spatial
extent of the exposed region of photoresist, where I (r) and
dI(r)/dr are the light intensity and spatial gradient, respec-
tively [16, 17]. From this, it was found that I (r) - dI(r)/dr
took large values around the edge of the aperture of the
photomask and at the region inside the photoresist film
(Fig. 1c (1)). These two regions expand with increasing ex-
posure time and merge together at a threshold exposure time
(Fig. 1c (2)). After this threshold exposure time, the exposed

Photomask
Fresnel zone plate
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Fig. 2 a Cross-sectional profiles of the Cr photomask, photoresist,
and Ta film, two-dimensional FDTD simulations of which were car-
ried out assuming the linear aperture. b and ¢ represent the calcu-
lated spatial distributions of 7 (r) - d1(r)/dr and I (r) around the aper-
tures of the photomask for patterning the innermost light transmis-
sion disk (diameter 2Ar; = 9200 nm) and the highest-order (n = 151:
Arys; = 190 nm) light transmission zone under the same exposure
conditions. The light intensity under the 151st order aperture is low be-
cause the aperture is very narrow, and so this distribution is displayed
using a logarithmic scale to facilitate detailed discussions. d Calcu-
lated result of I(r) for the aperture of the 27th order, with band-
width (Ar, =455 nm) close to the wavelength of the exposure light
(450 nm). For comparison, results for the neighboring apertures are
also given, for which Ar, =506 nm with n =21, and Ar,, =379 nm
with n =37

region becomes deeper with further increase of the exposure
time (Fig. 1c (3)).

Based on the results of the previous works, the possi-
bility of high dynamic range capability is discussed. Fig-
ure 2a represents the detailed cross-sectional profiles of the
Cr mask, photoresist, and a Ta film, and two-dimensional
FDTD simulations were carried out for the linear aperture
and assuming that the exposure time was longer than thresh-
old. The thicknesses of the mask, photoresist, and Ta film
were the same as those in the experiments for fabricating
the soft X-ray FZP (refer to Sect. 3.3). Figure 2b shows
the calculated spatial distributions of 1 (r) -d I (r)/dr around
the apertures of the mask, for patterning the innermost light
transmission disk (2Ar; = 9200 nm) and the highest-order
(n =151, Aris; = 190 nm) light transmission zone under
the same exposure conditions. The widths of the distribu-
tions were equal to the widths of the apertures irrespective
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of the orders of zones, which means that the pattern on the
mask can be faithfully transcribed to the photoresist, and
both wide and narrow bandwidths can be simultaneously
patterned in the inner and outer regions of the FZP, respec-
tively, under the same exposure conditions. In other words,
a high dynamic range is expected.

Figure 2c shows the results of the FDTD simulation
of adiabatic photolithography. Here, the spatial distribution
I(r) was calculated, to which the contribution from the
residual propagating light transmitted through the aperture
is not negligible [10, 18]. The most important feature of this
distribution is that the width is greater than that of the narrow
aperture order (Arys5; = 190 nm), and this originates from
the diffraction of the residual propagating light transmitted
through the aperture. This wide distribution over-exposes
the photoresist under the mask, so that a fraction of the Ta
film is removed, which makes narrow-bandwidth patterning
difficult. A high dynamic range is not expected.

Figure 2d shows the calculated [ (r) for the aperture when
n = 27. The bandwidth was 445 nm, which is close to the
wavelength of the light used for exposure (A = 450 nm). For
comparison, results for the neighboring apertures are also
given, in which the values of Ar, are 506 nm (n = 21)
and 379 nm (n = 37), and they deviated from the wave-
length. From these results, one can see that the light of
n = 27 penetrates into the photoresist under the mask in an
intensity-modulated manner. This originates from the res-
onantly enhanced interference between the scattered and
propagating light transmitted through the adjacent apertures
because Ary7 is close to A. The penetration length is as long
as 200 nm, which is longer than those of n =21 and n = 37.
The photoresist under the mask is over-exposed so that a
fraction of the Ta films is removed, decreasing its thickness.

From Figs. 2¢ and d, it can be expected that adiabatic
photolithography is not suitable for fabricating high-contrast
patterns homogeneously over the whole area of an FZP. The
results of these FDTD simulations will be compared with
the experimental results in Sect. 3.3.

3 Experimental results and discussion

3.1 Fabrication of a membrane photomask and a Fresnel
zone plate

A membrane photomask was fabricated for the 325-nm FZP
with the focal length of 516 um and the spot size of 463 nm,
as described in Sect. 1, with Fig. 3a showing the fabri-
cation procedure. We used a Si substrate with a 500-nm-
thick SizN4 layer. The 50-nm-thick Cr thin film and SiO,
layer were deposited by sputtering, followed by electron
beam resist (ZEP520A, Zeon Co.) deposition using spin
coating (Fig. 3a (1)), and the FZP was defined using EBL
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Fig. 3 a The photomask fabrication process. b Photographs of the
photomask. (Left) The membrane at the center of the 4-inch Si wafer.
(Center) Photomask for 49 two-dimensionally aligned FZPs. (Right)
The profile of the photomask for the single FZP

(Fig. 3a (2)). After development of the resist, the SiO, and
Cr thin films were etched using CHF3;/SFg and Cly/0;
gases (Fig. 3a (3) and (4)). The SiO; hard mask was then
removed using CHF3 /SFg (Fig. 3a (5)). To fabricate the de-
formable SizN4 membrane, the central part of the SizNy
layer on the back side of the photomask was removed by
dry etching (Fig. 3a (6)), and the Si substrate was removed
by wet etching in a solution of KOH. Figure 3a (7) shows
the finished photomask with the patterned Cr thin film on
the deformable Si3N4 membrane.

Figure 3b shows photographs of the membrane pho-
tomask. The 11 mm x 11 mm deformable SizN4 membrane
is seen at the center of the 4-inch Si wafer (left photo-
graph). Because the effective contact area for nonadiabatic
photolithography was larger than 7 mm x 7 mm at a typi-
cal air pressure of 7 KPa, the maximum number of 400-pm
FZPs that could be fabricated in a single exposure was 100,
with a center-to-center separation between adjacent FZPs of
300 um, which suggests the possibility of mass production
of the FZP. The center photograph in Fig. 3b shows the pho-
tomask for 49 two-dimensionally aligned FZPs. The right
photograph shows the whole profile of the photomask for a
single FZP.

An FZP was fabricated on a 200-um-thick synthetic fused
silica substrate using the photomask described above. Fig-
ure 4a shows the fabrication process. A 65-nm-thick Ta film
was deposited by sputtering, and a Si-containing photoresist
(FH-SP-3CL, Fuji Film Electronic Materials Co. Ltd.; long-
wavelength cut-off of the absorption is 500 nm) was spun
on, resulting in a 100-nm-thick film (Fig. 4a (1)). The FZP
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Fig. 4 a Fabrication procedure. b Microphotograph of the fabricated
FZP. ¢ SEM image of the fabricated FZP

patterns were transcribed from the photomask to the pho-
toresist using nonadiabatic photolithography (Fig. 4a (2));
a Xe lamp was used as a light source. The wavelength was
550 nm with a bandwidth of 80 nm, which is outside the ab-
sorption band of the photoresist. The exposure time was 60
minutes, and the optical power density 100 mW/cm?. Af-
ter development, the Ta film was patterned by etching using
Cl,/BCl; (Fig. 4a (3) and (4)), and finally, the photoresist
was removed (Fig. 4a (5)).

Figure 4b shows a microphotograph of the FZP acquired
by illuminating the specimen from behind. The concentric
Ta rings are clearly visible for the whole area of the FZP.
A scanning electronic microscope (SEM) image of the FZP
is shown in Fig. 4c. High-contrast patterns of the Ta rings
are clearly seen without any defects, even in the outermost
area of the disk.

10" k4 '
107" l\ W l
’5 -2 ‘/'\\ﬂ S
s 10 TN T T e, A
> ]
2107F 4
GC) " . N —
"E 10—4 | - o et .\.__.-I“"\./.j
10°F 1
0 50 100 150 200
a | rkum)
10}
~ 08
3
206
2t
@ 04
(4] L
-
£ 02
0.0
-2000 -1000 0 1000 2000
b r (nm

Fig. 5 a Cross-sectional intensity profile of the UV light on the focal
plane (f = 516 um). The horizontal axis is the displacement, r, from
the center of the beam spot. The closed squares connected by a solid
curve show the experimental results, and the broken curve is the simu-
lated data. Experimental and calculated values are normalized to unity
at r = 0. The inset represents the scanned aperture (1 pm in diameter
and 13 um thick) used for measurements. b Magnified cross-sectional
profiles of the experimental and calculated results around r =0

3.2 Optical properties of the Fresnel zone plate

Figure 5 shows a cross-section of the intensity profile of UV
light from a 325-nm He—Cd laser focused onto the focal
plane (f = 516 um), with the calculated profile from dif-
fraction optics under Fresnel approximation overlaid [19]. It
should be noted that this curve is an envelope of the large
number of peaks of the narrow and sharp side lobes of the
diffraction pattern. Experimental and calculated values are
normalized at r = 0. The ratio between the experimental
values at the peak (r = 0) and at the tail ( > 50 um) was
larger than 1 x 103, and the ratio of the calculated values
was about 1 x 10%. The difference between the experimen-
tal and calculated ratios is attributed to the guiding effect of
the focused light beam transmitting through a long, narrow
aperture used for the experiments, which was not included in
the calculation. However, the positions of the local maxima
are in agreement, as shown by downward arrows in Fig. 5a,
which implies that the fabricated FZP exhibits the good fo-
cusing performance expected at the design stage.

Figure 5b shows the magnified cross-sectional profiles
around r = 0. The Stokes correction [20] was employed
for deconvolution using the TEgy mode function in the
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Fig. 6 a SEM image of the soft
X-ray FZP fabricated using
nonadiabatic photolithography.
b Cross-sectional profile along
the broken line in a. ¢ SEM
image of the FZP fabricated
using conventional adiabatic
photolithography.

d Cross-sectional profile along
the broken line in ¢
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narrow and thick apertures. The estimated spot size was
590 nm (FWHM), which is close to the design spot size of
463 nm [19]. The efficiency of the collecting the light was
about 30%, which was defined by the ratio between the light
power at the center of the spot (—s/2 <r < s/2) and the
total light power incident at the FZP. This performance is
as good as can be expected from a conventionally fabricated
FZP [21].

3.3 Comparison between adiabatic and nonadiabatic
photolithographies

FZPs were fabricated to focus much shorter wavelengths,
i.e., soft X-rays with A = 0.42 nm, using both nonadiabatic
photolithography and adiabatic photolithography. By com-
paring the resulting FZP structures, it was possible to eval-
uate the relative dynamic range and spatial resolution capa-
bilities of the two techniques. The focal length was 50 mm
and the spot size 196 nm, which meets the requirements for
a typical soft X-ray microscope [5, 7]. Based on the design
criteria in (1), the numbers of zones N, the outermost radius
ra=nN, and the bandwidth Ar,—xn were 151 pm, 56 um, and
190 nm, respectively, and so the diameter of the FZP was
112 pm.

A 200-nm-thick Si3Ny layer on a Si wafer was used as the
substrate material for the soft X-ray FZP. An 80-nm-thick
Ta film was deposited by sputtering, and a 100-nm-thick Si-
containing photoresist (FH-SP-3CL) was spun on. The con-
centric rings were transcribed from the photomask to the
photoresist using the procedure described in Fig. 3a. Us-
ing nonadiabatic photolithography, the light source was a Xe
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lamp with a wavelength of 550 nm and bandwidth of 80 nm,
which was outside the absorption band of the photoresist.
The exposure time was 13 minutes, and optical power den-
sity was 100 mW/cm?. Using conventional adiabatic pho-
tolithography, an Hg lamp with a wavelength of 450 nm and
bandwidth of 40 nm was used, which was inside the absorp-
tion band of the photoresist. The exposure time was 4 s, and
the optical power density was 100 mW /cm?. After develop-
ment, the Ta film was patterned by dry etching in Cl, /BCl,.
In order to fabricate a thin SizN4 membrane for efficient
transmission of the soft X-rays, the central part of the Si3Ny
layer was removed from the back side of the photomask us-
ing dry etching, and the Si substrate was removed by wet
etching in KOH. Finally, the FZP for soft X-rays was fabri-
cated with the patterned Ta film on the Si3zN4 membrane.

Figure 6a shows an SEM image of the soft X-ray FZP
fabricated with nonadiabatic photolithography. Figure 6b
shows the cross-sectional profile along the broken line in
Fig. 6a, measured using a laser confocal microscope (VK-
9700 Keyence Co.) with lateral and vertical resolutions of
130 nm and 1 nm, respectively. Even though the bandwidth
of the outermost ring (Ary=151 = 190 nm) was narrower
than the 550-nm-wavelength of the light source used in the
photolithography, the concentric rings are clearly seen over
the whole area of the FZP. This result is consistent with the
calculated result of Fig. 2b, showing good dynamic range
and a high spatial resolution.

For comparison, Fig. 6¢ shows an SEM image of the FZP
fabricated by conventional adiabatic photolithography. Fig-
ure 6d shows the cross-sectional profile along the broken
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line in Fig. 6¢. The rings in the outer region (indicated by the
white arrow) are less visible than are those in Figs. 6a and b,
which is consistent with the calculated results in Fig. 2c
and shows that this FZP has a lower dynamic range. The
height of the ring indicated by the black arrow in this fig-
ure is very low due to interference, because the bandwidth
(Ar, = 450 nm) is equal to the wavelength of the light,
which is consistent with the calculated results in Fig. 2d.

These experimental results confirmed the advantages of
nonadiabatic photolithography. Although experiments using
soft X-ray irradiation have not yet been carried out, high per-
formance through focusing the soft X-rays is expected based
on our previous experiments involving soft X-ray irradiation
of a diffraction grating, fabricated using the same nonadia-
batic photolithography process [22].

4 Summary

We have reported the fabrication of 400-um diameter FZPs
using optical near-field nonadiabatic photolithography. 325-
nm UV light was focused onto a 590-nm spot size, and
the collection efficiency was as high as 30%. Soft X-ray
(A = 0.42 nm) FZPs were fabricated, with the outermost
bandwidth, Ary, of 190 nm. A high-contrast pattern was
accurately transcribed from the fine-structured photomask
due to the high dynamic range and high spatial resolution of
nonadiabatic photolithography.

For comparison, conventional adiabatic photolithography
was used to fabricate soft X-ray FZPs, and the contrast was
low and suffered from interference effects due to the residual
propagating exposure light. This demonstrates that the high
dynamic range and high spatial resolution capabilities were
due to the nonadiabatic photolithography process.

References

1. P. Cheben, E. Post, S. Janz, J. Albert, A. Laronche, J.H. Schmid,
D. Xu, B. Lamontagne, J. Lapointe, A. Delage, A. Densmore, Opt.
Lett. 33, 2647 (2006)

2. D. Gong, Z. Zhoua, H. Liua, J. Wanga, H. Gao, Opt. Lasers Eng.
47, 662 (2009)

3. A.C. Busacca, E. D’Asaro, A. Pasquazi, S. Stivala, G. Assanto,
Appl. Phys. Lett. 93, 121117 (2008)

4. S.M. Mansfield, G.S. Kino, Appl. Phys. Lett. 57, 2615 (1990)

5. H. Sakai, M. Fujisawa, K. Iida, I. Ito, H. Kudo, N. Nakamura,
K. Shinoe, T. Tanaka, Phys. Rev. Spec. Top. Accel. Beams 10,
042801 (2007)

6. J. Wu, X. Cui, L.M. Lee, C. Yang, Opt. Express 16, 15595 (2008)

7. Y. Suzuki, A. Takeuchi, H. Takano, K. Uesugi, T. Oka, K. Inoue,
Rev. Sci. Instrum. 75, 1155 (2004)

8. J. Kima, K. Jalhadi, S.-Y. Lee, D.C. Joy, J. Vac. Sci. Technol. B
25,1771 (2007)

9. A. Surpi, S. Valizadeh, K. Leifer, S. Lagomarsino, J. Micromech.
Microeng. 17, 617 (2007)

10. Y. Inao, S. Nakasato, R. Kuroda, M. Ohtsu, Microelectron. Eng.
84, 705 (2007)

11. T. Kawazoe, Y. Yamamoto, M. Ohtsu, Appl. Phys. Lett. 79, 1184—
1186 (2001)

12. T. Kawazoe, K. Kobayashi, S. Takubo, M. Ohtsu, J. Chem. Phys.
122, 024715 (2005)

13. T. Kawazoe, K. Kobayashi, M. Ohtsu, Appl. Phys. B, Lasers Opt.
84, 247 (2006)

14. T. Yatsui, K. Hirata, W. Nomura, M. Ohtsu, Y. Tabata, Appl. Phys.
B, Lasers Opt. 93, 55-57 (2008)

15. T. Kawazoe, H. Fujiwara, K. Kobayashi, M. Ohtsu, J. Sel. Top.
Quant. Electron. (2009, in press)

16. H. Yonemitsu, T. Kawazoe, K. Kobayashi, M. Ohtsu, J. Lumin.
122-123, 230 (2007)

17. T. Kawazoe, M. Ohtsu, Y. Inao, R. Kuroda, J. Nanophoton. 1,
011595 (2007)

18. M. Naya, I. Tsuruma, T. Tani, A. Mukai, S. Sakaguchi, S. Ya-
sunami, Appl. Phys. Lett. 86, 201113 (2005)

19. EL. Pedrotti, L.S. Pedrotti, in Introduction to Optics, 2nd edn.
(Prentice Hall, New Jersey, 1993), pp. 366-390

20. T. Ungér, J. Gubicza, G. Ribarik, A. Borbély, J. Appl. Cryst. 34,
298 (2001)

21. K. Kodate, T. Kamiya, Y. Okada, H. Takenaka, Jpn. J. Appl. Phys.
25,223 (1986)

22. M. Koike, S. Miyauchi, K. Sano, T. Imazono, in Nanophotonics
and Nanofabrication, ed. by M. Ohtsu (Wiley-VCH, Weinheim,
2009), pp. 179-192

@ Springer



Appl Phys B (2009) 97: 825-828
DOI 10.1007/500340-009-3654-1

Applied Physics B

Lasers and Optics

Observation of quantum confinement in ZnO nanorods fabricated
using a two-temperature growth method

K. Kitamura - T. Yatsui - M. Ohtsu

Received: 3 April 2009 / Revised version: 15 June 2009 / Published online: 5 August 2009

© Springer-Verlag 2009

Abstract We observed a quantum confinement effect in
vertically well-aligned ultrafine ZnO nanorods using polar-
ized excitation photoluminescence measurements. Room-
temperature and low-temperature photoluminescence spec-
tra revealed that free excitons were confined in the nanorods.
The magnitude of the energy shift due to the quantum con-
finement in the ultrafine ZnO nanorods was 6 meV at room
temperature, which corresponded to the luminescence from
ZnO nanorods 12.8 nm in diameter. The diameter estimated
from the spectra was comparable to the value measured from
SEM images.

PACS 81.05.Dz - 81.07.Vb

1 Introduction

One-dimensional semiconductors, such as nanowires and
nanorods, are attracting great interest as promising candi-
date materials for optical and electrical device applications.
Among them, zinc oxide (ZnO) nanorods have attracted
much attention because of the large exciton binding en-
ergy [1] and large oscillator strength [2]. ZnO also has great
potential as a material for room-temperature nanoscale pho-
tonic devices [3], and nanophotonic switches and energy up-
conversion have been demonstrated using a ZnO nanorod
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with double-quantum-well structures [4, 5]. Further novel
functional devices can be realized using the radial quan-
tum confinement effect of ZnO nanorods. For application
to photonic and electric devices, high-quality ZnO nanorods
have been fabricated using catalyst-free metalorganic va-
por phase epitaxy (MOVPE) [6]. With this method, the
growth temperature controls the diameter of the nanorods:
a higher growth temperature results in a smaller diame-
ter. Although ultrafine ZnO nanorods have been reported
to exhibit blueshifted photoluminescence (PL) emission due
to the quantum confinement effect, they grow along ran-
dom directions [7]. To fabricate vertically aligned ultra-
fine ZnO nanorods, we developed a two-temperature growth
method and succeeded in fabricating vertically well-aligned
ultrafine ZnO nanorods [8]. In this paper, we report the
polarized PL from ultrafine ZnO nanorods grown using
the two-temperature growth method and the observation of
blueshifted PL due to quantum confinement in the nanorods.

2 Experimental technique

ZnO nanorods were grown on a sapphire (0001) substrate
using a catalyst-free MOVPE system. Diethylzinc and oxy-
gen were used as the reactants, with argon as the carrier
gas. The pressure inside the reactant chamber was main-
tained at 5 Torr. The substrate temperature was controlled
using a thermocouple thermometer and radio-frequency-
heated carbon susceptor. Two samples were prepared for
measurement: one sample had ultrafine nanorods (sample 1,
Fig. 1(a)) and the other sample had thick nanorods for ref-
erence (sample 2, Fig. 1(b)). The ultrafine ZnO nanorods
of sample 1 were grown using the two-temperature growth
method, which consisted of lower-temperature growth of
vertically aligned thick ZnO nanorods and subsequent
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Fig. 1 Schematic images of samples (a) 1 and (b) 2, with (c) a SEM
image of (a)

higher-temperature growth to fabricate vertically aligned
ultrafine nanorods. In the first step, vertically well-aligned
ZnO nanorods were grown at 450°C for 30 min. In the sec-
ond step, ultrafine nanorods structures were grown from the
tips of the preformed thick nanorods at 750°C for 10 min.
Sample 1 had thick nanorods at the bases of the ultrafine
nanorods. Further details of the growth method have been
reported in [8]. Sample 2 was grown at 450°C for 30 min.

3 Result and discussion

Figure 1(c) shows a scanning electron microscopy (SEM)
image of the ultrafine nanorods of sample 1. It confirmed
that the ultrafine nanorods were well aligned vertically to the
substrate. Transmission electron microscopy and electron
diffraction measurement revealed that the nanorods grew
along the c-axis, as reported in [8]. The average diameters of
the ultrafine (second step) and thick (first step) nanorods de-
termined using SEM were 17.7 and 124.4 nm, respectively.

We measured polarized excitation PL spectra of the ZnO
nanorods at room temperature and low temperature (5 K).
A He-Cd laser (A = 325 nm) was used as the excitation
light source. To obtain the polarization dependence of the PL.
spectra, the laser irradiated the sample at 30° to the x-axis
(see Fig. 2). The polarization of the incident light was con-
trolled with a 1/2 waveplate. We compared the PL spectra
between E|| [polarization parallel to the axis of the nanorods
(z-axis)] and E | (perpendicular to the axis of the nanorods).

Figure 3(a) shows the polarized excited PL spectra of
sample 1 (with ultrafine and thick nanorods) at room tem-
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Fig. 2 Schematic images of the nanorods and excitation polarization

perature. Curves RT1|(E)) and RT1, (E ) show the room-
temperature PL with the PL peak energy at 3.298 and
3.292 eV, respectively. Figure 3(b) shows the PL spectra
of sample 2. No difference is seen in the peak energy for
each polarization with sample 2. The peak at 3.292 eV is
the emission from free excitons in the bulk ZnO. Here, the
thick base nanorods can be approximated as the bulk be-
cause they grew at high density and their separations were
narrow. Therefore, the blueshifted PL of sample 1 originated
from the ultrafine ZnO nanorods. Figure 4 shows the polar-
ized excited PL spectra of sample 1 at low temperature (5
K); no difference is seen between the peak energies of LT1
and LT , which indicates that the energy shift at room tem-
perature did not originate from the polarization dependence
of excitons (A, B, and C excitons).

The origin of the blueshifted PL of sample 1 is ex-
plained by considering the excitation polarization depen-
dence and quantum confinement in the ultrafine nanorods.
Previous studies on the excitation polarization dependence
of nanorods of ZnO [9] and other materials [10] revealed
that the PL under parallel excitation (E)) is much greater
than that under perpendicular polarization (E] ) due to the
absorption anisotropy. Under parallel polarization, the ultra-
fine nanorods could be excited because the nanorods have
strong optical absorption of E, whereas they could not be
excited strongly by E . Therefore, PL from the ultrafine
nanorods appeared under parallel polarization, allowing ob-
servation of the quantum confinement of excitons in the ul-
trafine nanorods. At low temperature, we obtained PL from
the recombination of neutral donor-bound excitons, while
the PL from the recombination of free excitons was obtained
at room temperature because the increase in the thermal en-
ergy caused the bound excitons to decompose into free exci-
tons. Furthermore, neutral donor-bound excitons cannot be
confined because the excitons are bound to a neutral donor.
Therefore, no energy shift was observed at low temperature.
The successful observation of the quantum confinement ef-
fect in the ZnO nanorods was due to the good alignment of
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Fig. 3 Room-temperature PL spectra. (a) RT1| and RT1, show the
PL from sample 1 with E (parallel to the ZnO axis) and E | (perpen-
dicular to the ZnO axis), respectively. (b) RT2| and RT2, show the PL
from sample 2 with E} and E , respectively

the ZnO nanorods, which resulted in the large optical ab-
sorption.

We estimated the diameter of the nanorods from the mag-
nitude of the energy shift of 6 meV, given in Fig. 4(a).
For this estimation, an infinitely deep cylindrical-well model
was used while assuming that the magnitude of the energy
shift corresponded to the degree of quantum confinement in
the nanorods. The exciton in the nanorods is weakly con-
fined because the Bohr radius of excitons (~1.8 nm [11]) is
sufficiently smaller than the diameter of the nanorods. The
increase in energy is expressed as [12]

2.2
_ h Jn,l
2Ma?’

ey

n,l

T T T

Lr1,

PL intensity (a.u.)

T1,

33 332 334 336 338 34
Photon energy (eV)

Fig.4 Low-temperature (5 K) PL spectra of sample 1. LT/ and LTI |
show the PL from sample 1 with E} (parallel to the ZnO axis) and E |
(perpendicular to the ZnO axis), respectively

where & is Planck’s constant; j,; is the Bessel function,
which vanishes at zero; M is the effective mass of an exci-
ton; and a is the diameter of a cylinder. The effective masses
of the electron and hole were assumed to be m, = 0.28m
and mj, = 0.78my, respectively [13]. As a result, the calcu-
lated diameter of the ultrafine nanorods was 12.8 nm, which
is comparable to the diameter measured from SEM images
(17.3 nm). We assumed that the PL peak shift depended
only on ultrafine nanorods. To eliminate the emission from
the thick nanorods, it is required to reduce the length of
thick nanorods. Detailed dependences of the length of thick
nanorods are currently under studied and will be published
elsewhere.

4 Conclusions

We observed a blueshifted (6 meV) PL peak from the ul-
trafine ZnO nanorods at room temperature that originated
from the quantum confinement. Room-temperature and low-
temperature photoluminescence spectra revealed that free
excitons were confined in the nanorods. The successful ob-
servation of the quantum confinement effect in the ZnO
nanorods was due to the good alignment of the ultrafine ZnO
nanorods. We believe that the resulting structure with radial
quantum confinement allows its use in the nanophotonic de-
vices.
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Abstract We report a self-assembly method that produces
greater spatial uniformity in InGaN thin films using opti-
cal near-field desorption. Spatial homogeneity in the In frac-
tion was reduced by introducing additional light during the
photo-enhanced chemical vapor deposition of InGaN. Near-
field desorption of InGaN nanoparticles, upon addition de-
pended on the In content of the film, and the photon en-
ergy of the illumination source determined the energy of the
emitted photons. Since this deposition method is based on a
photo-desorption reaction, it can easily be applied to other
deposition techniques and used with other semiconductor
systems.

PACS 68.43.Tj - 81.16.Dn

1 Introduction

The control of light-emitting-diode (LED) color is im-
portant in many applications, including the generation of
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white light [1] and optical communications [2]. The pho-
ton energy, hvep, emitted from a composite semiconductor
can be tailored by adjusting its composition. White light-
emitting diodes (WLEDs) were developed using gallium ni-
tride (GaN)-based LEDs because the /v, from GaN can be
shifted from 400 nm to 1.5 pm by adjusting the indium (In)
content in In,Gaj_,N from x = 0 to 1, respectively [1, 3].
Although some commercial WLEDs combine the emission
of three colored LEDs, the resulting color-rendering index
over a broad spectrum is low due to the low spatial unifor-
mity of In. As a result, this type of WLED has yet to replace
fluorescent lamps in many applications. Here we report a
self-assembly method that yields greater spatial uniformity
of In in InGaN thin films using optical near-field desorption.
The spatial heterogeneity of the In fraction was reduced by
introducing an additional light source (i.e., a desorption light
source) during the photo-enhanced chemical vapor deposi-
tion (PECVD) of InGaN, thereby causing near-field desorp-
tion of InGaN nanoparticles. The degree of nanoparticle des-
orption depended on In content of the film, and the photon
energy of the desorption light source ultimately determined
the emitted photon energy of the thin film.

2 Controlling the thin film composition using the
optical near field

Figures la and b illustrate the approach to obtaining a
more spatially uniform device composition using optical
near-field effects. During the initial stages of In,1Gaj_, N
nanoparticle growth (bandgap energy Ey1), a lattice vibra-
tional mode can be excited by far-field light originating
from an optical near field caused by coupling of exciton-
polaritons and phonons (Fig. 1a) [4]. If the nanoparticles are
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concurrently illuminated by a desorption source with pho-
ton energy of v, (< Ey1), a strong optical absorption due
to a multistep excitation of lattice vibrational modes induces

Lattice

mode

In content x

In deposition

Time of
illumination

Position on
the substrate

b »

Fig. 1 Controlling the thin film composition using the optical near
field. a A schematic diagram shows the energy dispersion and the gen-
eration of lattice vibrational modes induced by an optical near field
on InGaN nanoparticles. b Spatial distributions of x are shown as a
function of deposition time for In, Ga;_, N whilst illuminated with the
desorption light source

Fig. 2 SEM images of
fabricated InGaN thin films. The
overall image is shown in (a).
Magnified images show films
fabricated with g = 0 (b),
2.5% 1073 (o),

5.0 x 1073 (d) sccm

@ Springer

desorption of a fraction of the nanoparticle population [5].
The absorption is enhanced by increasing the In content. As
the deposition proceeds with desorption source illumination,
the growth is governed by a trade-off between In deposi-
tion (where the In content x < x1) and In desorption (where
x > x1). Thus, the resulting In content in the film is a func-
tion of hv,>, and both spatial heterogeneity of the In fraction
and spectral broadening (Fig. 1b) are avoided.

3 Experiment

A spectral change was observed upon introduction of the
desorption light source during PECVD of InGaN at room
temperature [6] in which Ahvey, was determined by the pho-
ton energy hvyy. A Sth-harmonic, Q-switched Nd: YAG laser
(hvdepo = 5.82 €V, A = 213 nm) was used to excite and pho-
todissociate trimethylgallium (TMG), triethylindium (TEI)
and ammonia (NH3, 99.999%). The choice of laser was
based on the strong photo-absorptions of gas-phase TMG
(Eg > 4.59 eV), TEI (E, > 4.77 eV) and NH3 (E, >
5.66 eV), respectively [7, 8]. The desorption light source
was introduced through an optical window, and Hy gas was
introduced around the window to prevent GaN deposition
onto the window. The substrate was placed at the center of
the reaction chamber and irradiated with a 2-mm spot size of
excitation light. The total pressure in the reaction chamber
was 5.4 Torr, and the deposition time was 60 min.
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Fig. 3 Spectral control by
adjusting the TEI flow rate, rrg,
at room temperature. a PL
spectra obtained at 5 K were
acquired following
room-temperature film
deposition with rtg; = 0 («),
2.5%x 1073 (8), 5.0 x 1073 ()
scem with rrvg = 0.5 scem.

b The indium content of InGaN
shown as a function, rgy

PL intensity (a.u.)

XinInGa, N

0 0.01

1.8 2.2 2.6

3:.0 34 b Ired (Mgt )

a Photon energy (eV)

4 Results and discussion

The morphology of the GaN sample was investigated with
a scanning electron microscope (SEM). Figure 2a shows the
overall SEM image of the InGaN film on the substrate. Fig-
ures 2b through d show magnified SEM images from within
the white dashed circle in Fig. 2a. Similar morphologies,
consisting of 100-nm lines, were observed at different TEI
flow rates, rtgr. The relative atomic compositions of indium,
gallium and nitrogen were obtained by monitoring photolu-
minescence (PL) induced by a continuous wave He—Cd laser
(3.81 eV, A =325 nm), in which the PL peak was shifted by
changing rrgy (Fig. 3a). The In content, x, was determined
according to

E =3.42 — 4.95x, (1)

where E refers to the PL peak energy [9]. Figure 3b shows
that x was a linear function of rtgy, which agrees with results
obtained using low-temperature metal-organic chemical va-
por deposition (MOCVD) [10].

Based on the above results, a spectral shift was induced
by introducing desorption light during PECVD. InGaN was
grown with rtgr = 2.5 % 1073 sccm and under illumination
with a desorption light source of hv,, = 2.71 eV. As shown
in Fig. 4a, the PL intensity in the region hvey < hvy (curve
X") decreased relative to that observed in the absence of des-
orption light (curve X). The difference in PL intensity, /lgisf,
between X and X' (Fig. 4b) clearly shows the decrease in
the PL intensity of X’ at energies less than hv,,, indicating
near-field desorption as described in Fig. 1a.

Using a desorption light source with hvyy = 2.33 eV,
which is lower in energy than the peak PL of deposited In-
GaN (2.5 eV) in the absence of desorption light, similar de-
creases in PL intensity were observed for rtg; = 2.5 x 1073
scem and rpgr = 5.0 x 1073 scem (curves Y’ and Z’ in
Fig. 5a, respectively). The difference in PL between Y and
Y’, and Z and Z’, as indicated by curves Y” and Z” in
Fig. 5b, respectively, shows that the PL intensity of both Y’

PL intensity (a.u.)

1)

1y (a.u.)

I I
2.0 2.2 24 2.6 2.8 3.0 3.2

b Photon energy (eV)

Fig. 4 Spectral changes induced by desorption light illumination at
2.71 eV during PECVD. a PL spectra were obtained at 5 K using
room-temperature PECVD with rrgr = 2.5 x 1073 (curves X and X')
and a desorption source energy of hv,y = 2.71 eV. b The difference
spectrum shown for X-X’

and 7’ decreased at energies below hv,p = 2.33 eV. In ad-
dition, Fig. 5b shows that higher levels of rrg; (curve Z”)
resulted in increased I values at hvyp > 2.33 eV relative
to those obtained at lower rrgp (curve Y”). This further indi-
cates In desorption. This result confirms that the use of the
desorption light source during film deposition did not permit
additional In doping other than that determined by the pho-
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PL intensity (a.u.)

N

g (a.0.)

2.0 2.2 2.4 2.6 2.8 3.0 3.2
b Photon energy (eV)

Fig. 5 Spectral changes induced by desorption light illumination at
2.33 eV during PECVD. a PL spectra were obtained at 5 K using
room-temperature PECVD with rtgp = 2.5 x 1073 (curves Y and Y')
and 5.0 x 1073 (curves Z and Z’) sccm and a desorption source energy
of hvyy = 2.33 eV. b The PL difference spectra shown for Y=Y’ (curve
Y") and Z-Z' (curve Z"")

ton energy of the desorption light source itself. This effect
resulted in a film with a more spatially uniform In content.

@ Springer

5 Conclusion

Since the deposition method described herein is based on a
photo-desorption reaction, it can be applied with other de-
position techniques, such as MOCVD [1], molecular beam
epitaxy [11] and pulsed-laser depositions [12], and can also
be applied with other compound semiconductors such as In-
GaAs [13].
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Using pump-and-probe micro-photoluminescence measurement, we observed the nonlinear photo-

PACS: luminescence (PL) of multilayer InAs quantum dots (QDs), which originated from energy transfer

78.55.—m
78.55.Cr
78.67.Hc

between dots. In double- and five-layered InAs QDs, the differential PL intensity, Al/lprobe, became
negative at certain pump intensity. With changes in the pump intensity, Al/Ipone decreases or increases.
This is explained by the generation of a non-radiative path and the saturation of non-radiative sites by

the pump pulses. Our experimental results suggest that InAs QDs can act as AND- and NOT-gates by

Keywords:

Quantum dot

Energy transfer
Pump-and-probe micro-
photoluminescence
Nonlinear photoluminescence

using suitable thresholds and control lights.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

To achieve high levels of integration, photonic devices must be
reduced in size. However, this miniaturization is thought to be
limited at the sub-micron level due to the light propagation
diffraction limit. Nanophotonic switches [1], which use excitation
energy transfer among optically coupled semiconductor quantum
dots (QDs), have the potential to reduce the size of devices to less
than 100 nm. Since excitation energy transfer occurs among QDs
via an optical near-field interaction whose interaction length
corresponds to the size of the QDs, the energy transfer length in
a nanophotonic switch is on the order of several tens of nanometers
[2,3]. So far, we have demonstrated nanophotonic AND- and NOT-
gate operation using coupled CuCl quantum dots distributed
randomly in a NaCl matrix [4,5]. However, randomness (size,
position) makes it difficult to realize a nanophotonic device. In
contrast, the fabrication process for self-assembled InAs QD systems
allows the size and density of the QDs to be controlled, rendering
InAs QD systems as one of the most promising materials for this
application. In this letter, we describe our observations of the
nonlinear photoluminescence (PL) of double- and five-layered InAs
QDs, originating in the energy transfer which is the most important
mechanism for nanophotonic device operation.

* Corresponding author.
E-mail addresses: nishib@isl.titech.ac.jp, nishib@nanophotonics.t.u-tokyo.ac.jp
(K. Nishibayashi).

0022-2313/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jlumin.2009.04.095

2. Experiment

The two samples used here were grown by molecular beam
epitaxy in Stranski-Krastanov mode on (001)-oriented GaAs
substrates. After growing a 155-nm-thick AlgsGagsAs barrier
layer on a 150-nm-thick GaAs barrier layer, a five-monolayer InAs
layer was deposited to fabricate the first QD layer. A 20.0-nm-
thick AlgsGag sAs layer was then deposited on the QDs as a barrier
layer. The second and fifth dot layers of the double- and five-
layered QD sample were uncapped on the surface. The average
diameter and height of the InAs QDs in both samples were
estimated using atomic force microscopy to be 28 and 5nm,
respectively. The average QD density was 10" cm™2.

We carried out pump-and-probe micro-(}-) PL measurements
to confirm the difference in the PL intensity with and without the
pump pulse laser. The sample was set in a microstat (Oxford
Instruments) and kept at 10K. A He-Ne laser (1.958 eV) generated
excitons in the QDs (the probe beam). A picosecond mode-locked
Ti:sapphire laser of 1.377 eV, Epump, resonantly excited the QDs
(the pump pulse) with various intensities from zero to the
maximum in our experimental setup. An optical fiber guided
two beams into a microscope focused on the sample through a
x 50 objective lens. The focal spot diameters were 6 and 3 pm for
the double- and five-layered QD samples, respectively. A CCD
camera (710M-T1FW; DVC Company) detected the two-dimen-
sional PL images from the sample. A spectral filter dispersed the
detection energy of the pump-and-probe measurements, Ege, in
the range of 1.401-1.417 eV. The detection time for the PL image
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was 10s. To confirm the nonlinear component of the PL operation
of InAs QDs, we investigated the differential PL intensity A/l prope,
defined in the range of Eqe as

AI/Iprobe = (Ipump & probe — Ipump - Iprobe)/’probe

where, Ipump & probes Ipump and Iprope are the integrated PL intensity
in the focal spot with the pump-and-probe, pump, and probe
laser, respectively.

3. Results and discussion

Fig. 1 shows the macro-PL spectrum of the double-layered QDs
at 10K. The PL peak of ~1.37 eV originated from the InAs QDs, and
the GaAs buffer layer and/or the substrate contributed to the PL
peak of 1.48eV. To investigate the optical property of the
individual QDs, we measured the PL spectra of single QDs by a
near-field spectroscopy. A He-Ne laser (1.958 eV) was used as an
excitation source. The aperture size of the near-field probe was
50 nm. The inset in Fig. 1 shows two typical near-field PL spectra
of QDs obtained from different scanning areas. Regardless of
density, we observed fewer PL lines from the single QDs in each
scanning area. This resulted from the large distribution of non-
radiative QDs (QDs-B) on the surface, as the near-field probe
coupled to the surface (near) dots more than to the embedded
(far) dots. The average linewidth of the near-field PL was in the
range 1-2 meV. This value was larger than the typical value in the
range 10-400 eV as reported in Ref. [6]. This broad linewidth is
attributed to the decoherence of excitons due to fluctuating
charge distribution and defects on the surface and the fast
relaxation of the excitons through coupling to non-radiative states
on the surface. After reducing the number of QDs by processing
the upper part of the sample to 200-nm-wide lines through a non-
adiabatic photochemical process [7], we achieved a pump-and-
probe pn-PL measurement at 10 K. Fig. 2 shows the pump intensity
dependence of Alflrope. Without mode-locked pump pulses,
Al/lrone Was zero. When the pump pulse was injected, Al/lprobe
became negative, with a minimum value of —0.04 at 10 pJ/cm?.
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As the pump intensity increased, Al/lprone returned to zero at
42 pJ/cm? and then became positive. Since Epymp was lower than
Eq4et, One might expect the energy relaxation of the carriers from
the energy state at Eqe; to that at Epymp to be restricted due to the
filling effect by resonantly excited carriers of the energy state
located at Epymp. However, such saturation would only increase
AI/Iprobe-

Thus, we must use another mechanism to interpret the
negative Al/lpone. We propose that the decreasing Alflprobe
originates from the generation of a non-radiative path of radiative
QDs via resonant energy transfer to non-radiative QDs by the
pump pulses [5].

Without the pump, the number of radiative QDs (QDs-A) and
non-radiative QDs in the focal spot determines the p-PL intensity
of the QDs. QDs-B have an impurity state at the lower energy side
of the exciton state that is coupled to the non-radiative site. With
pump pulses (Fig. 1(a) inset), the resonantly excited carriers in this
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Fig. 2. Pump intensity dependence of the integrated differential PL intensities.
Insets show a schematic explanation of the negative (a) and positive (b)
differential PL intensity.
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Fig.1. (a) PL spectrum of the double-layered InAs QD sample. Insets show the schematic structure of the sample (right) and the two near-field PL spectra of the InAs QDs at
10K (left).
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impurity state cause an energy shift and broadening of the exciton
state of QDs-B by electrostatic interaction. When the energy of
the exciton state of QDs-B overlaps QDs-A through this energy
modulation, resonant energy transfer occurs between them via an
optical near-field interaction. As a result, the exciton energy
of QDs-A dissipates, due to this energy transfer and to the non-
radiative state in QDs-B. This causes the decrease of Al/Iyrope in the
observed area. At high pump intensity (Fig. 1(b) inset), the
impurity state of QDs-B is saturated by resonantly excited carriers.
This restricts the energy relaxation to the non-radiative state and
increases Al/Iyrobe.

We simulated the pump intensity dependence of Al/Iprobe USINg
a simple model. We assumed that QDs-A and QDs-B are non-
resonant at an initial state with small energy differences. We used
a log-normal distribution of the number of non-radiative paths of
QDs-A due to resonant coupling with QDs-B, which was induced
by the pump pulses, proportional to the negative Al/l,rope. We also
used the square root dependence of the pump intensity as the
saturation effect of the non-radiative sites because these sites are
considered to spread three dimensionally around QDs-B. In spite
of the roughness of the model, the fitted result agrees well with
our experimental results.

Next, we investigated the nonlinear PL of five-layered QDs. The
sample was processed into square blocks using electron beam
lithography to identify the observation area. Each block was
1.0 pm x 1.0 pm. Fig. 3 shows the macro-PL spectrum and the inset
shows an image of the processed surface. The experimental setup
was the same as for the p-PL measurement of the double-layered
QDs. The pump intensity dependence of Alflyrope is shown in
Fig. 4. Without pump pulses, Al/I,robe Was zero. Al/l,ope increased
at low pump intensity (59 uJ/cm?). With increasing pump
intensity, Al/l,ope decreased, down to a negative value at
intermediate pump intensity (285 pJ/cm?), then increased again
up to a slightly positive value at high pump intensity (660 pJ/cm?).
The insets in Fig. 4 show two-dimensional images of the
differential p-PL. Ignoring the initial increase in Al/lprope at
low pump intensity, the dependence of Al/I,.ope On the pump
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intensity exhibited the same behavior as displayed by the double-
layered QD system. Thus, we consider that the same mechanism
causes the pump intensity dependence of five-layered QDs.
A fitting curve from the model that we applied to the double-
layered QDs is also shown in Fig. 4 (solid line). These
results indicate that the nonlinear component of p-PL intensity
of QDs is decided by competition between the generation of a
non-radiative path and the saturation of non-radiative sites by
pump pulses.

It is difficult to say whether lateral or transverse energy
transfer contributes most to the nonlinear PL due to the high
density of the QDs. In the lateral direction, the QDs are close to
each other, permitting easy optical coupling. Additionally, the
small PL intensities of the macro-spectra of the two samples
indicate that the non-radiative sites also exist in the embedded
dots. However, we recently observed the interlayer energy
transfer between InAs QDs with a 24-nm-thick spacer layer and
estimated transfer times to be as fast as 75 ps at 15K [8]. Thus, the
effective energy transfer in the transverse direction was not
negligible in these two samples. Further investigation is neces-
sary. Our results of nonlinear PL indicate that multilayer InAs QDs
will act as AND- and NOT-gates with suitable thresholds and
control lights.

4. Conclusions

We observed nonlinear PL of multilayer InAs QDs using pump-
and-probe p-PL measurement. The differential PL intensity
decreased and increased with changes in pump intensity. This
behavior is explained by the generation of a non-radiative path via
energy transfer between the radiative and non-radiative QDs and
the saturation of non-radiative sites. Our experimental results
suggest that multilayer InAs QD systems will act as AND- and
NOT-gates with suitable control lights.

This paper belongs to “Innovative Nanophotonics Components
Development project” which OITDA contracted with The New
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Fig. 3. PL spectrum of the five-layered InAs QD sample. Insets show the schematic structure of the sample (right) and a scanning electron microscopic image of the

processed sample (left). The bright area indicates the focal spot of the probe beam.
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Visible Light Emission From Dye Molecular Grains
via Infrared Excitation Based on the Nonadiabatic
Transition Induced by the Optical Near Field

Tadashi Kawazoe, Hiroyasu Fujiwara, Kiyoshi Kobayashi, Member, IEEE,
and Motoichi Ohtsu, Senior Member, IEEE

Abstract—We observed light emission in the visible wavelength
range (A = 600-690 nm) from aggregated 4-dicyanomethylene-2-
methyl-6-p-dimethylaminostyryl-4H-pyran (DCM) dye molecule
grains excited by infrared light (A., = 805 nm). The domains
of visible light emission were localized at the surface and edges
of the dye grains, where the optical near field was strengthened.
The emitted visible light intensity decayed exponentially accord-
ing to the time constants 7y = 0.45ns and 7, = 1.37 ns, which
were equivalent to those of conventional fluorescence excited by
visible light at A., = 402 nm. The emitted light intensity in-
creased with the infrared excitation intensity, in agreement with
the theoretical results of the exciton—phonon polariton model.
This confirmed that the visible light emission originated from
the nonadiabatic transition process due to optical near-field fea-
tures. The frequency upconversion efficiency for excitation from
infrared (A., = 805 nm) to visible (A = 600—690 nm) in the film
of the DCM molecular grains was experimentally estimated to
be higher than that of the second harmonic generation (SHG)
from a potassium dihydrogen phosphate (KDP) crystal. In par-
ticular, it was higher when the fundamental light power density
was lower than 100 W/cm?. Visible light emission from the grains
of the rhodamine 6G (IV-{2-[2-(2-aminoethoxy)ethoxy]ethyl} rho-
damine 6G-amide bis[trifluoroacetate]) dye molecule was also ob-
served in the infrared light (A., = 805 nm). Our results demon-
strated the universality of the nonadiabatic transition process.

Index Terms—Nonadiabatic photochemical reaction, optical
near field, upconversion.

I. INTRODUCTION

REQUENCY upconversion of infrared light is advanta-

geous for many applications, such as expanding the effec-
tive bandwidth of photodetectors or imaging sensors. Although
second harmonic generation (SHG) [1] and phosphorescence
using a multistep transition [2] are popular alternatives, SHG
requires a high-power and coherent incident light or an expen-
sive built-up cavity for high efficiency. Phosphorescence suffers
from problems with saturation of the emitted light intensity. To
avoid saturation, an additional light source is required to excite
the electrons into the optically forbidden triplet state, which is
the first transition state for the phosphorescence. However, in
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this case, a problem occurs. A high-power reference light is
required, from which additional light is usually emitted.

The frequency upconversion efficiency can be increased and
the aforementioned problems avoided, if a novel, highly effi-
cient process for excitation to the optically forbidden state is
discovered. One possible approach is to utilize the molecular
vibrational state. Transition from the lowest molecular vibra-
tional state to higher ones of energy larger than a few hundred
meV is usually optically forbidden for excitation by the propa-
gating light due to the Hermitian nature of optically forbidden
wave functions. However, the optical near-field (ONF) excita-
tion can make this transition optically allowed due to the nona-
diabatic response of the molecule. The nonadiabatic response
and transition have been found in the photochemical reaction of
organic molecules induced by the ONF [3]-[9]. They have been
theoretically described by the exciton—phonon polariton (EPP)
model, in which the ONF efficiently excites the optically for-
bidden molecular vibrational state with the help of the coherent
phonon. Thus, even though the photon energy of the ONF is
lower than the activation energy of the molecule, the electronic
states of the molecule can be excited due to a multistep tran-
sition via the molecular vibrational state. Because this excita-
tion can induce successive photodissociations or photochemical
reactions, it has been applied to nanometric fabrication, e.g.,
ONF chemical vapor deposition [3]-[6], lithography [7], [8],
and chemical polishing [9]. It is also applicable to the highly
efficient frequency upconversion of infrared light because the
ONF nonadiabatic transition can excite the optically forbidden
state efficiently, and the molecule that is photoactivated by the
ONF can relax electronically to the initial state by emitting a
photon.

We demonstrated visible light emission from grains of 4-
dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-py-
ran (DCM) and N-{2-[2-(2-aminoethoxy)ethoxy]Jethyl} rho-
damine 6G-amide bis(trifluoroacetate) (rhodamine 6G) dye
molecules using infrared excitation due to the nonadiabatic
ONF transition. We discuss possible applications for efficient
frequency upconversion.

II. NONADIABATIC TRANSITION PROCESS

Fig. 1(a) shows the potential of an electron in a molecular
orbital as a function of the internuclear distance of the relevant
chemical bond [10]. The energy levels of the molecular vibra-
tional states are indicated by the horizontal lines ( Vi:i =0, 1,

1077-260X/$26.00 © 2009 IEEE
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Fig. 1. Potential curves of an electron in a molecular orbital. The energy
levels of the molecular vibrational states are indicated by the horizontal lines.
(a) and (b) show schematics of the conventional adiabatic transition and novel
nonadiabatic transition for the light emission, respectively.

...n)ineach potential curve. When light is absorbed by the elec-
tron, the transition to the excited state (indicated by the upward
arrow in Fig. 1[a]) triggers a photochemical reaction and light
emission [2]. Itis a conventional adiabatic transition that follows
the Franck—Condon principle. When the ONF is involved, how-
ever, a multistep transition via the molecular vibrational states
(indicated by the upward wavy arrows « in Fig. 1[b]) can also
excite the electron, inducing a photochemical reaction [3]—[9]
and light emission, even though the intermediate transition is
optically forbidden. This is a novel nonadiabatic transition that
deviates from the Franck—Condon principle. Thus, it allows in-
frared to be used as a light source because the energy of the
transition between the molecular vibrational states (the wavy
arrow «) is much lower than that of the electronic transition.
This process has been described by the EPP model, in which the
ONF is described as a quasiparticle, i.e., an exciton polariton
trailing the coherent phonon [4], [S]. Thus, the ONF is able to
couple the transition between the molecular vibrational states,
even though it is optically forbidden. The name “nonadiabatic”
is used because coupling between the electronic and nuclear
systems is involved in the transition. The nonadiabatic transi-
tion can be used for frequency upconversion because the photon
energy of the emitted light is higher than that of the excita-
tion light. When DCM dye molecules are used, red light can be
emitted via an infrared light for excitation.

III. SAMPLES

We prepared three samples of the DCM molecules.

A. Sample 1

After the DCM molecules were dispersed in ethanol in a
quartz glass cell, the ethanol was evaporated to deposit a film
of aggregated DCM crystalline grains onto an inner wall of the
glass cell of less than 100 pum thickness. A scanning electron
microscope (SEM) image of sample 1 is shown in Fig. 2(a). The
grains were inhomogeneous, with a size distribution in the range
between 10 nm and several microns. The ONF was generated
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Fig. 2. SEM images of samples 1(a) and 2(b) using DCM molecules.
(c) Schematic explanation of the generation of the optical near field and the
exciton—phonon polariton. (d) Light emission (solid curves) and optical den-
sity (broken curves) spectra of sample 1 measured using the visible light
(Aex = 532nm) for excitation.

on the surfaces of the DCM grains under irradiation by the
excitation light and was enhanced on their sharp edges.

B. Sample 2

After the DCM molecules were dissolved in an acetone sol-
vent, we grew recrystallized grains by dropping water into the
solution [11]. The solvent (acetone and water) was evaporated
to deposit a film of aggregated rod-shaped crystalline DCM
molecules onto an inner wall of the glass cell of less than 100 m
thickness. The SEM images of sample 2 are shown in Fig. 2(b).
The average diameter and length of the rods were 200 nm and
5 pm, respectively. The forms and sizes of the rods were more
homogenous than those of the grains in sample 1. Furthermore,
the volume density of the rods was lower than that of the grains.
These comparisons confirmed that the number of sharp edges
for enhancing the ONF intensity was larger in sample 1 than
that in sample 2.

C. Sample 3

Sample 3 was a suspension of DCM molecular grains in
ethanol.

Fig. 2(c) is a schematic of the ONF generation and nonadi-
abatic transition with successive visible light emission. When
infrared light hit the aggregated grains, an ONF was generated
on their surfaces and enhanced at their edges. ONF energy was
exchanged between the neighboring grains via the EPPs, and
the coherent phonon component of the EPP induced a transi-
tion via molecular vibrational states, as indicated by the wavy
arrows « in Fig. 1(b). Finally, the electronic system was excited
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Fig. 3. Light emission spectra in the visible wavelength range (A =
600—690 nm) from the three samples of DCM molecules. A CW Ti:sapphire
laser was used as the infrared light source (Aex = 805nm) for excitation.
The excitation laser powers were 260 mW for samples 1 and 2, and 1 W for
sample 3.

and visible light was emitted by the electronic transition (down-
ward arrow in Fig. 1[b]). Sample 1 was the most appropriate for
inducing the nonadiabatic transition because the size (volume
density) of the grains was much smaller (higher) there than in
the other samples.

The solid and broken curves in Fig. 2(d) represent the spectra
of the light emitted from sample 1 and its optical density mea-
sured using a propagating light (A.x = 532 nm) as an excitation
source. For wavelength & > 660 nm, the optical density was
sufficiently low, which came only from scattering by the ag-
gregated DCM grains. Thus, the absorption was negligible. The
spectral peak of the emitted light appeared at A = 655 nm, which
corresponded to that of the conventional fluorescence spectrum.
These curve features confirmed that degradation of the DCM
dye molecules due to impurities or molecular dissociation was
avoided and the optical properties of the DCM molecules were
maintained sufficiently even after sample preparation.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 3 shows the light emission spectra from the three samples
using a continuous wave (CW) Ti:sapphire laser as the infrared
light source for the excitation (A.x = 805nm). The excitation
laser powers were 260 mW for samples 1 and 2, and 1 W for
sample 3. Samples 1 and 2 emitted visible light in the 600-
690 nm range, even by infrared light excitation. Although the
light emission extended to wavelengths longer than 690 nm,
our spectral measurements were limited to wavelengths below
this value to avoid artifact signals caused by the excitation laser
scattering. We confirmed that the visible light emission was
not due to the second harmonic (SH) nonlinearity of the DCM
molecules because SH light (Asgy = 403 nm) could not be ob-
served even using highly sensitive photomultipliers (H7421-40
and R3809U-52: Hamamatsu Photonics KK). The light inten-
sity emitted from sample 1 was approximately ten times higher
than that from sample 2, and visible light emission from sam-
ple 3 could not be observed. The buoyant density of the DCM
grain in sample 3 was too low to couple the grains via ONF,
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Sample 2

Sample 1

Fig. 4. (a) Optical morphology of sample 1. (b) Distribution of light intensity
(A = 650 nm) emitted from sample 1 using a blue light source (Aex = 402 nm)
for excitation. (c) Emitted light (A = 650 nm) distribution of sample 1 using an
infrared light source (Acx = 805 nm) for excitation. (d) Optical morphology of
sample 2. (e) Distribution of light intensity (A = 650 nm) emitted from sample 2
using a blue light source (Aox = 402 nm) for excitation. (f) Emitted light (A =
650 nm) distribution of sample 2 using an infrared light source (Ao = 805 nm)
for excitation.

as shown in Fig. 2(c). These results strongly suggested that the
origin of the visible light emission from samples 1 and 2 was
the nonadiabatic transition process described in Section III.

In the nonadiabatic transition process, the area of visible light
emission must be localized on the surfaces of DCM molecular
grains and its intensity should be high at their edges. To con-
firm spatially localized visible light emission, we observed its
two-dimensional distribution using an optical microscope with
spatial resolution of 1 pum. Fig. 4(a) shows the morphology of
sample 1 imaged by white light, which was not clearly resolved
due to the low spatial resolution of the microscope. Fig. 4(b)
shows the conventional fluorescence intensity distribution (A =
650 nm) observed using a blue light source (A.x = 402 nm) for
the excitation. It indicates that almost all of the DCM grains fluo-
resced, and thus, the whole area of the image was homogenously
bright. Fig. 4(c) shows the intensity distribution of the visible
light emission (A = 650 nm) observed using an infrared light
source (Aex = 805nm) for excitation. Numerous small bright
spots on a dark background are visible, even though the sample
was homogeneously illuminated by the infrared light.
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Fig. 5. (a) Spectra of light intensity emitted from sample 1. Curves A and

B correspond to the spectra of light emitted using infrared light of wavelength
Aex = 753 and 805 nm, respectively, for the excitations. Curve C shows the
conventional fluorescence spectra emitted using visible light of Ay = 402 nm
for excitation. (b) Open circles and squares indicate the time evolution of emitted
light measured by the infrared (Aex = 805nm) and visible (Aex = 402 nm)
excitation light from a mode-locked Ti:sapphire laser and its SH, respectively.
The solid curves A and B show the fitted results. (c) Dependence of the emitted
light intensities I at A = 650 nm (closed squares) and 690 nm (closed circles)
on the excitation intensity E of the infrared light (Aex = 805 nm). The solid
curves were fitted by the second-order function I = a )LE +b 2 EZ.

Fig. 4(d)—(f) shows images of sample 2, corresponding to
Fig. 4(a)—(c), respectively. The morphology of the crystalline
rod could barely be seen (Fig. 4[d]). In the case of A,y = 402nm
excitation (Fig. 4[e]), the spatial distribution of the fluorescence
intensity was strongly correlated with that of Fig. 4(d). How-
ever, in the case of Aoy = 805 nm excitation (Fig. 4[f]), only
a few bright spots are visible. Comparing the detailed mor-
phology of samples 1 (Fig. 2[a]) and 2 (Fig. 2[b]) obtained
by SEM measurements, assuming that the visible light was
emitted from the surfaces of the DCM molecular grains is
reasonable, especially since intensity is highest at their edges.
This was because sample 1 had more edges than sample 2.
These experimental results support the hypothesis that the ori-
gin of the visible light emission was the nonadiabatic transition
process.

From here, we focus on sample 1 because of its high inten-
sity of emitted visible light. Curves A and B in Fig. 5(a) show
the spectra of the light emitted from sample 1 using the in-
frared light of wavelength A.x = 753 and 805 nm, respectively,
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for excitation. As a reference, curve C shows the conventional
fluorescence spectrum emitted using the SH of a mode-locked
Ti:sapphire laser (A.x = 402nm) for excitation. The spectral
profiles of curves A and B agreed closely with each other, con-
firming that artifacts due to the excitation laser were avoided in
these measurements. The spectral peaks of curves A and B were
redshifted from those of curve C. In other words, curves A and
B had a short-wavelength cutoff of A, = 660 nm, which was
approximately 5 nm longer than that of curve C. This difference
came from the reabsorption of the emitted light: infrared light
was absorbed by the whole DCM grains deposited on the inner
wall of the glass cell. This was due to the low optical density of
the DCM grains, as shown in Fig. 2(d). Thus, the reabsorption
of the emitted light of curves A and B occurred selectively for A
< 660 nm. In the case of curve C, however, the visible light for
excitation was absorbed only at the surface of the aggregated
DCM grains due to its high optical density.

We measured the decay times of the emitted light intensity
to identify the origin of the emission process. In Fig. 5(b), the
open circles and squares show the experimental results under
excitation by infrared and visible light of wavelength 1., = 805
and 402 nm using a mode-locked Ti:sapphire laser and its SH,
respectively. In both cases, the experimental values were fitted
by two exponential decay components with time constants of
71 = 0.45ns and 5 = 1.37 ns, as shown by curves A and B in
Fig. 5(b). This confirmed that the emitted light originated from
the electronic transition from the first excited state to the ground
state [12], [13].

Fig. 5(c) shows the dependence of the emitted light in-
tensities I at A = 650 nm (closed squares) and 690 nm
(closed circles) on the excitation intensity E of the in-
frared light (Aex = 805nm). They were least-square fitted
by the second-order function I = ay £ + by E?. The values
(a;,, by) for the fitting and the variance with the weight fac-
tor 5i /I, (E), obtained by the nonlinear Levenberg—Marquardt
method [14], were ag50 nm = (137 + 033) X 10_17, be50 nm =
(2.61+£0.92) x 10735 and 6250 yn/L650 nm(E) = 0.0238 for
A = 650 nm and a690 nm — (112 + 009) X 10716, ngO nm —
(1.17£0.25) x 10735 8240 om/L690 nm (E) = 0.0814 for A =
690 nm. The results are shown by the solid curves in Fig. 5(c).

The nonadiabatic transition can explain the origin of the vis-
ible light emission by infrared-light excitation (A., = 805nm)
and its excitation intensity dependence, which is shown in
Fig. 5(c). It can be explained by a two-step transition, as shown
in Fig. 6, where, |E, ; el)and | E;3; vib)represent molecular elec-
tronic and vibrational (phonon) states, respectively. In addition,
E,(a=g,ex)and E. (8 =i, a, b, c,em) represent the molec-
ular electronic and vibrational energies, respectively.

1) The first-step transition: After the excitation light gener-
ates an ONF at the surfaces of DCM grains (see Fig. 2[c]),
the ONF induces a transition from |Ey; el) ® | E;; vib)to
|Ey;el) ® |E,;vib) coherently, due to a nonadiabatic
transition (see the wavy arrow in Fig. 6).

2) The second-step transition: After the first step, the ex-
cited coherent phonon, described by the EPP model, re-
laxes to the lower phonon energy levels that are equiv-
alent in the phonon energy distribution to the molecular
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Fig. 6. Schematic explanation of the origin of the visible light emission by a
two-step transition based on the nonadiabatic transition and EPP model.

temperature due to cooling, as shown by the downward
arrows in Fig. 6. This relaxation rate (the cooling rate) is
about 100 meV /ps, which has been experimentally con-
firmed [15]. If the energy of the redistributed phonon
|Ey;el) @ |E,;vib) exceeds the energy difference of
0.34 eV between the electronic excited state in a molecule
(7w = 1.88 eV; A = 660 nm) and the photon energy
of the excitation light (Aw = 1.54 eV; i.x = 805nm),
the transition occurs via two possible routes. One route
is from |Ey;el) ® |E,;vib) to |Ee;el) @ |E.;vib) (as
shown by the thick arrow @ in Fig. 6) due to the
conventional photo-excited process. The other is from
|Eg;el) @ |E,;vib) to |Ey;el) ® |Ey;vib) ,which is of
higher energy than |FEey;el) ® |Eey;vib) (as shown by
the wavy arrow @ in Fig. 6). After the transition @ or @,
both|Eey; el) @ |E.; viby and |Ey; el) ® |Ey; vib) relax to
|Eox; €l) ® | Eom;vib) due to cooling or the coupling of
the degenerated phonon and electronic states [16], [17],
respectively (as shown by the respective downward arrows
@’ and @’ in Fig. 6).

After the two-step transitions described before, visible light
is emitted due to the transition from |Eey;el) ® |Eep; vib)to
|Ey;el) @ |E;;vib). Since the transition @ in the second step
transition 2) is a conventional adiabatic transition, its probability
is more than 10° times that of the first-step transition [4], [5].
Furthermore, the probability of visible light emission by in-
frared excitation is governed only by the nonadiabatic transi-
tion of the first step, because the second-step transition easily
saturates. This is the origin of the linear intensity dependence
(I  E)seenin Fig. 5(c). Because the transition @ in the second
step transition 2) is nonadiabatic, its probability of occurrence
is equal to that of the first step transition 1). This is origin of
the squared dependence (I o< E?) seen in Fig. 5(c). The nona-
diabatic transition is not a thermal effect because the aforemen-
tioned energy difference (0.34 eV) corresponds to temperatures
as high as 4000 K.
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According to the EPP model [4], [5] of the nonadiabatic
transition process, the ratio between the expansion coefficients

a;y and b, is given by
2 ol \ 2
Y pe! "
u;}Z Mnucl :

For sample 1, this ratio was calculated to be ~ 10719,
Here, we used the experimental values of ag99 nmo£690 nmo =
0.75 counts/s and Eggp nmo = 8.9 x 10! photons/s, as shown
by an arrow in Fig. 5(c). Reasonable values of p""“! = 1 Debye,
p! =103 Debye (the electronic and vibrational dipole mo-
ments), v,, = 107! eV (the linewidth of the vibrational and
electronic states), v}’)z / u;ﬂ = 0.01 (the ratio between transfor-
mations of phonon and EPP), and d = 30 nm (the expected
mean edge radius of DCM grains contributing to the nonadi-
abatic transition) were also used for this estimation. However,
the values of the ratio for A = 650 and 690 nm were found to
be b(iSO nm /a(iSO nm =~ b()'f)[] nm /a690 nm =~ ]-0719 from the fitted
curves in Fig. 5(c). They agreed closely with the theoretical es-
timated value given before. This agreement indicated that the
EPP model and the nonadiabatic transition were able to describe
the visible light emission by the infrared excitation.

The inset of Fig. 7(a) shows an image of the DCM grains
in sample 1 in the glass cell under infrared excitation (Aex =
805 nm) taken by a CCD camera though a bandpass filter for
visible light. The excitation beam diameter was 2 mm, repre-
sented by a white circle in this figure. The bright spot at the
center of this circle represents the beam spot of visible light
emitted from the DCM grains. This visible emission intensity
was used to estimate the frequency upconversion efficiency C
of the 100-pm-thick film of the aggregated DCM grains from
infrared (Aex = 805nm) to visible light (A = 600-690 nm).
The closed squares and solid curve in Fig. 7(a) represent the
experimental and least-square-fitted results based on (1). The
least-square fitted results were represented by Cpyic = (2.77 =
0.22) x 10711 + (2.03 £ 0.43) x 107'3 x P, where the error
range was obtained from the nonlinear Levenberg—Marquardt
method [14] with 0.95 accuracy. For comparison, the broken
line represents the theoretical efficiency C' of the SHG (A =
403 nm) emitted from a 100-pm-thick potassium dihydrogen
phosphate (KDP) crystal [1], given by Cxpp = 1.50 x 10713 x
P, where P is the power density (W/cm?) of the fundamental
light (Aex = 805 nm). Comparison of Cpcy and Ckpp shows
that the efficiency of the present light emission was higher than
that of the SHG over the entire range of excitation intensity in
Fig. 7(a). Furthermore, because Chcy was much higher than
Cxkpp for fundamental power densities lower than 100 W/cm?
due to the contribution of the constant term in Cpcy, an ap-
plication to practical frequency upconversion devices for low
incident light power is anticipated.

Finally, to confirm the universality of the new visible emission
process, we prepared a sample using rhodamine 6G molecules
in the same way as sample 1 to measure the visible light emis-
sion caused by infrared excitation (A.x = 805 nm). As a result,
the sample of rhodamine 6G also emitted visible light with . =
600 and 680 nm, as shown in Fig. 7(b). Hence the universality of

b)» - h aM
ay 2 |7m|2 E)\,[)
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of rhodamine 6G between 600 and 680 nm observed by the infrared excitation
(Aex = 805 nm).

the visible light emission process was confirmed. Detailed ex-
perimental results for the rhodamine 6G sample will be reported
elsewhere.

V. CONCLUSIONS

We demonstrated visible light emission by infrared light ex-
citation (Aex = 805nm) from DCM grains in the 600—690 nm
wavelength range and from rhodamine 6G grains in the 600—
680 nm range. The origin of this emission and dependence of
the emitted light intensity on the excitation light intensity were
attributable to a nonadiabatic transition by the ONF, which was
generated on the surface of the dye molecular grains. The depen-
dence on the excitation intensity agreed closely with a theoreti-
cal estimation using an EPP model. The frequency upconversion
efficiency of the present light emission was higher than that of
the SHG from a KDP crystal. Such a high efficiency is appli-
cable to devices such as sensitive infrared photodetectors and
highly efficient illuminating sources.
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Optimal mixture of randomly dispersed quantum dots for optical excitation transfer
via optical near-field interactions
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We theoretically and experimentally investigated a system composed of a mixture of different-sized quantum
dots involving optical near-field interactions to effectively induce optical excitation transfer. We demonstrated
that the ratio of the number of smaller quantum dots to larger ones can be optimized using a density-matrix
formalism so that excitons generated in the smaller ones are efficiently transferred to the larger ones. We also
describe experimental demonstrations based on a mixture of 2 nm- and 2.8 nm-diameter CdSe/ZnS quantum
dots dispersed on the surface of a silicon photodiode, where the increase in induced photocurrents due to
optical excitation transfer is maximized at a certain quantum dot mixture which agrees with theoretical

calculations.

DOI: 10.1103/PhysRevB.80.125325

I. INTRODUCTION

There have been in-depth theoretical and experimental ef-
forts to reveal and exploit light-matter interactions on the
nanometer scale!™ because of their potential impact in a
wide range of applications. Since they are based on optical
near-field interactions, quantitative breakthroughs have been
achieved, such as in overcoming the integration restrictions
posed by conventional propagating light.* Moreover, qualita-
tive innovations are made possible by the unique attributes of
optical near-field interactions which are unachievable by
their conventional counterparts. '+

One such unique function is the optical excitation transfer
between nanoscale matter via optical near-field interactions.®
The localized nature of optical near fields at the surface of
nanoscale matter could free us from conventional optical se-
lection rules, meaning that optical excitation could be excited
to energy levels that are conventionally dipole forbidden.!
This unique behavior of optical near-field interactions has
been theoretically formulated as the dressed photon
model."® Also, it has already been demonstrated experi-
mentally in CuCl quantum dots,® InAs quantum dots,” and
ZnO nanorods.'? Its application to logic devices'"!> and
information and communication systems> has also been dem-
onstrated. The process of optical excitation transfer has also
been extensively studied in artificial photosynthesis
systems. 314

Besides the versatile applications mentioned above, we
found that the input light wavelength is downconverted, or
redshifted, at the output through such optical excitation
transfers, as discussed shortly in Sec. II. This redshift may
also be useful in various applications; for instance, it would
effectively improve the sensitivity of a photodetector if the
input wavelength could be shifted to longer wavelengths at
which the photodetector is more sensitive. Applications to
solar cells would also be one possibility.

In this paper, we describe our theoretical and experimen-
tal investigation of a system composed of a mixture of
different-sized quantum dots involving optical near-field in-
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teractions so that such a wavelength conversion is effectively
induced. Based on a density-matrix formalism, we formulate
the dynamics of a mixed quantum dot system where excitons
generated in the smaller ones are transferred to larger ones
via optical near-field interactions. We demonstrate that the
ratio of the number of small quantum dots to large ones can
be optimized so that the input light energy is efficiently
transformed to the output energy. Experimental demonstra-
tions are also shown using a mixture of 2 nm- and 2.8 nm-
diameter CdSe/ZnS core/shell quantum dots randomly dis-
persed on a silicon photodiode surface where the effect of
wavelength conversion is evaluated as induced photocur-
rents.

This paper is organized as follows. In Sec. II, we theoreti-
cally deal with a multiple quantum dot system composed of
smaller and larger quantum dots. Section III summarizes our
experimental demonstrations. Section IV concludes the pa-
per.

II. OPTICAL EXCITATION TRANSFER IN MIXED
SYSTEM OF DIFFERENT-SIZED QUANTUM DOTS:
THEORY AND SIMULATION

We begin with the interaction Hamiltonian between an
electron-hole pair and an electric field, which is given by

Him=—Jd3r 2 Jler- E@)yr), (1)

i,j=e,h

where e represents a charge, @(r) and ng(r) are, respectively,
creation and annihilation operators of either an electron
(i,j=e) or ahole (i,j=h) at r, and E(r) is the electric field.'?
In usual light-matter interactions, E(r) is a constant since the
electric field of diffraction-limited propagating light is homo-
geneous on the nanometer scale. Therefore, we can derive
optical selection rules by calculating the dipole transition
matrix elements. As a consequence, in the case of spherical
quantum dots, for instance, only transitions to states speci-
fied by /=m=0 are allowed, where [ and m are the orbital

©2009 The American Physical Society
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FIG. 1. (Color online) (a) Optical excitation transfer from a
smaller quantum dot (QDg) to a larger one (QD;). (b) Three-dot
system composed of two QDgs and one QD; (S2-L1 system). (c)
Four-dot system composed of three QDgs and one QD; (S3-L1
system). (d) Five-dot system composed of four QDgs and one QD;
(S4-L1 system). (e) Six-dot system composed of five QDgs and one
QD; (S5-L1 system).

angular momentum quantum number and magnetic quantum
number, respectively. In the case of optical near-field inter-
actions, on the other hand, due to the large spatial inhomo-
geneity of the localized optical near fields at the surface of
nanoscale material, an optical transition that violates conven-
tional optical selection rules is allowed. Detailed theory can
be found in Ref. 1.

Here we assume two spherical quantum dots whose radii
are Rg and R;, which we call QDg and QD;, respectively, as
shown in Fig. 1(a). The energy eigenvalues of states speci-
fied by quantum numbers (n,[) are given by

2 2

h anl
Ey=E,+Ep+— MR (n=1,2,3,...), (2)

where E, is the band gap energy of the bulk semiconductor,
E., is the exciton binding energy in the bulk system, M is the
effective mass of the exciton, and «,,; are determined from
the boundary conditions, for example, as a,g=nm, aj;
=4.49. According to Eq. (2), there exists a resonance be-
tween the level of quantum number (1,0) of QDg and that of
quantum number (1,1) of QD; if R;/Rg=4.49/mw~1.43.
Note that the (1,1) level of QD; is a dipole-forbidden energy
level. However, optical near fields allow this level to be
populated by excitation. Therefore, an exciton in the (1,0)
level in QDg could be transferred to the (1,1) level in QD;. In
QDy, due to the sublevel energy relaxation with a relaxation
constant I', which is faster than the near-field interaction, the

PHYSICAL REVIEW B 80, 125325 (2009)

exciton relaxes to the (1,0) level, from where it radiatively
decays. Also, the radiation lifetime of quantum dots is in-
versely proportional to their volume.'® Therefore, finally we
find unidirectional optical excitation transfer from QDg to
QD;. Here, we regard the optical excitation generated in
QDg as the input of the system and the radiation from QD; as
the output. Due to the energy dissipation (sublevel energy
relaxation) in QD;, the wavelength of the output light is
redshifted relative to the input one.

We also consider a quantum dot system where multiple
smaller dots (QDy) can be coupled with one large dot (QD;).
Such a system composed of two QDgs and one QD;, denoted
by “S2-L1 system,” is shown in Fig. 1(b). Figure 1 also
shows multiple quantum dot systems denoted by “S3-L1 sys-
tem” [Fig. 1(c)], “S4-L1 system” [Fig. 1(d)], and “S5-L1
system” [Fig. 1(e)], which are respectively composed of
three, four, and five QDgs connected to one QD;. As sche-
matically shown in Figs. 1(b)-1(e), we also assume interdot
interactions between adjacent smaller quantum dots; that is,
(1) QD interacts with QDg, | (i=1,...,N-1) and (ii) QDs,
interacts with QDy,, where N is the number of QDgs. We
consider that such a ringlike arrangement of QDgs surround-
ing one QD; is a reasonable assumption that represents a
mixed system of multiple QDg and one QD;.

Now, what is of interest is maximizing the flow of exci-
tons from these QDgs to the QD; so that the wavelength
conversion is effectively induced by controlling the mixture
of QDgs and QD;. We deal with such a problem theoretically
based on a density-matrix formalism as described in the fol-
lowing.

We take the S2-L1 system [Fig. 1(b)] to describe the the-
oretical treatment. Figure 2(a) shows representative param-
etrizations associated with the S2-L1 system, where the two
smaller dots are, respectively, QDy, and QDy,, and the larger
dot is QD;. The (1,0) levels in QDg, (i=1,2) are denoted by
S; and the (1,1) level in QD, is denoted by L,. These three
levels are resonant with each other and are connected by
interdot interactions between QDSi and QD;, denoted by
U 51> @s well as interactions between the smaller dots QDS1
and QDy,, denoted by Uy s, in Fig. 2(a). The lower level in
QD;, namely, the (1,0) level, is denoted by L;, which could
be filled via the sublevel relaxation denoted by I' from L,.
The radiations from the S, S,, and L, levels are, respec-
tively, represented by the relaxation constants Vs, Vs and
;. We call the inverse of those relaxation constants the ra-
diation lifetime in the following.

We suppose that the system initially has two excitons in
S: and S,; namely, the initial state of the system is repre-
sented by [¢s s)=[1)s,|0),|0).,|1)s,, which is graphically
represented in Fig. 2(b). With such an initial state, we can
prepare a total of eleven bases, as summarized in Fig. 2(c),
where zero, one, or two exciton(s) occupy the energy level(s)
among Sy, S5, Ly, and L,. All bases are connected by either
interdot interactions, radiative relaxations, or sublevel relax-
ations.

From the initial state, through the interdot interactions
between the energy levels of [S; and L,] and [S, and L,], the
excitons in S; and S, could respectively be transferred to L,.
Also the exciton in S| could be transferred to S, through the
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‘y,.
Vs, ySz

FIG. 2. (Color online) (a) Three-dot system composed of two
smaller quantum dots (QDSl and QDSZ) and a larger one QD;. The
(1,0) level of QDSi(denoted by S;) and the (1,1) level of
QD;(denoted by L,) are resonant and coupled by optical near-field
interactions indicated by Uy ;. The interaction between smaller dots
is denoted by U 5,5, The radiations from S; and L, are denoted by Vs,
and y;. The sublével relaxation from L, to Ly, the (1,0) level of
QD;, is marked by T'. (b) A graphical representation of the state of
the system when the energy levels of S, and S, are respectively
occupied with an exciton. (c) Total of 11 states where zero, one, or
two exciton(s) occupy the energy level(s) in the system. Those
states are interconnected via relaxations and interdot interactions.

interdot interaction between the smaller quantum dots and
vice versa. Correspondingly, we can derive quantum master
equations in the density-matrix formalism."!7-'8 The Hamil-
tonian regarding the two-exciton states, ), and |¢52L2> is

given by
QSI + QLz Us,r, Us,s,
H=#| Usr, Qs+8Qs  Usp |, 3)
Us,s, Us,L Qs2 + QL2

where AU S is the near-field interaction between QDS’_ and
QD., AUs s, is that between QDg and QDs , and 7€), rep-
resents the eigenenergies of QDg (i=1,2). The relaxation
regarding those three states is givén by
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+I

Vs, 0 0
2

Vs, T 7.
Ne=| 0 GG (4)
2
0 '}/Sz + F
2

The Liouville equation for the system is then given by

dp(t
% =—i[H.p())] = Nrp(t) - p()Nr + p(1) P, (5)
where Pr represents the relaxations that increase the corre-
sponding population.!” (Py is an empty matrix in the particu-
lar case described above.) Similarly, we can derive Liouville
equations regarding the two-exciton states, one of which ex-
citons fills L, namely, , and |¢S L ), and also
with one-exciton states |¢S ) and |¢S> Fmally, we
can calculate the population of the lower level of QD;, which
we regard as the output signal, as the summation of the
|>’ which cor-
respond to states indicated by the dashed boxes in Fig. 2(c).
In the numerical calculation, we assume Ujg 1L—200 ps,

—100 ps, I'"'=10 ps, 7;'=1 ns, and ¥s) '=(R,/Rg)?
>< 7L '~2.92 ns as a typical parameter set for the CdSe/ZnS
quantum dots used for our experiments. The radiation life-
time of CdSe/ZnS quantum dots with a diameter of 2.8 nm,
which is also used in the experiment in Sec. III, was mea-
sured to be 2.1 ns in Ref. 19, which is close to the above
parametrization of radiation lifetimes. Also, the interaction
time between smaller and larger quantum dots via optical
near fields was estimated to be 135 ps in Ref. 19. Together
with the fact that the interaction between the two dipole-
allowed levels of the same-sized quantum dots, (Uss), i
stronger than that between smaller and larger dots, (U s, L)
we adopted the above parametrization for the interdot inter-
actions. Finally, the calculated output population is repre-
sented by the curve A in Fig. 3(a).

Following the same procedure as described above, we can
also derive quantum master equations for the S3-L1 system
shown in Fig. 1(c), the S4-L1 system in Fig. 1(d), and the
S5-L1 system in Fig. 1(e), with their initial states in which
all smaller quantum dots have excitons. We can derive the
evolution of the population of the lower level of the larger
dot, that is, the output signal. We assume the same parameter
sets in those systems as in the case of the S2-L1 system
described above. The curves B-D in Fig. 3(a) respectively
indicate the populations of the output signals from the S3-
L1, S4-L1, and S5-L1 systems.

As the number of smaller quantum dots, or equivalently
initial excitons, increases, the decay time of the output popu-
lation from QD; gets longer to accommodate multiple exci-
tons initially located at QDg. However, due to the limited
radiation lifetime of QD, ()/Zl=1 ns), not all of the initial
excitons can be successfully transferred to QD; due to the
state filling of the lower level of QD;. Therefore, part of the
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FIG. 3. (Color online) (a) Evolutions of the populations of the
lower level of QD; for the S2-L1, S3-L1, S4-L1, and S5-L.1 sys-
tems in their initial states with all smaller dot(s) occupied by exci-
ton(s). (b) Dependence of the output population on the interaction
time between smaller dots (U" ) and the radiation lifetime of
smaller dot (731) (c) Evolution of the output signals obtained by
multiplying the population of the SN-L1 system obtained in (a) by
a factor a/(N+1) so that the density of all quantum dots is kept
constant. (d) Integrated signal levels obtained in (c) as a function of
the ratio of the number of smaller QDs to larger ones (red circles).
Their dependence on the interactions between smaller dots and the
radiation lifetime of the smaller dots is also shown. (e) Optimal
ratio of the number of smaller QDs to larger ones as a function of
the ratio of the radius of the larger QD to the smaller one.

input populations must be decayed at QDg, which results in
loss in the conversion from the input to output.

One way of decreasing such loss is to increase the interdot
interactions between smaller quantum dots, namely, Ug g, in
order for an exciton to be transferred to neighboring smaller
dots before being radiatively decayed. The curves C and C’
in Fig. 3(b), respectively, indicate the output populations
from two kinds of S4-L1 systems, in which U" s, is 100 ps
and 10 ns. We find that the decay time of the output gets
slightly longer with the greater interactions between smaller
dots, (U s, S =100 ps), than with weaker ones, ((f
=10 ns). In addition, the interactions between smaller doté
play another interesting role in the system, tolerating system
errors, as will be discussed shortly.

Another way of decreasing such loss is to give a longer
radiation lifetime for the smaller dots ('ygl) for instance, by
decreasing the size of the smaller quantulln dots while main-
taining the conditions for optical excitation transfer from the
smaller dots to the larger one. For instance, «,=5.76 in Eq.
(2) satisfies the condition between the (1,0) level of QDg and
(1,2) level of QD, when the size ratio of the quantum dots is
given by R;/R¢=5.76/m~1.83. Such a configuration pro-
vides a longer radiation lifetime for QD;, given by ygil

PHYSICAL REVIEW B 80, 125325 (2009)

=(R./Rg)* X 'yzl ~6.17 ns. This allows input excitons in
QDg to effectively wait until they can be transferred to the
larger dot. The curve C” in Fig. 3(b) indicates the output
population with 75 '=6.17 ns, where we can clearly observe
a substantially enhanced output signal. Even smaller sizes for
QDy, such as corresponding to the condition a;3=6.99 and
R;/Rs=6.99/m=2.22, provide longer radiation lifetime of
11.0 ns, resulting in an enhanced output signal.

Now we consider quantum dot systems composed of dif-
ferent ratios of the number of smaller dots to larger ones
while maintaining the total density of quantum dots constant.
For this purpose, we multiply the output population from the
SN-L1 system by a factor a/(N+1), where N represents the
number of smaller quantum dots connected to one larger dot.
The factor « indicates the number of quantum dots, regard-
less of their size (smaller or larger), in a given unit area.
Figure 3(c) shows the resulting signals from SN-L1 systems,
each of which was already obtained as shown in Fig. 3(a).
The unit on the vertical axis in Fig. 3(c) is arbitrary; we
assumed a=10 in Fig. 3(c).

By integrating the time evolutions of these output signals
between 0 and 20 ns, the resultant signal (that is, the inte-
grated output signal) can be compared as shown by the
circles (i) in Fig. 3(d). They exhibit their maximum when the
ratio of the number of smaller dots to the larger one, which
we denote as Ny, is 4. We can clearly see that increasing the
number of smaller quantum dots does not necessarily con-
tribute to increased output signal. Besides the ratio of the
number of smaller dots to larger ones, the output signal also
depends on the interactions between the smaller dots and the
radiation lifetime of the smaller dots, as already discussed
above. Figure 3(d) also includes the estimated output signal
level with a U“ S8, value of 10 ns, as indicated by the squares
(ii), where the optlmal mixture of QDg and QD; that yields
the highest output signal, or equivalently, that most effi-
ciently induces the wavelength conversion, is obtained when
Ny is 3. With longer radiation lifetime of the smaller quan-
tum dots, y§i1=6.17 ns and y§i1=11.0 ns, the output signal
levels are greatly improved, as respectively indicated by the
triangles (iii) and diamonds (iv) in Fig. 3(d).

Two remarks should be made regarding these theoretical
calculations. First, the optimal ratios of the number of
smaller quantum dots to larger ones in the cases R;/Rg
=1.43 [circles (i)] and R;/R¢=1.83 [triangles (iii)] are both
obtained when Ng; is 4, as shown in Fig. 3(d). However,
with the larger quantum dot size ratio R;/Rg of 1.83, that is
)@;:6.17 ns, the output signal remains larger even when
Ny, is 5. For the case of R;/R¢=2.22 [diamonds (iv)], the
output signal is nearly equal when Ng;; is both 4 and 5. In
order to account for this tendency, we evaluate the optimal
Ny, by calculating the weighted center with respect to Ny,
that yields output signals greater than 0.9 of the maximum.
Then, we can clearly observe that the optimal ratio of the
number of smaller QDs to larger ones increases as the ratio
of the radius of the larger QD to the smaller one (R;/Rg)
increases, as indicated by the squares in Fig. 3(e).

We can understand these phenomena from the following
reasoning. The larger quantum dot could accommodate mul-
tiple input excitations from smaller quantum dots as long as
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FIG. 4. (Color online) (a) A S4-L1 system in which the interac-
tions between [QDs, and QD;] and [QDS3 and QD; ] are degraded.
(b) A S4-L1 system where the interactions between smaller dots are
also degraded. (c) Evolution of populations of the radiation from
the larger dot in the system shown in (a) [curve A] and (b) [curve
B]. (d) Expected output signal from S4-L1 systems with and with-
out inter-smaller-dot interactions as a function of interaction-loss
probability between a smaller dot and a larger one.

the input excitation can effectively wait at the smaller quan-
tum dot. Therefore, the larger quantum dot could ideally ac-
commodate multiple excitations, at most ¥'/¥;'=(R,/Rs)>.
However, due to the finite interaction time between QDg and
QD, (Ug,}), it is approximately limited by v;'/(y;'+NUy,)),
where N represents the number of excitations in the smaller
quantum dots. Therefore, the number of smaller quantum
dots whose excitations are all accommodated in the larger
one will be approximately given by solving the equation

: % : (RU/Rs)* ¥,
v +NUg v +NUg

N (6)

The dashed curve in Fig. 3(e) depicts N obtained by solving
Eq. (6) as a function of R;/Rs, assuming y;'=1 ns and
U§i=200 ps, which agrees with the optimal ratio of the
number of the smaller QDs to large ones indicated by the
squares in Fig. 3(e), which are obtained via the numerical
evaluations shown in Fig. 3(d).

The second remark is to highlight another function of the
interactions between smaller dots. Figure 4(a) schematically
represents an S4-L1 system where four smaller dots surround
one larger dot and there are interdot interactions between
adjacent smaller dots. Here, we suppose that some of the
interactions between the smaller dots and the larger one are
degraded or lost. Such a weak interaction could physically
correspond to situations, for instance, where the distance be-
tween the smaller dot and the larger one is very large, or the
size or the shape of the quantum dots deviates from the re-
quired conditions for energy transfer, or other reasons. In
Fig. 4(a), we suppose that QDg and QD have extremely
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weak interactions with QD;; the dashed lines in Fig. 4(a)
schematically indicate those weak interactions. Also, Fig.
4(b) represents another S4-L1 system where all of the inter-
actions between smaller dots are assumed to be negligible, in
addition to the weak interactions assumed in the system in
Fig. 4(a). What is of interest is to evaluate the impact of the
interactions between smaller dots on the energy transfer from
the smaller dots to the larger one as a total system. In the
following analysis, we assume degraded interactions that are
100 times weaker than the normal ones.

The curves A and B in Fig. 4(c), respectively, represent
the evolutions of the population of the radiation from the
larger dot in the system shown in Figs. 4(a) and 4(b), where
the former exhibits a higher population compared with the
latter. In the system shown in Fig. 4(a), thanks to the inter-
actions between smaller dots, the excitations in QDS1 and
QDS% can be successfully transferred to QD; by way of the
adjaéent smaller dots. On the other hand, it is hard for the
excitations in QD and QDy, in Fig. 4(b) to be transferred to
QD; due to the weak interactions with the surrounding dots.
From a system perspective, the interactions among smaller
dots provide robustness to degradation of the excitation
transfer from the smaller dots to larger ones.

To quantitatively evaluate such robustness, here we intro-
duce the probability that an interaction between a smaller dot
and a larger one suffers interaction degradation or loss; we
denote it by p (0=p=1). Accordingly, we assume that the
probability of the existence of interaction between a smaller
and a larger one is given by 1—-p. We consider that although
modeling of the loss in such an interaction is simple, that is,
the probability p indicates the loss/existence of the interac-
tions, one can clearly grasp the role of interactions in the
following discussion. We can calculate the probability of all
possible resulting system configurations as a function of p;
for instance the probability of the system shown in Fig. 4(a)
is given by p?(1-p)?. Also, we calculate the evolution of the
population and its integral as the output signal for each of the
system configurations. Finally, we can derive the expected
output signal level as a function of p, given by

E(p) =2 P(C)L(C)), (7)

where C; indicates each system configuration, P(C;) means
the probability of resulting in system C;, and L(C;) means the
output signal level from system C,.

The curves A and B in Fig. 4(d), respectively, represent
the expected output signals corresponding to systems with
and without interactions between smaller dots as a function
of the interaction loss probability between a smaller dot and
a larger one. We can clearly observe that the expected output
signal levels remain higher thanks to the existence of inter-
actions between smaller dots, even though they suffer a
larger p; this is a manifestation of the improved robustness of
the system provided by the interactions between smaller
dots.

III. EXPERIMENTS

In order to verify the effect of wavelength conversion via
different sized quantum dots involving near-field interactions
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FIG. 5. (Color online) Experimental devices and setups used for
the characterization of induced photocurrents.

and its impact on the increased sensitivity in light detection,
we experimentally fabricated a composition of quantum dots
formed on the surface of a photodiode by the following pro-
cedure.

Two kinds of quantum dots, QDgs and QD;, were both
CdSe/ZnS core/shell quantum dots (Evident Technologies,
Inc., Core Shell EviDots). The diameters of QDg and QD;
were respectively 2.0 nm and 2.8 nm. Note that the ratio of
the radii of those dots is 1.43, which is the condition dis-
cussed in Sec. II. The quantum dots were dispersed in a
matrix composed of toluene and ultraviolet curable resin and
coated on the surface of a silicon photodiode whose aperture
was 5.8 mmX5.8 mm (Hamamatsu Photonics K.K., Si
Photodiode S2368). The mean density of the quantum dots
was kept constant so that the mean distance between quan-
tum dots was around 40 nm. As schematically shown in Fig.
5, half of the surface of the photodiode was spin-coated by
an ultraviolet-curable resin with a mixture of quantum dots
and cured by ultraviolet radiation for 10 min, whereas the
other half of the surface was coated by the same resin with-
out the quantum dot mixture. Input light was selectively ra-
diated onto each area to evaluate the difference in the gener-
ated photocurrent.

The light source was composed of a deuterium lamp and a
halogen lamp. The emitted light was spectrally filtered in 2
nm wavelength intervals using a grating installed in a spec-
trometer and was radiated onto the sample. The diameter of
the light spot on the sample was around 1 mm. The induced
photocurrent was measured with a lock-in amplifier con-
nected in parallel to an external load resister of the photodi-
ode. The experiment was performed at room temperature.

The ratio of the increased photocurrent at each wave-
length between 300 and 400 nm is evaluated as [I,(\)

PHYSICAL REVIEW B 80, 125325 (2009)
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FIG. 6. (Color online) Increase in the photocurrent with differ-
ent mixtures of smaller and larger quantum dots as a function of
input light wavelength.

—I,o )]/ 1,0(N), where I,(N\) and I,,,(\), respectively, indi-
cate the photocurrents induced by input light with wave-
length \ irradiating the areas with and without the mixture of
quantum dots. Here we attribute the increase in such a metric
to optical excitation transfer between quantum dots by which
the input wavelength is redshifted to wavelengths where the
photodetector is more sensitive.

Figure 6 shows the increase in the induced photocurrent
as a function of the input light wavelength. The ratio of the
number of QDg to QD; was controlled to be Ng; =1, 2, 3, 5,
7, and 9, which are respectively indicated by the curves A—F
in Fig. 6, while the total density of the quantum dots was
kept constant. The increase in the photocurrent was observed
to be higher when the ratio of the number of QDg to QD
was 3:1. The squares in Fig. 7 represent the average increase
in the photocurrent between 340 and 360 nm in Fig. 6, show-
ing a maximum when the ratio of the number of QDg to QD
was 3:1. This agrees with the theoretical optimal ratio of the
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FIG. 7. (Color online) The average increase in photocurrent as a
function of the ratio of the number of smaller quantum dots to
larger ones (squares), which agrees with theoretical calculations
(circles).
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number of smaller quantum dots to larger ones discussed in
Sec II, indicated by the circles in Fig. 7, with parameters

=100 ps, UL—ZOO ps, VL. '=1 ns, and 75 122,92 ns,
Wthh is also shown by the circles (i) in Fig. 3(d) More
detailed investigation of each of the parameters, such as the
radiation lifetime of CdSe quantum dots reported for in-
stance in Refs. 20 and 21, could result in better agreement.
Nevertheless, as demonstrated by the squares in Fig. 3(e), the
optimal ratio of smaller dots to larger ones should be around
4, which agrees with the experimental data shown in Fig. 7.

IV. CONCLUSION

We theoretically and experimentally investigated a system
composed of a mixture of different-sized quantum dots in-
volving optical near-field interactions so that optical excita-
tion transfer is effectively induced. Based on the density-
matrix formalism, we formulated a quantum dot mixture in
which excitons generated in the smaller ones are transferred
to the larger one. The evolution of the population was evalu-
ated as a function of the number of smaller quantum dots
interacting with a larger one. We demonstrated that the ratio
of the number of smaller quantum dots to larger ones could
be optimized so that the input light energy was efficiently
transferred to the output. The effects of interactions between
smaller dots and the radiation lifetime of the smaller dots

PHYSICAL REVIEW B 80, 125325 (2009)

were also analyzed. We also demonstrated that the interac-
tions between smaller quantum dots provide robustness
against degradation of the interactions between the larger and
the smaller dots. Experimental demonstrations are shown
based on a mixture of CdSe/ZnS core-shell quantum dots
dispersed on the surface of a silicon photodiode. The induced
photocurrent was maximized when the ratio of the number of
smaller quantum dots to larger ones was 3, which agrees
with theoretical calculations.

We will seek further theoretical and experimental insights
regarding such optical excitation transfer which is enabled
uniquely by optical near-field interactions, in order to allow a
wide range of system applications, as well as a deeper un-
derstanding of light-matter interactions on the nanometer
scale.
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Optical near-field interactions exhibit a hierarchical response, which is one of the most unique attributes of
light—-matter interactions occurring locally on the nanometer scale. It allows hierarchical nano-optical systems
that break through the integration restrictions posed by the diffraction limit of conventional propagating light
and offers multiple hierarchical functionalities at different physical scales in the subwavelength regime. Here
we demonstrate an information theoretical approach to such nano-optical systems while assessing their elec-
tromagnetic and logical aspects via angular-spectrum analysis. Mutual information at each level of the hier-
archy reveals quantitatively the relation between the physical effects associated with the hierarchy in the op-
tical near-fields, as well as possible environmental disturbances affecting the system locally or globally, and the
system’s capabilities for information processing and communication. © 2009 Optical Society of America

OCIS codes: 260.2110, 200.3050, 110.3055.

1. INTRODUCTION

Optical devices and systems are increasingly exploiting
physical fundamentals based on optical near-field interac-
tions that occur locally at the nanometer-scale [1-6], not
just those based on conventional diffraction-limited
propagating light. The need for such nanometer-scale op-
tical systems comes from the demands for higher integra-
tion density in applications such as optical memories [7],
sensors [8], nanofabrication [9], and so forth. In addition,
disruptive innovations are also expected in nanophotonic
systems such their extremely low power dissipation [10],
novel functional memories [11], trust and security appli-
cations [12,13], and more. The theoretical basis of light—
matter interactions at the nanometer scale have been
deepened [14-17] through the development of, e.g.,
dressed photon models [16] or angular-spectrum analysis
[17]. Experimental technologies, both in fabrication and
characterization of nanostructures, have also seen rapid
progress such as in geometry-controlled quantum dots
[18], metal nanostructures [19,20], and advanced spec-
troscopy [21,22].

Besides those physical insights and experimental
methodologies, it is important in developing practical sys-
tems to grasp the fundamental properties from the view-
point of information and communication [23]. In optical
communications, for instance, insights gained from infor-
mation theory are indispensable in assessing and improv-

0740-3224/09/091772-8/$15.00

ing the performance figures [24]. Information theoretic
analysis also sheds light on the behavior of a wide range
of optical devices and systems [25,26]. As in similar disci-
plines, fundamental limits in optical components have
also been studied [27]. The application of information
theoretic methods to nanotechnologies is found, for in-
stance, in molecular communications based on material
transfer [28] and molecular biology [29].

For nano-optical systems, on the other hand, while
their physical understanding has been extensively deep-
ened [1], their information theoretic aspects are, to the
best of our knowledge, completely unknown. If the unique
attributes enabled by optical near-fields, which conven-
tional propagating light does not offer, are properly de-
fined as an information and communication system, it
would provide critical knowledge and guidelines in de-
signing concrete applications.

The hierarchical property in optical near-field interac-
tions, meaning that the interaction depends on the physi-
cal scale involved, as schematically shown in Fig. 1(a), is
one of the attributes that differentiates them most from
conventional diffraction-limited far-field light [30]. In
[30], we have demonstrated that the optical near-fields
can be distributed independently at different scales of ob-
servation by exploiting the nature that the high spatial-
frequency terms in optical near-fields are rapidly decayed
with a decay rate that is spatial-frequency dependent. As

© 2009 Optical Society of America
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Fig. 1. (Color online) Hierarchy in optical near-fields at the sub-
wavelength scale and its application to information and commu-
nications. (a) Optical near-field interactions and their scale-
dependence. (b) Hierarchical nano-optical system where different
functionalities are associated with each of the physical scales in-
volved. (¢) System diagram to study information theoretic as-
pects of hierarchical nano-optical systems.

introduced in Section 2 below, it is convenient, in discuss-
ing such a hierarchical property in optical near-fields, to
represent the electric fields as a superposition of plane
waves with complex wave vector, called the angular spec-
trum. This approach clearly unifies the fine/coarse struc-
tures and their associated decay of the optical near-fields.

Such a hierarchical property leads to versatile novel
functions in nano-optical systems; for example, multiple
functionalities could be associated with each of the physi-
cal scales in the subwavelength regime, as illustrated in
Fig. 1(b). This has already had an impact on a wide range
of applications [11-13,31]. This also implies that, whereas
the time-domain behavior is crucial in conventional opti-
cal communications [24], space-domain properties domi-
nate the unique behavior observed in nano-optical sys-
tems and these should be analyzed from the viewpoint of
information theory.

In this paper, we take an information theoretic ap-
proach to analyzing such nano-optical systems while as-
sessing their electromagnetic and logical aspects via
angular-spectrum analysis. As schematically shown in
Fig. 1(c), the hierarchical nano-optical system is modeled
as a communication medium that connects input and out-
put symbols and also suffers from environmental distur-
bances. Concrete applications represented by such a
model will include, for instance, optical storage systems
where the input and output respectively correspond to the
write and retrieve processes. Here, at each level of the hi-
erarchy, we formulate mutual information that quantita-
tively reveals the relation between the physics associated
with the hierarchy in optical near-fields, as well as pos-
sible environmental disturbances affecting the system lo-
cally or globally, and the capabilities of the system for in-
formation processing and communications. In other
words, here we intend to grasp the hierarchical structure
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of nano-optical systems from a cross-cutting standpoint,
including their electromagnetic, logical, and information
theoretic aspects.

This paper is organized as follows: In Section 2, we
start by discussing the hierarchical properties in optical
near-fields based on angular-spectrum analysis and its
logical responses as a hierarchical system. In Section 3,
we formulate hierarchical nano-optical systems from the
viewpoint of information theory and reveal their layer-
and disturbance-dependent mutual information. Section 4
concludes the paper.

2. HIERARCHICAL NANO-OPTICAL
SYSTEMS BASED ON OPTICAL
NEAR-FIELDS

A. Electromagnetic Hierarchy in Nano-Optical Systems
We first introduce an electromagnetic theory to describe
hierarchy in optical near-fields. The angular spectrum
representation of the electromagnetic field [17,32] is use-
ful in discussing the hierarchy in optical near-fields [30].
It allows an analytical treatment while giving an intuitive
picture of the localization of optical near-fields, and rep-
resents relevance in optical near-field interactions at dif-
ferent scales of observation, since it describes electromag-
netic fields as a superposition of evanescent waves with
different decay lengths and corresponding spatial fre-
quencies assuming planar boundary conditions.

Suppose that there is an oscillating electric dipole,
d®=(d® cos ¢ ,0), on the xz plane, oriented parallel to
the x axis. Note that those dipoles are oscillating; the ori-
entations of the dipoles, specified by ¢, physically corre-
spond to the absolute phase of the electric fields. Also note
that the physical scales under study are smaller than the
wavelength of light, but larger than the scales governed
by the electron interactions, typically around 1 nm.

Now, consider the electric field of radiation observed at
a position displaced from the dipole by R®
=(rﬁk) cos ¢ 2Ky Assuming the planar boundary as the
xy plane, the angular spectrum representation of the
z-component of the optical near-field is given by

iK3
Ez(R) = <4‘7T8 )
0

* s
f dS”—”fZ(S”,d(l), ’d(N))a (1)
1 S

where
N
fz(s”,d(l), e, dM) = 2 d(k)s“\,sf -1 cos(o®
k=1
- gb(k))Jl(Krﬁk)s”)exp(— Kz(k)\,sf -1),

2)

where N represents the number of dipoles, and R indi-
cates the observation position. Here, s; is the spatial fre-
quency of an evanescent wave propagating parallel to the
x axis, and o, (x) represents Bessel functions of the first
kind. The term fz(su,d(l),...,d(N)) is called the angular
spectrum of the electric field, where the spatial frequency-
dependent exponential decay is clearly represented. De-
tails of the theory can be found in [30].
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In the following, a two-layer system is introduced
where (i) at locations closer to the dipoles, two items of
first-layer information are retrieved, and (ii) at a location
relatively far from the dipoles, one item of second-layer in-
formation is retrieved. What should be noted here is that
a coarser scale structure can affect the optical responses
relatively far from the structure thanks to the longer de-
cay length of the optical near-fields, while a finer scale
structure can only affect the optical responses closer to
the structure due to the rapidly decaying nature of higher
spatial frequency terms in optical near-fields. Therefore,
as will be introduced shortly below, the optical near-field
amplitude can be distributed independently at different
scales of observation; in other words, arbitrary logical
combinations are possible at the first layer and the second
layer.

In order to clearly represent such a situation, we intro-
duce a model composed of two closely spaced dipole pairs
[dV and d?] and [d® and d®], whose positions are
specified as shown in Fig. 2(a). The fractional numbers in
the figure indicate the distances in units of optical wave-
length. The fine-scale structures, affecting the first layer
response, are represented by each of those pairs, whereas
the coarse-scale structures, affecting the second-layer re-
sponse, depend on the relation between those pairs. In
other words, the mixture of the coarse-scale and the fine-
scale structures is represented by those four dipoles,
which are precisely described theoretically in the follow-
ing manner based on the angular spectrum representa-
tion.

First, we assume that the dipoles dV) and d® are ori-
ented in the same direction, namely, V= ¢® =0, and that
the other dipoles, d® and d®, are both oriented oppo-

1/16

=
)

Angular spectrum (a.u.)

Spatial frequency (a.u.)

Fig. 2. (Color online) Angular spectrum analysis of a hierarchi-
cal nano-optical system. (a) Physical model for a hierarchical
nano-optical system consisted of four oscillating dipoles
dV,d?,d® d¥). The optical response at the first layer (FV
and F?) and the second layer (S) are evaluated. (b) Angular
spectrum evaluated at the first layer (dashed curve) and the sec-
ond layer (solid curve) from an array of dipoles whose phase ar-
rangement is specified in (a), which indicates that the optical
near-fields are localized in the second layer, whereas they are not
localized in the first layer.
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sitely to dV and d?, namely, ¢'¥=¢® =17 At a position
close to the x axis equidistant from dV) and d®, such as
at the position FV in Fig. 2(a), the electric field is weak
(logical ZERO) since the angular spectrum contributions
originating from d¥ and d® cancel each other, and the
electric field originating from d® and d® is small. In
fact, as shown by the dashed curve in Fig. 2(b), since the
angular spectrum at position FY) oscillates equally
around the x axis, the integral of the angular spectrum,
which is related to the field intensity at that point, will be
low.

For the second layer, consider the observation at an in-
termediate position between the dipole pairs, such as the
position S in Fig. 2(a). From this position, the four dipoles
effectively appear to be two dipoles that are oriented in
opposite directions to each other. Particularly with the
present system conditions, the second-layer signal at S is
dominated by the arrangement of the two center dipoles.
As shown by the solid curve in Fig. 2(b), the angular spec-
trum exhibits a single peak, indicating that the electric
field in the xy-plane is localized to a degree determined by
its spectral width, so that a logical ONE is retrievable at
position S. Meanwhile, the angular spectrum observed at
position F® shown in Fig. 2(a) is identical to that ob-
served at position F'1, meaning that the electric field at
F® is also at a low level.

B. Logical Hierarchy in Nano-Optical Systems

As described above, one of the two first-layer signals, the
electric field at FV, primarily depends on the dipole pair
dY and d?, and the other, the electric field at F?, is
dominated by the dipole pair d® and d¥. The second-
layer signal is determined by those two pairs of dipoles.
These dependence structures are schematically shown in
Fig. 3(a). With such a hierarchical mechanism, a total of
eight different signal combinations, or symbols, can be
achieved by appropriately orienting the four dipoles [30],
as summarized in Fig. 3(b) where the eight symbols are
denoted by a; (i=0,...,7), each of which refers to a three-
bit sequence whose first element represents the digit ob-
tained at the second layer (S), and whose second and
third elements respectively refer to the digits obtained at
the first layer (FV and F@). A corresponding dipole ori-
entation is also indicated in the right-hand side of Fig.
3(b).

Figure 4 represents examples of simulated electric field
distributions obtained through finite-difference time-
domain methods to visualize hierarchical electromagnetic
structures. Four silver nanoparticles (radius of 15 nm)
containing a virtual oscillating light source were assumed
in order to simulate dipole arrays. The operating wave-
length was 488 nm.

Corresponding to the angular spectrum-based theoret-
ical analysis discussed above, Fig. 4(a) shows the
z-component of the electromagnetic intensity correspond-
ing to the dipole arrangement of the symbol a4. The elec-
tric fields obtained at FY and F® remained low, while
that at S yielded a higher level. Figure 4(b) shows an-
other example, corresponding to the symbol a3, exhibiting
opposite responses to the former case. Figure 4(c) com-
pares the intensity levels at the second layer for all eight
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Fig. 3. (Color online) Dependence structure between the dipole
pairs and the logical levels in the first and second layers. (a) Re-
lation between dipole pairs and the logical level in each layer. (b)
List of the total of eight bit-sequences, or symbols, and their cor-
responding dipole arrangements.

combinations, which agrees with the first bit of each sym-
bol in Fig. 3(b) by digitizing with a threshold depicted by
a dashed line in Fig. 4(c).

The relation between the electromagnetic hierarchy
and its logical implications depends also on other factors
at the nanometer scale, such as the intensity distribu-
tions of the sources. As mentioned earlier, the second-
layer information depends on the larger scale structures;
therefore, even the two dipoles located at the edges, that
is, dV and d¥, can dominate the second-layer responses.
For instance, suppose that the amplitude of the radiation
from the peripheral dipoles is larger than that from the

(0 =
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Ew®
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o <
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Q0
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TE o000 |

T oooop p 1]

a, a a, a; a, a; a, a,
Input symbol

Fig. 4. (Color online) Hierarchical electromagnetic structures at
the subwavelength scale. (a,b) Simulated electric field intensity
distributions corresponding to the input symbols (a) a4 and (b) as.
(c) Simulated electric field intensity obtained at the second layer
for all of the symbols that yield the intended digit for the second
layer by digitizing the intensity with a threshold indicated by the
dashed line.

Vol. 26, No. 9/September 2009/J. Opt. Soc. Am. B 1775

two center ones, that is, |[dV]:|d®?)|:|d®)|:|d¥|=b:a:a:b
where b>a, while keeping the total intensity =;|d®|? the
same. Figure 5(a) represents a case with b/a=4. This
yields logically different behavior in the second layer;
namely, the dipoles located at the periphery then domi-
nate the second layer. For instance, with the dipole phase
arrangement corresponding to the symbol ag, the second-
layer signal exhibits contrasting patterns. Figure 5(b)
compares angular spectra corresponding to the uniform
intensity distributions (denoted by Array 6 in Fig. 5(a))
with biased intensity pattern (denoted by Array 6’) of the
four dipoles, where the latter yields poorer localization
than the former. Figures 5(c) and 5(d), respectively, show
calculated electromagnetic distributions corresponding to
Array 6 and Array 6’, where the difference in the second
layer is clearly observed.

Here we make two remarks regarding the modeling de-
scribed above. First, we do not take into account the mul-
tiple scattering processes between electric polarizations
in the analysis. One reason is to avoid unnecessary com-
plexity of the discussion, since the primary concern of this
paper is about the information theoretic analysis begin-
ning in Section 3. Second is that we can apply such an an-
gular spectrum-based approach in the same manner after
considering multiple scattering processes. The essential
logical flow of the discussion remains the same.

Another remark is about the physically reasonable
equivalents to an array of electric dipoles used in the
modeling. Shape-engineering of metal nanostructures is
one approach to implement electric polarizations in des-
ignated orientations; for instance, combinations of
triangular-shaped gold nanostructures exhibit hierarchi-
cal responses, as demonstrated in [33]. The difference of
the amplitude of electric dipoles could then correspond to,
for instance, the difference in sizes of those metal nano-
structures. Also, electric polarizations induced in semi-
conductor nanorods [34] or geometry-controlled semicon-
ductor quantum dots [18] could effectively correspond to
the present model.

(a)

—
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~

--@@- -------- --@"@_ ; 15 e Array 6
WO [d® ) a0 e S foN o T A
€ ! \
Aray6 1 1 o 2 \
@ ! AN
, 4a a a 4a $ st/ N\
Amay 8" (1 37) 034)  (034) 137) & /\
= / Y
2o
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(Vimp

Fig. 5. (Color online) Dependence of the hierarchical electro-
magnetic structure to various nano-scale entities. (a) Array of di-
poles, corresponding to the symbol ag, each of which has identical
radiation intensity (denoted by Array 6) and those which have bi-
ased radiation intensity while the total intensity remains the
same (denoted by Array 6’). (b) Angular spectrum evaluated at
the second layer for Array 6 and Array 6’, where the Array 6’ ex-
hibits degraded light localization. Simulated electric field inten-
sity distributions corresponding to (c) Array 6 and (d) Array 6'.
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3. INFORMATION THEORETIC ANALYSIS
OF HIERARCHICAL NANO-OPTICAL
SYSTEMS

Here we start by analyzing the information theoretic as-
pects of the hierarchical nano-optical system, which is
viewed as a communication medium that connects the in-
put to the output channels while experiencing certain en-
vironmental disturbances. The input and output signals
are, as introduced already, three-bit sequences; the total
of eight symbols for the input and the output symbols are,
respectively, denoted by A={a;} and B={b;}, where i
=0,...,7. The output symbol b; should represent the
same three-bit sequence given by the input symbol a; if
there is no error from the input to the output. The prob-
ability of the input symbol a; is given by P(a;). The prob-
ability of the output symbol b;, given by P(b;), depends on
the input symbol probability P(a;) and the transition ma-
trix T that represents the relation between the input and
output and is given by

P(by) P(ay)

=T , (3)

P(bq) P(aq)
where the elements of T' are given by ¢;;=P(b; \ a;j), which is
the probability of the output b; conditioned on the input
a;. The matrix T is affected by environmental distur-
bances. We will introduce two representative disturbance
models for the analysis. The first is the case where the en-
vironmental disturbance has an explicit spatial structure
or what we call a near-field disturbance. The second is the
case where the disturbance selectively couples to the di-
pole arrangement or what we name as a far-field distur-
bance. Here, we take into account the optical selection
rule that the far-field optical radiation cannot be coupled
to energy levels specified by even quantum number(s), or
quadrupole(s), in considering the interactions between
the disturbance and the system under study.

A. Near-Field Disturbance
We assume an environmental disturbance that modifies
the status of each spatial position in the system locally. In
other words, here we assume a near-field environmental
disturbance that locally disturbs the polarizations of each
of the dipoles. Suppose that the phase of at most one of
the four dipoles could be flipped, that is, changed by 180°.
Let the probability of such a phase flip occurring for the
dipole d® be given by p;. In the case of input symbol a,,
for example, whose corresponding four dipoles are all in
phase (See Fig. 3(b)), the phase of the first dipole dV is
flipped, which yields output symbol b5 with probability p;,
as schematically shown in Fig. 6(a). When the second di-
pole d®@ is flipped, the resulting output symbol is bg. The
error-free probability is given by g= l—Elepi. All transi-
tions from input symbols to output ones are derived as
schematically represented in Fig. 6(b), where possible
changes from an input to an output symbol are indicated
by arrows.

It is technically possible to further generalize the ef-
fects of disturbances in this model, such as arbitrary
phase flips occurring in the dipoles. However, this leads to
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Fig. 6. (Color online) Near-field disturbances to the system. (a)
Model of an environmental disturbance that locally affects each
of the dipoles. The phase of dipole d”) can be flipped with prob-
ability p;. (b) The relation between the input symbols a; and the
output ones b;. The red and green arrows, respectively, corre-
spond to the phase flips at the edge and at the center dipole(s).
The blue ones correspond to no error.

an unnecessarily complex situation and makes it hard to
understand how the local change in the system affects the
information capacity. As a first step, simple position-
dependent errors clearly reveal the relation between the
physical consequences and their impact on layer-
dependent information theoretic measures, which is the
primary concern of this paper.

The mutual information I(A ; B) represents the quantity
of the data transmitted through the system, which is
equal to the amount of remaining uncertainty of data A
on condition that the output B is measured, namely,
I(A;B)=H(A)-H(A|B), where H(A) is the entropy of the
input and H(A|B) is the entropy of the input conditioned
on the output. It is calculated by

P Pa;,b))

I(A;B) = P(a;,b)logy —————, 4
(A;B) gg} (a )0g2P(ai)P(bj) (4)

where the joint probability of input a; and output b; is
given by P(a;,b;)=t; ;P(a;) [35]. N indicates the number of
symbols.

Here we further introduce a representative spatial
structure of environmental disturbances so that the error
probabilities affecting dipoles located at the edge and the
center are different; that is, the error probability for the
dipoles dV and d¥ is given by pg, namely p;=ps=pg,
whereas that for d® and d® is given by po=ps=ps. The
error-free probability is given by g=1-2pr—2pc. As de-
scribed in Section 2, the four dipole model intends to rep-
resent the mixture of the coarse-scale structure and the
fine-scale structure. In the present model, the two center
dipoles dominate the second-layer information, meaning
that those two play the major role in coarser scale struc-
tures. Therefore, the position-dependent errors denoted
by pc and pg are physically associated with errors occur-
ring in coarse-scale structures and in the fine-scale struc-
tures, respectively. As remarked at the end of Section 2, if
those dipoles with designated orientations are imple-
mented by means of shape-engineered nanostructures,
the error would physically correspond to fabrication er-
rors occurring at either coarser or finer scales.

Now, we suppose that the input symbol probability is
uniform; that is, P(a;)=1/8 (i=0,...,7). The mutual infor-
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mation is evaluated as a function of pg and p, as shown
in Fig. 7(a). For example, py=9/100 and p-=1/100 yields
1.92 bit of mutual information.

We now analyze the mutual information regarding
each of the layers separately to see how the spatial struc-
ture of the local system disturbance affects the transmis-
sion capability for each of the layers.

Let the input symbols for the left-hand side of the first
layer be ff)l) and f(ll), which respectively mean logical 0 and
1. Since fgl) and f(ll) are respectively equivalent to the in-
put symbol of either one of F\"'={ag,a;,a4,as} and F(ll)
={aq,as3,aq,a7}, the probability of input symbol f§1) is
given by

PV = > Pl). (5)
ajeF)

Likewise, we denote the output symbols as gf)l) and g(ll),
which are equivalent to either of the output symbols
GY={bg,by1,b4,b5) and GPV={by,bs,bg,b7}, respectively.
The joint probability of inputs f?) and gj(»l) is then derived
as

Pflg= X X PblePa), (©)

ageF b,eGY

which leads to mutual information for the left-hand bit of
the first layer, given by
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Fig. 7. (Color online) Scale-dependent mutual information. (a)
Mutual information I(A;B) as a function of error probabilities py
and p¢. (b) Mutual information for the left-hand bit at the first
layer (Ip1(A;B)) and that for the second layer (Ig(A;B)) are
evaluated as a function of error probability p., while keeping the
total error rate pp+pc constant.
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11 1) 1)
Irv(A;B) = >, > PV, g V)logy —————.
i=0 j=0 ! P(fﬁ”)PLg}D)

Second, let the symbols of the second layer be sy and s;.
The symbols sy and s, respectively, correspond to either
one of the input symbols Sy={ag,a;,as,a3} and S;
={a4,a5,aq,a7}. Similarly, the corresponding output sym-
bols are defined by ¢, and ;. The mutual information for
the second layer is given by

(7)

. 1 1 ) P(Si,tj)
I4(A;B) = % FEO P(s;,t;)logy W (8)

Here we quantitatively compare the mutual information
given by Egs. (7) and (8) assuming the same error prob-
abilities. With less errors in the center and more errors at
the periphery, for instance pr=1/100 and py=9/100,
Ir1)(A;B) yields 0.53 bit, whereas Ig(A;B) yields 0.86 bit,
indicating that the second layer has larger information
transmission efficiency than the first layer. On the other
hand, with more errors in the center and less errors at the
periphery, for instance pc=9/100 and pp=1/100,
Ir1)(A;B) yields 0.53 bit, whereas Ig(A;B) yields 0.32 bit,
showing that the quantity of information for the first
layer is unchanged, whereas that for the second layer is
severely degraded. With the condition that the error-free
probability be kept constant at 0.8, Ir1)(A;B) and I5(A;B)
are respectively calculated as functions of p¢ in Fig. 7(b),
where Ir1)(A;B) stays constant, whereas Ig(A;B) takes
larger values as p. gets smaller. This is due to the fact
that the second-layer information depends on the two cen-
ter dipoles. On the other hand, the left-hand bit at the
first layer depends on both d® and d?; therefore,
Ir1)(A;B) yields a constant value as long as p;+ps is con-
stant.

B. Far-Field Disturbance

We now consider another type of environmental distur-
bance involving far-field radiation applied to nano-scale
optical systems. Here, the optical selection rule that the
far-field optical radiation cannot be coupled to energy lev-
els specified by even quantum number(s) or quadrupole(s)
[1,36] should be taken into account in considering the in-
teractions between the disturbance and the system under
study. The physical model consisting of multiple dipoles
is, in fact, not directly compatible with such quantum op-
tical properties. However, we consider that the following
assumptions approximately describe their principal char-
acteristics in order to understand its impact on informa-
tion theoretic measures. They are as follows:

(i) When the phases of dV) and d® are the same, both
phases can be flipped with probability p. Similarly, the
phases of d® and d® can be flipped with probability p
when they have the same phase. The error-free probabil-
ity is given by ¢=1-p. [Fig. 8(a)]

(i1)) When all of the dipoles have the same phase, they
can be flipped with probability p. The error-free probabil-
ity is given by g=1-p. [Fig. 8(b)]

(iii) When the combinations of [dV) and d®] and/or
[d® and d®] have opposite phases, we assume that the
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Fig. 8. (Color online) Far-field disturbance and its impact on
layer-dependent mutual information. (a—c) Model of an environ-
mental disturbance that couples to the system when arranged in
a dipole manner and that does not couple to it when in a quad-
rupole arrangement. (a) Two closely separated dipole pairs can
be flipped when they have the same phase. (b) Four dipoles can
be flipped when they have the same phase. (¢) The dipole pair
does not suffer disturbances when they have opposite phases. (d)
The relation between the input symbols a; and the output ones b;
with those disturbances. The red (diagonal) arrows correspond to
errors due to disturbances. The blue (horizontal) ones correspond
to no error. (e) Mutual information for the left-hand bit at the
first layer (Ir1)(A;B)) and that for the second layer (Ig(A;B)) as a
function of error probability. Ir1)(A;B) takes the value of 1,
meaning that the first-layer information is completely resistant
to such environmental disturbances.

far-field radiation serving as the system disturbance can-
not be coupled to the dipoles and so no phase flips occur.
[Fig. 8(c)]

For instance, for the case of input symbol a,, all of the
dipoles are arranged in the same directions, and they can
all be coupled to the environmental disturbance; that is,
item (ii) above will apply. However, from a logical point of
view, flipping all of the dipoles does not affect the infor-
mation of any bits to be retrieved at the output. In other
words, the input symbol «a is always connected to output
symbol b,. For the case of input symbol ay, dV and d?
are in dipole arrangement, whereas d® and d® are in
quadrupole arrangement. The dipoles d'¥ and d? can be
flipped with probability p, which results in the output
symbol b5. The relations between all input and output
symbols are summarized in Fig. 8(d).

The mutual information for the first layer and the sec-
ond layer are respectively evaluated following Eqs. (7)
and (8). As indicated by the dashed line in Fig. 8(e), the
mutual information for the first layer Ir1)(A;B) is always
1, indicating that the system is completely resistant to
the disturbances in the first layer. This is due to the fact
that the environmental disturbance transforms the input
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symbols Fgl)z{ao,al,a4,a5} into the output symbols GE)D,
and the input symbols F(11)={a2,a3,a6,a7} to G(ll), where
the left-hand bit at the first layer remains the same. On
the other hand, the mutual information for the second
layer I5(A;B) decreases as the error probability increases,
as shown in the solid curve in Fig. 8(e). Since the second-
layer signal depends on the pairs of dipoles, it could be
disturbed in situations where the left- and the right-hand
dipole pairs are a combination of a dipole arrangement
and a quadrupole one.

The mutual information for the entire system can be
improved by biasing the input symbol probability distri-
bution, whose maximum is defined as the channel capac-
ity, given by C=max [ (A;B). With the error probability
p=2/10, the maximum mutual information, i.e., the chan-
nel capacity, is 2.68 bit when the probability distribution
is given by P(ag)=P(a3)=P(ay)=P(a;)=0.16,P(a;)=P(as)
=P(a5)=P(ag)=0.09, which is obtained by a full search in
the parameter space. On the other hand, the mutual in-
formation with a uniform input symbol distribution
P(a;)=1/8 (i=0,...,7) yields 2.64 bit. Although the higher
number of bits obtained by changing the probability dis-
tribution is, in this particular case, just 0.04 bit, such con-
sideration leads to system design strategies to fully uti-
lize the capacity of such hierarchical systems.

4. CONCLUSION

In conclusion, we have demonstrated an information
theoretic analysis of hierarchical nano-optical systems by
highlighting the layer- and disturbance-dependent mu-
tual information while assessing their electromagnetic
and logical aspects with an angular-spectrum based
method. Our formulation and analysis of mutual informa-
tion at each level of the hierarchy reveal quantitatively
the relation between the physics associated with the hier-
archy in optical near-fields, as well as possible environ-
mental disturbances affecting the system locally or glo-
bally, and the capabilities of the hierarchical nano-optical
system for information processing and communications.
Specifically, assuming an array of oscillating electric di-
poles as a system model, we analyzed its electromagnetic
and logical hierarchical structure and we quantitatively
evaluated its capabilities as an information system by de-
termining the mutual information for each level of the hi-
erarchy; either the first or the second layer could be more
resistant to environmental disturbances compared to the
other one.

We believe that this paper reveals, for the first time,
one fundamental aspect of nano-optical systems in the
subwavelength regime from the viewpoint of information
theory, which provides useful knowledge and guidelines
in designing concrete applications. At the same time, how-
ever, we also believe that the unique attributes enabled
by nanophotonics, which conventional propagating light
does not offer, are not limited by this study. For instance,
optical excitation transfer via optical near-field interac-
tions [1], nonadiabatic processes enabled by optical near-
fields [37,38], and other principles in nanophotonics may
be other crucial aspects impacting the system from the
viewpoint of information theory. Also, unique information
strategies for nanophotonic systems such as smart coding
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algorithms, for example, could be derived. We aim to fur-
ther develop our understanding of the fundamentals of
nanophotonic systems in future studies.
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Abstract: We directly visualize, for the first time, the weak localization of light in both space and time in a
disordered array of ZnO nanoneedles using a novel diffraction-limited second-harmonic microscope with
few-cycle time resolution.
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The weak localization of light due to multiple scattering in disordered nanoscale dielectric media is a particularly
fascinating aspect of wave physics [1], offering a possibility to partially trap light and therefore to enhance its inter-
action with the medium. It is of particular importance in nano-optics, where the localization of surface plasmon po-
laritions in metallic nanostructures enables one to localize visible light to dimensions of 10 nm or even less and
therefore to generate greatly enhanced local electromagnetic fields [2]. This combination of field localization and
enhancement is currently finding a rapidly increasing number of applications such as locally-enhanced Raman spec-
troscopy, nano- and biosensing or ultrahigh resolution optical and electron microscopy.

So far, light localization due to wave interference has mostly been studied by macroscopic experimental tech-
niques such as, e.g., coherent backscattering [1]. More direct studies are experimentally challenging since spatial
light localization occurs on a (sub-) wavelength scale and the scattering dynamics happen on ultrashort, femtosecond
time scales.
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Fig. 1. (a) ZnO nanoneedle array and ultrafast second-harmonic microscope. Phase-correlated pairs of few-cycle pulses from a
6-fs-Ti:sapphire oscillator are focused onto the sample using an all-reflective Cassegrain objective and the resulting second-
harmonic is spectrally dispersed and recorded using a CCD spectrometer. (b) Spatial intensity profile of the diffraction-limited
focused few-cycle pulses recorded by scanning a near-field fiber probe through the focal plane. (c) Interferometric autocorrela-
tion trace recorded in the focal plane of the objective.

Here, we demonstrate a new experimental approach, based on second-harmonic microscopy with few-cycle time
resolution, to directly visualize the localization of light in random dielectric media in both space and time.

We investigate a densely packed array of zinc oxide (ZnO) nanorods fabricated by metal-organic vapor phase
epitaxy with an average rod distance of about 100 nm and rod diameters down to 20 nm (Fig. 1a) [3]. Due to the
large 3.4 eV bandgap of ZnO, this array is an essentially lossless random dielectric medium for near-IR light. We



make use of the large second harmonic (SH) coefficient of ZnO for probing light localization. Laser pulses with a
duration of 6 fs centered around 800 nm from a Ti:Sapphire laser are focused onto the ZnO nanoneedle array to a
diffraction-limited spot with a diameter of about 1 um using an optimized all-reflective Cassegrain objective with a
numerical aperture of 0.5 (Fig.1). Phase-locked pulse pairs for time-resolved measurements are created in a Michel-
son interferometer.

The resultant second harmonic (SH) emission is spectrally dispersed and recorded as a function of sample posi-
tion using a 3D-piezo scanner. It displays pronounced spatial intensity fluctuations with local SH signals increasing
by almost two orders of magnitude above the average (Fig. 2a). Since the SH intensity is proportional to the fourth

power of the local field enhancement f, g, oc (f-E,, )4 , SH emission is a highly sensitive probe of the localized

light field E

the resolution of our microscope.

In order to gain information about the time structure of these locally enhanced electromagnetic fields, interfer-
ometric frequency-resolved (IFROG) autocorrelation traces are recorded with sub-pum spatial resolution on selected
individual hot spots (Fig. 2b). Clearly, the recorded autocorrelation traces indicate a considerable increase in pulse
duration due to light scattering inside the nanoneedle array. As described elsewhere [4], the time structure of the
electric field of light pulses can directly be retrieved from such IFROG traces. When being compared to the incident
pulse field (Fig. 2¢), the retrieved local electric field from an individual hot spot displays a clear exponential tail with
a life time of about 10 — 15 fs. This shows that coherent electromagnetic fields persist for more than 20 fs in individ-
ual localization sites until multiple random scattering and/or scattering to the far field destroys the phase coherence
of the localized electric field.

. We find enhancement factors f ~2—4. These SH hot spots are spatially localized to about 0.5 um,
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Fig. 2. Spatially-resolved SH emission from the ZnO nanoneedle array after illumination with 6-fs-pulses centered at 800nm.
We find random SH enhancements by more than a factor of 100 localized to a 500-nm spot size. (b) Frequency-resolved inter-
ferometric autocorrelation (IFROG) trace recorded at an individual localization site in the ZnO nanoneedle array with a spatial
resolution of 0.5 um. (c¢) Time structure of the electric field of the incident pulses and of the light pulses in an individual local-
ization site of the nanoneedle array reconstructed from spatially-resolved IFROG measurements.

First theoretical simulations clearly confirm the existence of strong resonant field localization and enhancement
in random dielectric media with geometries similar to our nanorod arrays. Modelling of the lifetimes of such local
fields is currently underway.

To our knowledge, we report the first direct space- and time-resolved study of light localization in a disordered
dielectric medium. Key hallmarks of weak localization, in particular the existence of strong spatially localized elec-
tromagnetic fields with finite coherence times, are experimentally resolved. This gives new and direct insight into the
evolution of the weak (Anderson) localization of light in disordered dielectrics. Such nanoneedle arrays therefore
present a highly interesting template for exploring SPP localization in disordered metallic nanostructures as well as
random lasing.
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This paper reviews the recent progress of nanophotonics. which was proposed by the author in the
vear 1993'%. The key is to utilize optical near-fields in order to realize novel nanometric device
operation. fabrication, and energy conversion, etc.. by the control of an intrinsic interaction between
nanometer-sized materials. The nature of optical near-fields was studied by regarding the optical
near-field as an electromagnetic field that mediates the interaction between nanometric materials. As a
result. the physically intuitive concept of a dressed photon was established to describe optical
near-ﬁelds i.e.. the interaction between nanometric materials is mediated by exchanging dressed
photons™™ ' The principles of device operation are reviewed consmlermg the excitation energy transfer
via the optical near-field interaction and subsequent relaxation™. The operations of logic gates. an
optical nano-fountain, a nano-coupler, a pulse generator, a phonon-assisted light emitter, efc. are
described as well as their single photon emission and extremely low power consumption capability.

This presentation also reviews nanophotonic fabrications based on phonon-assisted processes
triggered by optical-near-field interactions. These processes represent gualitative innovation in
photochemical vapor deposition and photolithography. suggesting that large. expensive ultraviolet
light sources are no longer required, although they are indispensable for conventional adiabatic
photochemical vapor deposition, photolithography, and photochemical etching. It also suggests that
phonon-assisted photochemical vapor deOSlllOll can even dissociate optically inactive molecules (i.e..
inactive to the propagating light). which is advantageous for environment protection because most
optically inactive molecules are chemically stable and harmless. For C\ample 013110111\ mactive
Zn(acac)> molecules have been dissociated to deposit nanometric Zn particles™. In addition, in the case
of phonon-assisted photolithography. an optically inactive resist film for electron-beam lithography
has been used to fabricate fine patterns’”.

A prototype of the commercial lithography system has bebn produced in collaboratlon with
industry”. and has been used for fabricating a diffraction grating” and a Fresnel zone plate'” for the
soft X-ray. Furthermore, phonon-assisted photochemical etching and sputtering were dev eloped for
realizing ultra-flat surfaces of glass and polycrystalline ceramics, respectively, in a self-organized
manner' '*. Phonon-assisted deposition will be also reviewed in 01der to increasing spatial
homogeneity of the mol fractional ratio of In in a light emitting InGaN film"
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Prininciples of nanophotonics, application to novel devices, fabrications, and systems will be presented in order
to realize qualitative innovation of the optical technology.

This paper reviews the recent progress of nanophotonics, which was proposed by the author in the
year 1993[1,2]. The key is to utilize optical near-fields in order to realize novel nanometric device op-
eration, fabrication, and energy conversion, etc., by the control of an intrinsic interaction between
nanometer-sized materials. The nature of optical near-fields was studied by regarding the optical near-
field as an electromagnetic field that mediates the interaction between nanometric materials. As a re-
sult, the physically intuitive concept of a dressed photon was established to describe optical near-fields,
ie., the interaction between nanometric materials is mediated by exchanging dressed photons[3,4].
The principles of device operation are reviewed considering the excitation energy transfer via the opti-
cal near-field interaction and subsequent relaxation[5]. The operations of logic gates, an optical nano-
fountain, a nano-coupler, a pulse generator, a phonon-assisted light emitter, ctc. are described as well
as their single photon emission and extremely low power consumption capability. Experimental results
using quantum dos at the room temperature are described. Using a systems-perspective approach, the
principles of content-addressable memory for optical router, a multilayer memory retrieval system, etc.
are demonstrated.

This presentation also reviews nanophotonic fabrications based on phonon-assisted processes
triggered by optical-near-ficld interactions. These processes represent gualitative innovation in photo-
chemical vapor deposition[6] and photolithography[7], suggesting that large, expensive ultraviolet
light sources are no longer required, although they are indispensable for conventional adiabatic meth-
ods. A prototype of the commercial lithography system has been produced in collaboration with in-
dustry[8], and has been used for fabricating a diffraction grating[9] and a Fresnel zone plate[10] for
the soft X-ray. Furthermore, phonon-assisted photochemical etching and sputtering were developed
for realizing ultra-flat surfaces of glass and polycrystalline ceramics, respectively, in a self-organized
manner([11,12]. Phonon-assisted deposition will be also reviewed in order to increasing spatial homo-
geneity of the mol fractional ratio of In in a light emitting InGaN film[13].
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Abstract: We theoretically and experimentally investigate an optimal mixture of different-sized
quantum dots so that energy transfers via near-field interactions are efficiently induced. We also
demonstrate the near-field interaction network provides robustness to tolerate system errors.
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There have been in-depth theoretical and experimental efforts to reveal and exploit optical near-field interactions on
the nanometer scale because of their potential impact in a wide range of applications. One of the unique functions
available is the optical excitation transfer between nano-scale matter [1-3] via optical near-field interactions that
even allow populating energy levels that are conventionally dipole forbidden [1]. Here we assume two spherical
quantum dots whose radii are Rs and R, which are denoted by QDs and QD respectively in Fig. 1(a). The energy
eigenvalues of states specified by quantum numbers (n,l) are given by g_ =E, +E, +i’a} | 2MR? (n=1,2,3,...)

where Ey is the band gap energy of the bulk semiconductor, Ee, is the exciton binding energy in the bulk system, M
is the effective mass of the exciton, and «, are determined from the boundary conditions. There exists a resonance
between the level of quantum number (1,0) of QDs and that of quantum number (1,1) of QD if R /Rs =4.49/n~1.43.
Due to the large spatial inhomogeneity of the localized optical near-fields at the surface of nano-scale material, an
optical transition to the (1,1)-level in QD,, which is conventionally forbidden, is allowed. Therefore, an exciton in
the (1,0)-level in QDs could be transferred to the (1,1)-level in QD,. In QD,, due to the sublevel energy relaxation
with a relaxation constant 7, which is faster than the near-field interaction, the exciton relaxes to the (1,0)-level,
from where it radiatively decays.

Here we consider a quantum dot system, as shown in Fig. 1(b), where multiple smaller dots (denoted by S1, S2,
..., SN) can be coupled with one large dot (denoted by L). We also assume inter-dot interactions between adjacent
smaller quantum dots; that is, (i) Si interacts with S(i+1) (i=1,...,N-1), and (ii) SN interacts with S1, where N is the
number of smaller QDs. Now, what is of interest is maximizing the flow of excitons from smaller dots to larger one.
We deal with this problem theoretically based on a density matrix formalism. In the case of the system shown in Fig.
1(c), composed of two smaller QDs and one larger QD, the inter-dot interactions between smaller dots and larger
one are denoted by Ug;, and that between the smaller dots is denoted by Us;s,. The radiations from S1, S2, and L are
respectively represented by the relaxation constants ys;, ys2, and y.. We suppose that the system initially has two
excitons in S1 and S2. With such an initial state, we can prepare a total of eleven bases where zero, one, or two
exciton(s) occupy the energy levels. We derive quantum master equations in the density matrix formalism. In the
numerical calculation, we assume U;L =200 pSiUsils, =100 ps,I"* =10 ps, y{* =1ns, and et =(RUIR) <yt ~2.92 ns as

a typical parameter set for the CdSe/ZnS quantum dots used for our experiments below. Following the same
procedure, we also derive quantum master equations for systems consisted of three smaller QDs (N=3), four smaller
QDs (N=4), and five smaller QDs (N=5) with initial states in which all smaller quantum dots have excitons. Finally,
we can calculate the population of the lower level of QD L, of which time integral we regard as the output signal.
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Fig. 1 (a,b,c) Optical near-field interaction network between smaller and larger QDs (d) Optical excitation transfer exhibits its maximum
efficiency with an appropriate QD mixture. (e) Experimental setup for the verification of the optimal QD mixture.
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We compare the output signal as a function of the ratio of the number of smaller dots to larger one assuming that
the total number of QDs, regardless of their sizes (smaller or larger), in a given unit area is the same. As shown in
the circles in Fig. 1(d), the most efficient transfer was obtained when the ratio of the number of smaller dots to the
larger one is 4. That is, increasing the number of smaller quantum dots does not necessarily contribute to increased
output signal. Because of the limited radiation lifetime of QD L, not all of the initial excitons can be successfully
transferred to QD L due to the state filling of the lower level of QD L. Therefore, part of the input populations must
be decayed at QD S, which results in loss in the transfers from the smaller QDs to the larger one.

Such an optimal mixture of smaller and larger QDs was experimentally demonstrated by using two kinds of
CdSe/ZnS core/shell quantum dots whose diameters were 2.0 nm and 2.8 nm, respectively. The quantum dots were
dispersed in a matrix composed of toluene and ultraviolet curable resin, and coated on the surface of a silicon
photodiode (Hamamatsu Photonics K.K., Si Photodiode S2368). As schematically shown in Fig. 1(e), half of the
surface of the photodiode was spin-coated by an ultraviolet-curable resin with a mixture of quantum dots and cured
by ultraviolet radiation, whereas the other half of the surface was coated by the same resin without the quantum dot
mixture. Input light was selectively radiated onto each area to evaluate the difference in the generated photocurrent.
The increase of the induced photocurrent via the QD-coated area with input light wavelengths between 340 nm and
360 nm is shown by the square marks in Fig. 1(d). We attribute such increase to the optical excitation transfer
through which the input light wavelength is red-shifted to wavelengths where the photodetector is more sensitive.
The maximum increase was obtained when the ratio of the number of smaller QDs to larger QDs was 3:1. This
agrees with the theoretical optimal ratio of the number of smaller quantum dots to larger ones discussed above.

Finally, we highlight another function of the interactions between smaller dots. Fig. 2(a) schematically represents
systems where four smaller dots surround one larger dot. Here, we suppose that some of the interactions between the
smaller dots and the larger one are degraded. Such a weak interaction could physically correspond to situations, for
instance, where the distance between the smaller dot and the larger one is very large, or the size or the shape of the
quantum dots deviates from the required conditions for energy transfer, or other reasons. In the System A in Fig.
2(a), QD S1 and S3 have weak interactions with QD L. In the System B in Fig. 2(a), all of the interactions between
smaller dots are assumed to be negligible, in addition to the weak interactions assumed in System A. What is of
interest is to evaluate the impact of the interactions between smaller dots on the energy transfer from the smaller
dots to the larger one as a total system. The curves A and B in Fig. 2(a) respectively represent the evolutions of the
population of the radiation from QD L in System A and System B, where the former exhibits a higher population
compared with the latter. In System A, thanks to the interactions between smaller dots, the excitations in S1 and S3
can be successfully transferred to L by way of the adjacent smaller dots. On the other hand, it is hard for the
excitations in S1 and S3 in System B to be transferred to L due to the weak interactions with the surrounding dots.
From a system perspective, the interactions among smaller dots provide robustness to degradation of the excitation
transfer from the smaller dots to larger ones. To quantitatively evaluate such robustness, we introduce the
probability that an interaction between a smaller dot and a larger one suffers interaction degradation or loss; we
denote it by p (0< p<1). We can derive the expected output signal level as a function of p. The curves A and B in

Fig. 2(b) respectively represent the expected output signals corresponding to systems with and without interactions
between smaller dots as a function of the interaction loss probability between a smaller dot and a larger one. The
curves A’ and B’ in Fig. 2(c) represent those when the number of smaller dots is five. As shown in the curves A and
A’, thanks to the existence of interactions between smaller dots, the expected output signal levels remain higher,
even greater than the no-error situation (p=0) especially in the curve A’, although they suffer a larger value of p.
This is a manifestation of the improved robustness of the system provided by the interactions between smaller dots.
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Self-organized Nonadiabatic Optical Near-field Assisted
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The scratches on the surface of Al,O; ceramics were repaired by optical near-field assisted
sputtering with laser irradiation of 473-nm wavelength in a self-organized manner. Their average
depth decreased from 3.2 nm to 0.79 nm.

OCIS code: (310.1860) Deposition and fabrication; (350.4238) Nanophotonics and photonic crystals;

1. Introduction

Transparent ceramics are attracting interest in optical technology applications as gain media for solid-state lasers or
optical windows. To increase the lasing efficiency and reduce the scattering loss in optical windows, further
decreases in the surface roughness are required. However, conventional chemical-mechanical polishing does not
work well on polycrystalline ceramics because of their anisotropic interaction with the polishing medium. To solve
these problems, we developed a novel method of optical near-field (ONF)-assisted sputtering, which is based on
nonadiabatic photochemical reactions and near-field photodesorption [1,2]. Here, we use this method to repair the
scratches on polycrystalline Al,O3 ceramics in a self-organized manner [3].

2. Experiment

Figure 1(a) shows a schematic of the experimental setup. Planar surfaces of SAPPHAL® [4] substrate were
prepared by polishing using diamond abrasive grains with a diameter of 0.5 um. The Al,O; was deposited using
radio-frequency (RF) magnetron sputtering (RF power: 300 W; frequency: 13 MHz; sputtering time: 30 min). The
total gas pressure was 7 x 10" Pa, with a gas flow of 16 sccm Ar and 1.2 sccm O, [5]. We used SAPPHAL® as the
sputtering target material. During the sputtering, we irradiated the sample surface with the CW second harmonic of a
Nd: YAG laser with wavelength of A = 473 nm and optical power density 2.7 W cm™.

When the ceramic substrate was irradiated, a highly localized optical near field was generated at the edges of
scratches, causing the photodesorption of depositing Al,Oz; nanoparticles. Hence, the sputtered Al,O; particles
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Fig. 1 (a) Schematic of the experimental setup. (b) Schematic of the ONF-assisted sputtering (magnified image of the dashed box in (a)).
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migrated through the edge of scratched grooves and accumulated on the bottom of the groove (see Fig. 1(b)). As a
result, the scratched grooves were selectively repaired. This process automatically stopped in a self-organized
manner after the scratches were repaired, so that the optical near field could no longer be generated.

3. Result and discussion

Figures 2(a) and (b) show typical Atomic Force Microscope (AFM) images of SAPPHAL® surfaces before and after
ONF-assisted sputtering, respectively. As can be seen, the scratches were repaired by the sputtering. To evaluate the
scratch removal quantitatively, we used the Hough transform to extract the linear features of the scratched grooves
from these AFM images [6]. We then evaluated the depth of the scratched grooves along the detected straight lines.
Figures 2(c) shows statistical analyses of the depth of scratched grooves obtained from the AFM images in Figure
2(a) and (b). The average values of the depth before and after ONF-assisted sputtering were 3.2 and 0.79 nm,
respectively. This confirmed that the depth of the scratches was drastically decreased using the ONF-assisted
sputtering. Further decreases in the width could be achieved by optimizing laser and sputtering conditions.

4. Conclusion

We used a self-organized ONF-assisted sputtering method to repair the scratched grooves on a polycrystalline Al,O;
ceramic surface. We confirmed that the grooves were repaired by RF sputtering of Al,O3 with laser irradiation at a
wavelength of A = 473 nm. Using AFM measurement and the Hough transform, we found a drastic decrease in the
average depth, from 3.2 to 0.79 nm. This approach clearly revealed the effects of the ONF-assisted sputtering, which
selectively repaired the scratched grooves. We believe that our method is applicable to a variety of substrates,
including ceramic and crystal substrate. Furthermore, this method is compatible with mass production.
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Abstract: We developed a self-assembly method for alignment of ZnO quantum dots (QDs) into a
straight line. The polarization dependence of photoluminescence intensity revealed the signal
transmission viaan optical near-field along the QD chain.

©2010 Optical Society of America

OCI S codes: (230.5590) Quantum-well, -wire and -dot devices, (220.4241) Nanostructure fabrication

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
address these requirements, it has been proposed that the chains of closely spaced metal nanoparticles can convert
the optical mode into non-radiating surface plasmonic waves [1,2]. However, they have severa disadvantagesin that
they cannot break the plasmon diffraction limit, and cannot avoid reflection at the output port. To overcome these
difficulties, we proposed nanophotonic signal transmission (NST) devices that consist of semiconductor quantum
dots (QDs) [3]. These NST devices are operated using excitonsin 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. The
advantages of NST devices using metal nanoparticles are as follows. 1) NST devices using semiconductor QDs have
higher transmission efficiency because QDs have low coupling efficiency to lattice vibrational mode. The lattice
vibration is the main cause of large propagation loss in plasmonic waveguides. 2) By introducing alarger QD as an
output port in which the first excited state resonates to the ground state of the smaller QD, the energy reflection at
the output QD can be avoided by energy dissipation due to the sublevel energy transmission in the larger QD. To
produce the NST device, a new technique is required for positioning and alignment of QDs with precise separation.
Figure 1(a) 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 [4,5]. First, ZnO QDs 5
1 0.5 nm in diameter were synthesized using the Sol-Gel method [6,7]. Then, the surfaces of QDs were coated with
a silane coupling agent (N*(CHs),(CH,)3Si(OCHs)s) 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 A-DNA (48kb,
stretched length = 16 um) 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 aong the DNA was obtained, as shown by transmission
electron micrography (TEM) (Fig. 1(b)). The separation between QDs (S) was determined by TEM and shown to be
1.2 nm (Fig. 1(c)), which was in good agreement with twice the length of silane coupling agents. Such a high
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Fig. 1 Fabrication and evaluation of nanophotonic signa transmission device. (a) Schematic of ZnO QD alignment
along the A DNA. S separation between QDs (b) TEM picture of the aligned ZnO QDs. (c) Separation distribution.
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density of packing, despite the electrostatic repulsion between ZnO QDs, was due to the quaternary ammonium
group of the silane coupling agent [4].

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 [8], 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. 2(a)). From the polarization dependence of photoluminescence (PL) at a wavelength of 350 nm (Figs.
2(b) and 2(c)), 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 (Ey). Previous studies on the excitation polarization
dependence of nanorods [9] indicated that the PL under parallel excitation (Eg) is much greater than that under
perpendicular polarization (Ego), 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. 2(c)), indicating that they act as an NST device
aong the chained QDs.
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Fig.2. (a) Stretched ZnO QD chain along the A DNA. (b) & Polarization angle with respect to the direction
along the QD chains. (c) Incident light polarization dependence of PL intensity. A 4th-harmonic, Q-switched
Nd:YAG laser (A = 266 nm) was used to excite the ZnO QDs.

As optical near-field energy can transmit through the resonant energy level, NST devices have a number of
potential  applications, such as wavelength divison multiplexing using QDs of different sizes.
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Abstract: Nanophotonics is defined, and a physical picture of dressed photons is presented.
Room-temperature nanophotonic logic gates and related devices are demonstrated. An
application for an optical router system is also reviewed.
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1. Introduction

Nanophotonics or "dressed photon technology" was proposed by M. Ohtsu in 1993 [1]. It is a novel method that
utilizes the optical near field, which is the electromagnetic field that mediates the interaction between close
nanometric particles. Nanophotonics allows “qualitative innovation” in photonic devices, fabrication techniques,
and systems using novel phenomena caused by optical-near field interactions. As these interactions are
impossible when conventional propagating light is used, the principles of nanophotonics are different from those
of plasmonics and crystal, metamaterial, and silicon photonics. This paper reviews the principles and practice of
nanophotonics, particularly its applications to novel photonic devices.

2. Principles

M. Ohtsu's 1993 proposal was motivated by the need to break the deadlock of conventional optical technology.
This was necessary to realize advanced information systems with high capacities and transmission rates. To
decrease the size of light below the diffraction limit, a promising method is to use the optical near field. This
field is non-propagating; it is localized on the surface of the nanometric material. The localization size is
equivalent to the material size and is independent of the wavelength of the incident light.

The optical near field is the virtual cloud of photons generated on the surface of an illuminated
nanometric material [2]. To use the optical near field for novel device operation, a second nanometric material is
installed close to the first, which allows for optical near-field energy transfer. Under illumination, virtual photon
clouds are generated on the surfaces of the two materials and exchange energy. Scattered photons are also
generated from the materials. The nanometric system, which consists of the two materials and their virtual
photon clouds, is buried by the macroscopic system, which consists of the incident light, the scattered light, and
the macroscopic material. Energy is exchanged between these systems through the absorption / emission of
scattered photons and phonons. Thus, the virtual photon clouds should be represented by photons, material
excitations, and relaxations.

To draw a physically intuitive picture of such a complex system, it is essential to select an appropriate
base function. For this purpose, the base function of the coupled state of light and material excitation can be
very useful. It expresses the optical near field as the dressed photon, i.e., the photon carrying the material
excitation. As a result, the interaction between the nanometric materials can be simply described by emission,
absorption, and scattering of dressed photons in a physically intuitive manner.

The magnitude of the effective interaction energy by dressed photon exchange is estimated by
including the effect of the macroscopic system via renormalization. As a result, it is expressed as a screened
potential (Yukawa function), and the range of interaction is determined by the material size.

3. Nanophotonic devices and their applications

Energy transfer to an electric dipole-forbidden state is a novel phenomenon that allows for qualitative
innovation in device operations [3]. Because the range of the optical near-field interaction is equivalent to the
material size and is much shorter than the optical wavelength, the long-wavelength approximation is not applied.
This means that the exciton generated in the electric dipole-allowed state of a semiconductor quantum dot (QD)
can be transferred to the resonant electric dipole-forbidden state of the adjacent QD by dressed photon exchange.
If the transferred exciton is quickly relaxed to a lower energy level, unidirectional energy transfer from one QD
to the other occurs. This has possible applications in device operation.

One example of a nanophotonic device based on this principle is the optical switch, or AND gate.
Three QDs of different sizes are used as the input-, output-, and control ports of the device. Dynamic operation
with a rise time of 25 ps has been confirmed using CuCl QDs embedded in a NaCl crystal at a temperature of 5
K [3]. The second example is a NOT gate, which is formed using two different-sized QDs [4]. Optical near-field
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energy transfer and light-induced linewidth broadening are used in the NOT gate. Its operation has also been
confirmed using CuCl QDs at 5 K.

For room temperature operation, three-layered and two-layered InAs QDs have been grown as AND
and NOT gates, respectively, by size- and site-controlled molecular beam epitaxy [4]. The sides of the layers
were removed using nonadiabatic nanophotonic lithography, to form two-dimensional arrays of these devices
[5]. Device operation has been confirmed at 280 K.

By modifying these device operations, NOR-, OR-, and NAND gates have been formed. This allows
for a complete set of logic gates to be realized. The fan-out is given by the ratio between the carrier lifetime of
the QD for free photon emission and the time-constant of the optical near-field energy transfer. It has been
estimated as 5 and 10 for the AND gates using InAs and CuCl QDs, respectively.

To connect the nanophotonic devices to conventional macroscopic photonic devices, an optical
nano-fountain device was proposed that could transform the propagating light to the optical near field with high
efficiency [6]. By the optical near-field energy transfer and subsequent relaxation from a smaller to a larger QD,
the optical energy of the incident propagating light was concentrated on the largest QD with an optical spot size
smaller than 10 nm. This was achieved using CuCl QDs at 5 K. Room temperature operation was achieved by
InAs QDs [7].

Nanophotonic devices have unique features in their operation: (1) Low heat generation; because the
heat is generated only through relaxation from the upper to lower quantized energy levels of the QD excitons,
the magnitude of the generated heat is estimated to be 10 that of conventional electronic transistor devices.
This suggests that the devices may be integrated extremely closely without increasing their temperature. (2)
Single photon operation [8]; due to the intrinsic photon-blocking feature in the optical near-field energy transfer,
99.3 % plausibility of single photon emission has been confirmed by a photon-correlation experiment with
99.98 % accuracy. This suggests that extremely low-power devices will be possible. (3) Difficulty of
non-invasive attack [9]; because the energy is dissipated only through the non-radiative relaxation, as was
described in (1), non-invasive attack is extremely difficult compared to that in conventional wired electronic
devices. This suggests novel information security system applications.

Because of these unique features, nanophotonic devices could allow us to develop novel display
systems, optical information processing, energy conversion, and input/output interfaces. Some of these
technologies have already been developed in collaboration with industry. For application to a highly integrated
and low-power optical router system, content-addressable memory operation has been demonstrated (Fig. 1).
For a global sum system, an optical nano-fountain has been used for three-bit digital-to-analog conversion [10].
For a broadcast system, three nanophotonic switches have been used to distribute an optical signal to three
output channels [11].

4. Summary

The advantages of nanophotonic devices over conventional photonic devices are their low power consumption,
small size, correlation functions, and high tamper resistance. Coupling the dressed photons with various
elementary excitations, such as magnons, in a nanometric space will allow electron spin properties to be used in
further novel device operations.
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Phonon-assisted visible light photocatalyst using ZnO nanorods
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Since conventional photocatalyst material of TiO; is
activated only under UV light irradiation, the effective
utilization of visible light has been one of the most important
objectives. Here we report visible light photocatalyst reaction ;"’k":’*‘
using phonon-assisted optical near-field process. Schematic . (A
of this process is shown in Fig. 1. To excite the carriers using e . / a
propagating light, the higher photon energy than band gap (B
energy is required (3.3 eV for ZnQ). While, the usage of the
optical near-field allows us to excite the dipole forbidden
phonon state, which is called as a non-adiabatic process [1].
To realize high efficiency of the non-adiabatic excitation
process, we introduced ZnO nanorods grown by MOVPE, which were used for semiconductor
electrodes (Fig. 2). Optical near-ficld generated around the material depends on the size of
material. The diameter of the ZnO nanorods is controlled by the growth temperature in
MOVPE process. We prepared two samples of ZnO nanorod with the diameters D of 100 nm
(sample 1) and 10nm (sample 2). Using these electrodes, water splitting reaction was
performed. Current was measured under-laser .
irradiation. The potential of the electrodes was
maintained at open circuit potential under a
non-irradiated condition by potentiostaticaily.
We used bulk single crystal ZnO substrate with
a flat surface as reference. Figs. 3 (a) and (b)
show the dependence of current on power of

rd

& phonon slate

Fig. |1 Phonon-assisted
non-adiabatic  excitation
process.

UV (3.8 eV) and visible (2.6 eV) laser, Fig. 2 SEM images of (a) Sample 1 (D =
respectively. Under UV laser irradiation, ) 100nm} and (b) Sample 2 (D= 10 nm).
all samples had similar dependence. (2) T aA— Mg SR
While, under visible light irradiation, ol cwte 1 * A Sewpte s
more than four times higher current was 3 ®iwole 2, UO Gte Smale 7 |
measured using sample 2 than others.  _ I s e | wod
This result indicated that the efficient & A 5 ¢
non-adiabatic excitation process due to 3 H | 0% . -
phonon-assisted optical near field was ,’ - "
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Fig. 3 Dependence of current on incident light
References power of (a) UV and (b) visible lasers.
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Abstract — Systems of optically coupled quantum
structures should be applicable to quantum information
processing. Additional functional devices, i.e., nanophotonic
devices can be realized by controlling the exciton excitation
in quantum structures. This paper reviews the recent
achievements with nanophotonic devices based on ZnO.

Keywords — nanophotonics, ZnO, dipole-forbidden ener gy
transfer.

|. INTRODUCTION

Innovations in optical technology are required for future
information processing systems. For the integration of
photonic devices, it is particularly important to reduce
both their size and heat generation. To reduce the size of
photonic devices below the diffraction limit, we have
proposed nanophotonic devices that consist of
semiconductor quantum cubes [1-2], quantum dots (QD)
[3,4], and quantum wells [6,7]. ZnO is a promising
material  for room temperature operation of a
nanophotonic device, because of its large exciton binding
energy [7-9] and recent achievements in the fabrication
of nanorod heterostructures [10,11]. Here, we used
chemically synthesized ZnO QD to realize a highly
integrated nanophotonic device. We chose QD because
they have a higher degree of arrangement freedom than
the one-dimensional nanorod system. We observed the
energy transfer from smaler ZnO QD to larger QD
whose with mutually resonant energy levels. The energy
transfer time and energy transfer ratio between the two
QD were also calculated from the experimental results.
We considered pairs of small (QDS) and large (QDL)
QD fixed at a distance closer than the dot diameter (see
Fig. 1). Unidirectional energy flow was expected through
this structure due to the optical near-field energy transfer
and subsequent dissipation. The ground exciton energy
level in the QDS (ESL) and the first excited level in the
QDL (EL2) resonated with each other [1]. The input
signal exciton in the QDS coupled with the QDL and
excited an exciton in EL2, which relaxed to the ground
state of the QDL (EL1). This dissipation prevented
reflection of the exciton energy to the QDS. The level
EL2 was a dipole-forbidden state, which could only be
excited through energy transfer from adjacent QDS.
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Fig. 1. Schematic of the energy diagram between the QDS
and the QDL.

I1. ZNO DOT SYNTHESIS USING THE SOL-GEL METHOD

ZnO QD were prepared using the sol-gel method
[12,13].
(i) A sample of 1.10g (5 mmol) of Zn(Ac),*2H,0
was dissolved in 50 mL of boiling ethanol at
atmospheric pressure, and the solution was then
immediately cooled to 0 °C. A sample of 0.29g (7
mmol) of LiOH*H20 was dissolved in 50mL of
ethanol at room temperature in an ultrasonic bath and
cooled to 0 oC. The hydroxide-containing solution was
then added dropwise to the Zn(Ac), suspension with
vigorous stirring at 0 °C. The reaction mixture became
transparent after approximately 0.1 g of LiOH had
been added. The ZnO sol was stored at 0 °C to prevent
particle growth.
(ii) A mixed solution of hexane and heptane, with a
volume ratio of 3:2, was used to remove the reaction
products (LiAc and H,0) from the ZnO sol.
(iii) To initiate the particle growth, the ZnO solution
was warmed to room temperature. The mean diameter
of ZnO QD was determined from the growth time, T.
Figure 2(a) shows a transmission electron microscopy
(TEM) image of synthesized ZnO dots after the second
step. Dark areas inside the white dashed circles
correspond to the ZnO QD. This image suggested that
mono-dispersed single crystalline particles were obtained.

To check the optical properties and diameters of our
ZnO QD, we measured the photoluminescence (PL)
spectra using He-Cd laser (A = 325 nm) excitation at 5 K.
We compared the PL spectra of ZnO QD with Ty =0 and
Ty = 42 h (solid and dashed curves in Fig. 2(b),
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Fig. 2. (a) TEM image of the ZnO QD. The dark areas
inside the white dashed circles correspond to the ZnO
QD. (b) The PL spectra observed at 5 K. The solid and
dashed curves indicate growth time Ty = 0 and 42 h,
respectively. (c) The growth time dependence of the
mean ZnO QD diameter.

respectively). A red-shifted PL spectrum was obtained,
indicating an increase in the QD diameter. Figure 2(c)
shows the growth time dependence of the QD diameter.
This was determined from the effective mass model, with
peak energy in the PL spectra, E;"'*= 3.35 eV, m, = 0.28,
m, = 1.8, and £ = 3.7 [14]. This result indicated that the
diameter growth rate at room temperature was 1.1
nm/day.

Il. RESULTS AND DISCUSSION

Assuming that the diameters, D, of the QDS and the
QDL were 3.0 and 4.5 nm, respectively, Eg; in the QDS

[2-2]

and E, , in the QDL resonated (Fig. 3(a)) [1]. An ethanol
solution of QDS and QDL was dropped onto a sapphire
substrate. The mean surface-to-surface separation of the
QD was approximately 3 nm.

The spectra Sand L in Fig. 3(b) correspond to the QDS
and the QDL, with spectral peaks of 3.60 and 3.44 eV,
respectively. The curve A in Fig. 3(b) shows the spectrum
from the QDS and QDL mixture with R =1, where R is
the ratio (number of QDS)/(number of QDL). The
spectral peak of 3.60 eV, which corresponded to the PL
from the QDS, was absent from this curve. This peak was
thought to have disappeared due to energy transfer from
the QDS to the QDL, because the first excited state of the
QDL resonated with the ground state of the QDS. Our
hypothesis was supported by the observation that when R
was increase by eightfold, the spectral peak from the
QDS reappeared (see spectrum Cin Fig. 3(b)).

To confirm this energy transfer from the QDS to the
QDL at 5 K, we evaluated dynamic effects using time-
resolved spectroscopy with the time-correlated single
photon counting method. The light source used was the
third harmonic of a mode-locked Ti:sapphire laser
(photon energy 4.05 eV, frequency 80 MHz, and pulse
duration 2 ps). We compared the signals from mixed
samples with ratios R = 2, 1, and 0.5. The curves Tu
(R=2), Tz (R=1), and T¢ (R=0.5) in Fig. 4 show the
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Fig. 3. (8) Schematic of the energy diagram between
a QDS and QDL. (b) The PL spectra observed at 5
K. The levels S and L indicate QDS and QDL,
respectively. The labels A, B, and C indicate mixes
with R- ratios of 1, 4, and 8, respectively.
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respective time-resolved PL intensities from the ground
state of the QDS (Eg) at 3.60 €V. We investigated the
exciton dynamics quantitatively by fitting multiple
exponentia decay curve functions [15,16]:

TRPL= A exp(~t/z,)+ A exp(~t/z,) D

We obtained average 7;- and z-values of 144 ps and
443 ps, respectively (see Table 1). Given the
disappearance of the spectral peak at 3.60 eV in the PL
spectra, it is likely that these values corresponded to the
energy transfer time from the QDS to the QDL and the
radiative decay time from the QDS, respectively. This
hypothesis was supported by the observation that the
average value of 7; (144 ps) was comparable with the
observed energy transfer time in CuCl quantum cubes
(130 ps) [1], ZnO quantum well structures (130 ps) [4],
and CdSe QD (135 ps) [3].

We also investigated the value of coefficient ratio A)/A,
(see Table 1); this ratio was inversely proportional to R,
hence proportiona to the number of QDL. This result
indicated that an excess QDL caused energy transfer
from QDS to QDL, instead of direct emission from the
QDS.
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Fig. 4. Timeresolved PL spectra observed at 5 K.

The values of Rwere 2, 1, and 0.5 for curves Ta, Tg,
and T, respectively.

[2-2]

Table 1. Dependence of the time constants (7, and
7,) on R as derived from the two exponential fits of
the time-resolved PL signals and the coefficient ratio
AJA,.

R=QDS/QDL 1, [ps] T, [ps] AJA,

2 133 490 12.4

1 140 430 13.7

0.5 160 410 14.4
Average 144 443

V. CONCLUSION

We observed the dynamic properties of exciton energy
transfer and dissipation between ZnO QD via an optical
near-field interaction, using time-resolved
photoluminescence  spectroscopy. Furthermore, we
successfully increased the energy transfer ratio between
the resonant energy state, instead of the radiative decay
from the QD. Chemically synthesized nanocrystals, both
semiconductor QD and metallic nanocrystals [17], are
promising nanophotonic device candidates, because they
have uniform sizes, controlled shapes, defined chemical
compositions, and tunable surface  chemical
functiondities.
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ABSTRACT

Nanophotonics, a novel optical technology, utilizes the local interaction between nanometric particles via optical near
fields. The optical near fields are the elementary surface excitations on nanometric particles. Of the variety of qualitative
innovations in optical technology realized by nanophotonics, this talk focuses on fabrication. A realization of an ultra-flat
silica surface with angstrom-scale average roughness using noadiabatic optical near-field etching and repairing are
demonstrated and its origin is discussed.

Keywords: Optical near-field, Dressed photon, Nonadiabatic photochemical reaction, Self assembly, Near-field
desorption, Ultra-flat surface, Repairing

1. INTRODUCTION

An ultra-flat surface substrate of sub-nm scale roughness is required for various applications including the manufacture
of high quality, extreme UV optical components, high-power lasers, ultra-short pulse lasers, plus future photonic devices
at the sub-100 nm scale; it is estimated that the required surface roughness, R,, will be less than 1 A [1]. This R, value is
an arithmetic average of the absolute values of the surface height deviations measured from the best-fitting plane, and is
given by

R, =1 [l F (s

, (1)
z%Z|f<xi>|

where the |[f{x;)| are absolute values measured from the best-fitting plane and / is the evaluation length. Physically, dx
corresponds to the spatial resolution in the measurement of f(x) and # is the number of pixels in the measurement; n=1I/dx.
Conventionally, chemical-mechanical polishing (CMP) has been used to flatten the surface [2]. However, CMP has
difficulties reducing R, to less than 2 A because the polishing pad roughness is as large as 10 pm 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.

Our interest in applying an optical near field to nanostructure fabrication was generated because of its high resolution
capability, beyond the diffraction limit, and its novel photochemical reaction, which is classified as nonadiabatic due to
its energy transfer via a virtual exciton-phonon-polariton [3,4]. In this chemical vapor deposition, photo-dissociation of
the molecules is driven by the light source at a lower photon energy than the molecular absorption band edge energy by a
multiple step excitation via vibrational energy levels [5,6]. Following this process, we proposed a novel method of
polishing using nonadiabatic optical near-field etching [7].

Furthermore, because localized optical near-fields are generated preferably on a surface with nanoscale curvature, they
can be induced on fine scratches, contributing to repair them. In addition, the repairing process stops automatically after
the scratches disappear. Such selective self-assembling optical near-field interactions previously have been used for
depositing nanoparticles [8], photo-chemical vapor deposition [9], sputtering [10], and photochemical etching [7]. Here,
we employ this novel technique to repair the scratches on polycrystalline Al,O; ceramics [11].
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2. REALIZATION OF AN ULTRA-FLAT SILICA SURFACE USING NONADIABATIC
OPTICAL NEAR-FIELD ETCHING

2.1 Nonadiabatic optical near-field etching

A continuum wave laser (A= 532 nm) was used to dissociate the Cl, gas through a nonadiabatic photochemical
reaction.This photon energy is lower than the absorption band edge energy of Cl, (A = 400 nm) [12], so that the
conventional Cl, adiabatic photochemical reaction is avoided. However, because the substrate has nanometer scale
surface roughness, the generation of a strong optical near-field on the surface is expected from the simple illumination
with no focusing being required (Fig. 1(a)). Since a virtual exciton-phonon-polariton can be excited on this roughness, a
higher molecular vibrational state can be excited than on the flat part of the surface, where there are no virtual exciton-
phonon-polariton. Cl, is therefore selectively photo-dissociated wherever the optical near-field is generated (Fig. 1(b)).
These dissociated Cl, molecules then etch away the surface roughness; the etching process automatically stops when the
surface becomes flat (Fig. 1(c)).

A =532nm
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Figure 1. Schematic of the near-field etching. C1*: Activated CI.

2.2 Experiment

We used 30-mm-diameter planar synthetic silica substrates built by vapor-phase axial deposition with an OH group
concentration of less than 1 ppm [13]. The substrates were preliminarily polished by CMP prior to the nonadiabatic
optical near-field etching. We performed the nonadiabatic optical near-field etching at a Cl, pressure of 100 Pa at a room
temperature with a continuum wave laser (A= 532 nm) having a uniform power density of 0.28W/cm” over the substrate
(see Fig. 2(a)). Surface roughness was evaluated using an atomic force microscope (AFM). Since the scanning area of
the AFM was much smaller than the substrate, we measured the surface roughness R, in nine representative areas, each
10 p mx10 p m, separated by 100 p m (see Fig. 2(b)). The scanned area was 256x256 pixels with a spatial resolution of

40 nm. The average value R, of the nine R,’s, obtained before the nonadiabatic optical near-field etching, and evaluated

through the AFM images, was 2.36+0.02 A. We cleaned the substrate ultrasonically using deionized water and
methanol before and after the nonadiabatic optical near-field etching.

2.3 Results and Discussion

Figures 3(a) and 3(b) show typical AFM images of the scanned 10 p mx10 p m silica substrate area before and after
nonadiabatic optical near-field etching, respectively. Note that the surface roughness was drastically decreased, as
supported by the cross-sectional profiles in Figs. 3(a) and 3(b) (see Fig. 3(c)). We found a dramatic decrease in the value
of the peak-to-valley from 1.2 nm (curve B) to 0.5 nm (curve A). Furthermore, note that the scratch seen in AFM image
before nonadiabatic optical near-field etching disappeared. This indicates that rougher areas of the substrate had a higher
etching rate, possibly because of greater intensity of the optical near-field, leading to a uniformly flat surface over a wide
area.

Proc. of SPIE Vol. 7586 75860D-2
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Figure 2. Schematic of (a) the experimental set-up and (b) the AFM measurement.

Position (um)
Figure 3 Typical AFM images of the silica substrate (a) before and (b) after nonadiabatic optical near-field etching. (c)
Cross-sectional profiles in (a) and (b). Curve A and B correspond to the profile after and before etching, respectively.

Figure 4(a) shows the etching time dependence of R_a We found that R_a decreases as the etching time increases. The
minimum in R_a was 1.37 A at an etching time of 120 minutes, while the minimum R, among the nine areas was 1.17 A.
Because the process is performed in a sealed chamber, the saturation in the decrease of R_a might originate from the

decrease in Cl, partial pressure during etching, A further decrease in R_a would be expected under constant Cl, pressure.

Proc. of SPIE Vol. 7586 75860D-3
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Figure 4 The etching time dependence of (a) the average R, (R_u) and (b) the standard deviation of R, (AR,).

Figure 4(b) shows the time dependence of the standard deviation of R, (AR,) among the nine areas, which was
obtained in one scanning area. Although we found a dramatic decrease in AR, after 60 minutes, the increase in AR, in the
early stages of nonadiabatic optical near-field etching might be caused by impurities, such as OH, in the substrate surface.

3. REPAIRING NANOSCALE SCRATCHED GROOVES USING OPTICAL NEAR-FIELD
ASSISTED SPUTTERING

3.1 Nonadiavatic optical near-field repairing

Figure 5 shows a schematic of our method. As a result of preliminary polish of the Al,O; ceramic, its surface contains
nanoscale scratched grooves. Because the edges of the grooves have larger surfaces areas than the flat surface, the
sputtered Al,O; particles have a higher deposition rate at the edge after migration on the surface [14, 15]. As shown in
Figure 1(a), it therefore is expected that Al,0; will be deposited preferentially at the edges of scratched grooves, which
will not help to repair the scratches. To avoid extra deposition on the edge of the grooves and to repair the scratches, we
used the near-field desorption [10]. Because the optical near-field (i.e., the dressed photon) can excite coherent phonons
in the nanoscale structure, a virtual exciton—phonon—polariton (EPP) is generated on the substrate. A multistep transition
via the EPP can accelerate the photochemical reaction although the photon energy is lower than the absorption band edge
energy of the material [3]. When the ceramic is irradiated, a highly localized optical near-field is generated at the edges
of scratches, causing the photodesorption of depositing Al,O3; nanoparticles. As shown in Fig. 5(b), if the light has a
lower energy than the absorption band edge of the nanoparticles, effective deposition will decrease at the edge, and
AlL,O3 will accumulate on the bottom of the groove [10]. This process automatically stops after the scratches disappear,
so that the optical near-field can no longer be generated.

We performed optical near-field assisted sputtering to repair the scratches on the surface of the translucent Al,O;
ceramic SAPPHAL® [16]. Planar surfaces of SAPPHAL® substrate were prepared by polishing using diamond abrasive
grains with a diameter of 0.5 um. The Al,O3 was deposited using radio-frequency (RF) magnetron sputtering (RF power:
300 W; frequency: 13 MHz). The total gas pressure was 7 x 10™" Pa, with a gas flow of 16 sccm Ar and 1.2 sccm O, [17].
We also used SAPPHAL® as the target material for sputtering. The CW second harmonic of a Nd:YAG laser with
wavelength of A = 473 nm was used as the light source for optical near-field generation. During the sputtering process,
the surface was irradiated with light with an optical power density of 2.7 W/cm®. As stated previously, the photon energy
of this laser was lower than the absorption band edge energy of ALL,O; (A =250 nm) [18]. The light was introduced to the
ceramic surface through a multimode optical fiber.

Proc. of SPIE Vol. 7586 75860D-4
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Figure 5 Schematics of deposition on the scratched substrate surface (a) without and (b) with irradiation during the sputtering. D
is the depth and W is the width of the scratched groove.

After 30 min of sputtering, the thickness of the deposited Al,O; layer was about 100 nm. We observed the surface of the
substrates using AFM.

3.2 Result and discussion

Figures 6(a)-6(c) show typical AFM images of SAPPHAL® surfaces before sputtering, after sputtering without
irradiation, and after sputtering with irradiation, respectively. Figures 6(d)-6(f) show the cross-sectional profiles of
typical scratches along the white dashed lines in Figs. 6(a)-6(c), respectively. The depth of the scratched grooves in Fig.
6(e) is 4.4 nm, which is deeper than that in Fig. 6(d) (4.0 nm). This was caused by the extra deposition at the edges of the
scratch due to the low surface potential, as described in Fig. 5(a). In contrast, Fig. 6(f) shows that the depth decreased to
1.8 nm without extra deposition at the edges of scratches after sputtering with irradiation. For more quantitative
evaluation, we calculated the surface roughness Ra. The R, values over the AFM images of Figs. 6(a)-(c) were Ra, = 1.3
nm, Rag = 1.1 nm, and Rac = 0.49 nm, respectively. These results indicated that the repair of scratched grooves by
optical near-field desorption at the edge of the scratches resulted in a drastic decrease in the surface roughness.

To selectively evaluate the profiles of the scratched grooves, we used the Hough transform [19]. After the AFM
image of Fig. 7(a) was leveled by a least square method and binarized, the linear features of scratches were automatically
extracted using a Hough transform; see Fig. 7(b). Through this method we obtained the depth D and width W of the
detected scratches. Figures 7(c) and 7(d) show statistical analyses of D and W obtained from the images in Figs. 6(a)-

6(c), respectively. As shown in Fig. 7(c), the average values of D were D, =32 nm, Dy = 3.8 nm, and D, =0.79

nm, respectively, which confirmed that the depth of the scratches were drastically decreased using the near-field assisted
sputtering. Figure 7(d) shows that the width of the scratches after the sputtering without irradiation () was increased

Proc. of SPIE Vol. 7586 75860D-5
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Figure 6 AFM images of substrates (a) before sputtering (substrate A), (b) after sputtering without irradiation (substrate B), and
(c) after sputtering with irradiation (substrate C). (d), (e), and (f) Cross-sectional profiles along the white dashed lines in (a), (b),
and (c), respectively.

beyond the original value W,, which also supports our deposition model; see Fig. 5(a). In addition, the width W also
increased in comparison to W, supporting the model of Fig. 5(b). Further decreases in the width could be achieved by
optimizing laser and sputtering conditions.

4. CONCLUSIONS

We propose a new polishing method that uses near-field etching based on a non-adiabatic process, with which we
obtained ultra-flat silica surface that had a minimum roughness of 1.37 A. We believe our technique is applicable to a
variety of substrates, including amorphous and crystal substrate. Since this technique is a non-contact method without a
polishing pad, it can be applied not only to flat substrates but also to three-dimensional substrates that have convex or
concave surfaces, such as micro-lenses and the inner wall surface of cylinders.

Furthermore, we proposed an optical near-field assisted sputtering method for repairing the scratched grooves on a
translucent polycrystalline Al,O; ceramic surface. We confirmed that the depth of the grooves was decreased by RF
sputtering of Al,O; with laser irradiation at a wavelength of A = 473 nm. We found a drastic decrease in surface
roughness and obtained an average depth of 0.79 nm. Furthermore, we analyzed the surface profile using a Hough
transform. This approach clearly revealed the effects of the optical near-field assisted sputtering, which selectively
repaired the scratched grooves.

We believe our techniques are applicable to a variety of substrates, including amorphous, ceramic, and crystal
substrate. Furthermore, these methods are compatible with mass production.

Proc. of SPIE Vol. 7586 75860D-6
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Figure 7 (a) An AFM image is leveled by a least square method. (b) Schematic of the Hough transform. Straight lines of the

scratches are detected using the Hough transform of (a). (c) Histograms of depths, D,. (d) widths (#,) of scratches on alumina
ceramics substrates; A (before sputtering), B (after sputtering without irradiation), and C (after sputtering with irradiation).
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Nanophotonics: Application to nonadiabatic fabrication
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The author reviews the recent progress of his studies on nanophotonics, which utilizes the
optical near-field[1,2]. The key to utilizing optical near-fields is to realize novel nanometric
device operation, fabrication, and energy conversion, etc., by the control of an intrinsic
interaction between nanometer-sized materials via optical near-fields. The nature of optical
near-fields was studied by regarding the optical near-field as an electromagnetic field that
mediates the interaction between nanometric materials. As a result, the physically intuitive
concept of a dressed photon was established to describe optical near-fields, ie., the
interaction between nanometric materials is mediated by exchanging dressed photons[34].

Since nanophotonic devices have been demonstrated in the previous AP-NFO6[5],
this presentation focuses on nanophotonic fabrications based on nonadiabatic processes
triggered by optical-near-field interactions. These processes represent gualitative innovation in
photochemical vapor deposition and photolithography, suggesting that large, expensive
ultraviolet light sources are no longer required, although they are indispensable for
conventional adiabatic photochemical vapor deposition, photolithography, and photochemical
etching. It also suggests that nonadiabatic photochemical vapor deposition can even dissociate
optically inactive molecules (i.e., inactive to the propagating light), which is advantageous for
environment protection because most optically inactive molecules are chemically stable and
harmless. For example, optically inactive Zn(acac); molecules have been dissociated to deposit
nanometric Zn particles[6]. In addition, in the case of nonadiabatic photolithography, an
optically inactive resist film for electron-beam lithography has been used to fabricate fine
patterns [7]. A prototype of the commercial lithography system has been produced in
collaboration with industry[8], and has been used for fabricating a diffraction grating[9] and a
Fresnel’s zone plate[10] for the soft X-ray. Furthermore, in nonadiabatic photochemical
etching has realized an ultra-flat glass surface with the roughness as low as 1.3 Angstrom
without using any photomasks[11].
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Optical near-field interactions exhibit a hierarchical response, which is one of the most unique
attributes of light-matter interactions occurring locally on the nanometer scale [1.2]. It allows
hierarchical nano-optical systems that break through the integration restrictions posed by the
diffraction limit of conventional propagating light and offers multiple hierarchical functionalities at
different physical scales in the sub-wavelength regime. Besides physical insights and technological
methodologies [2]. it is important, in developing practical systems, to grasp the fundamental
properties from the viewpoint of information and communication [3]. Here we demonstrate an
information theoretic approach to nano-optical systems so that the information capacity of the sysiem
is quantitatively analyzed which leads to the design of optimal nano-optical systems.

In the analysis, assuming a hierarchical system that exhibit a two-layer response (the first layer
and the second layer) based on an array of four oscillating electrical dipoles as shown in Fig. 1(a). we
first assess the electromagnetic and logical aspects of the hierarchy in optical near-fields via angular-
spectrum analysis [1]. We then formulate the mutual information at each level of the hierarchy that
quantitatively reveals the capability as an information system. Here, we assume two types of
environmental disturbances: one is what we call the near-field disturbance that locally disturbs the
polarizations of each of the dipoles. The other is the far-field disturbance that selectively couples to
the system taking account for the optical selection rules.

Figure 1(b) summarizes the layer- and disturbance-dependent mutual information as a function of
the error probability affecting the system. The mutual information for the first layer (dashed curves A
and C) is constant regardless of the error probability. In particular, the first layer mutual information
exhibits always 1 with the far-field disturbance. meaning that the first layer is completely robust to the
crrors. The second layer mutual information (curves B and D) increases as the crror probability
decreases. With the near-field disturbance, the second layer is superior to the first laver in terms of its
mutual mformation. Based on those analyses. we can derive the optimal design of hierarchical
systems and the optimal coding strategy that maximizes the information capacity of the hierarchical
sysiems.
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Figure 1: (a) System model of a hierarchical nano-optical system
(b) Analysis of the laver- and disturbance-dependent mutual information
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Nonadiabatic processes based on a dressed-photon description of an optical near field have
realized unique nanometer-scale fabrication methods, e.g.., CVD[1]. photolithography [2], surface
flattening[3], and frequency up-converting device[4] which is able to broaden the sensitive bandwidth
of photodetector. So far, the structure for generating the optical near field was fabricated by using
expensive and low-through put methods, e.g., EB-lithography[2] or by using recrystallization
technique[3] to realize above dressed photon technology. In this presentation, we report a unique
photodetector fabricated by nonadiabatic method with self-assembled manner.

Figure 1 shows the schematic structure of the fabricated photodetector. After ITO and ZnO
layers with respective thickness of 200 nm and 100 nm were deposited by the sputtering method on
the sapphire substrate. P3HT (poly(3-hexylthiophene)) layer of 50 nm in thickness was spin coated.
After thin Ag layer of a few nm was deposited to apply the bias voltage. additional Ag was deposited
under the conditions of the reverse bias voltage of 1.5 V and an irradiation of a laser light with power
of 70 mW and wavelength of 660 nm. Total thickness of Ag layer was 1 um. These deposition
conditions promote the structural formation of Ag-P3HT interface which is optimized to generate the
optical near field for the wavelength of irradiated laser light.

The conventional P3HT/ZnO photodetector fabricated without bias voltage and irradiation of
light has a photosensitivity for the wavelength shorter than 570 nm as shown in the inset in Fig.2.
However, the present photodetector had a significant photosensitivity for the red light in wavelength
region longer than 600 nm as shown in Fig.2. This is because the incident light passing through the
P3HT/ZnO hetero-structure generated the optical near field at the interface between P3HT and Ag
layers and the successively-induced nonadiabatic transition[4] in P3HT. The difference between the
peak of the sensitivity of 620 nm and the applied laser light of 660 nm at the sputtering is attributed to
the energy shift due to the bias voltage at the fabrication. 12 —
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Fig.1. Schematic structure of the fabricated Fig.2. Wavelength dependence of photo
photodetector. current.
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Recently, nonadiabatic optical near-field etching [1] has been proposed as a new method providing
an ultra-flat-surface substrate with sub-nm scale roughness. Compared with other etching methods,
there are many unclear problems, e.g., variation of surface structure in terms of time, the optimal
experiment condition for various materials. In order to understand the process of the etching and solve
such problems, the development of numerical simulation method for the etching is important. In this
study, our purpose is to propose a numerical model of nonadiabatic optical near-field etching with
FDTD method.

We divide the etching process to two stages. The first one is the gas decomposition stage where a
molecule in an etching gas is dissociated to generate radicals by the nonadiabatic optical process. The
second one is the surface etching stage by radicals where radicals attack surface atoms to remove
them by chemical reactions. For the former, the chance of the nonadiabatic optical process is
proportional to the time integral value of the production between the light intensity and its space
derivation [2]. The proportional constant is o.. We have developed a program based on the two-
dimensional finite-difference time-domain method.

Figure 1 is an example of the initial surface structure employed: the height is 100 nm, and the
width is 50 nm. The refractive index of the substrate was set to 1.5. We have evaluated the surface
roughness by RMS value in the width of 500 nm. In Fig.2, We show typical result of the time
dependence of RMS for various o.. We can find that the RMS is strongly depends on o and is unstable
to time in the range of o employed here.

This work was partially supported by NEDO under the program of Strategic Development on
Rationalization Technology using Energy.
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Fig.1 Initial structure Fig.2 The change of RMS in terms of time
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Frequency up-conversion of light is advantageous for infrared photodetectors or imaging sensors.
Conventional methods for frequency up-conversion, e.g.. second harmonic generation (SHG) and
phosphorescence, have some problems, e.g., requiring a high-power and coherent incident light for
high efficiency and saturation of the emitted light intensity, respectively. The nonadiabatic response
and transition due to the optical near-field (ONF) excitation can avoid these problems. This
phenomenon has been observed as photochemical reactions[1], which have been theoretically
described by the dressed photon model. In this model, the ONF efficiently excites the optically
forbidden molecular vibrational state. Thus, even though the photon energy of the ONF is lower than
the energy of the optically allowed level, the electronic states of the molecule can be excited via a
multistep transition. It has been applied to nanometric fabrication, e.g., CVD [1,2], lithography [3].
and chemical polishing [4]. In this presentation, we report the application of this phenomenon to the
highly efficient frequency up-conversion of infrared light.

The grains of 4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran (DCM) dye
molecules were used for the visible light emission by the infrared ONF excitation. Figure 1 shows the
emission spectra by the excitation using infrared light (Aex = 805 nm). The emitted light intensity
increased with the infrared excitation intensity, in agreement with the theoretical results of the dressed
photon model, as shown in Fig.2. This dependence supports that the visible light emission originated
from the nonadiabatic transition process due to optical near-field features. The frequency up-
conversion efficiency was experimentally estimated to be higher than that of the SHG from a
potassium dihydrogen phosphate (KDP) crystal.
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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]. 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.

Figure 1(a) 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 [2]. First,
ZnO QDs 5 nm diameter in diameter were synthesized using the Sol-Gel method [3]. 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 A DNA (stretched length =
16 um) 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. 1(b)). 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. 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].

(@)

A-DNA

Fig. 1. Fabrication and evaluation of nanophotonic signal transmission device. (a) Schematic of ZnO
QD alignment along the A DNA. S: separation between QDs (b) TEM picture of the aligned ZnO QDs.
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This presentation reviews the principles and practices of the novel optical technology of
nanophotonics, which utilizes the optical near-field, i.e., the nanometer-sized light that is localized on
the surface of a nanometric material[1,2]. The key to utilizing optical near-fields is to realize novel
nanometric device operation, fabrication, and energy conversion, etc., by the control of an intrinsic
interaction between nanometer-sized materials via optical near-fields. This has not been realized
using conventional optical science and technology. The nature of optical near-fields was studied by
regarding the optical near-field as an electromagnetic field that mediates the interaction between
nanometric materials. As a result, the physically intuitive concept of a dressed photon was
established to describe optical near-fields, i.e., the interaction between nanometric materials is
mediated by exchanging dressed photons|3,4].

Nanophotonics has produced some interesting new devices such as nanophotonic AND-
and NOT-gates, and an optical nanofountain. AND-gate operation has been demonstrated by CuCl
quantum dots (QDs)[5] and by ZnO nanorod with double quantum wells[6]. For room-temperature
operation of NOT-gate devices, we have used InAlAs, a promising candidate material. We fabricated
two layers of IngsAlysAs QDs using molecular beam epitaxy[7]. They were grown just above the
QDs in the lower layer, so that the lower and upper QDs were aligned vertically owing to the
residual lattice strain induced as a result of growing the lower QD. The temporal evolution of the
output signal was evaluated. The outstanding advantages of these nanophotonic devices are their low
power consumption and small size. We estimated that the power consumption was about five orders
of magnitude lower than that of a conventional electronic gate[8]. The optical nanofountain can be
used as a far-field to near-field optical signal conversion device to connect a conventional
diffraction-limited photonic device to a nanophotonic device[9].

Nonadiabatic processes triggered by optical-near-field interactions have been used as
representative examples of nanophotonic fabrication. These processes represent qualitative
innovation in photochemical vapor deposition and photolithography, suggesting that large, expensive
ultraviolet light sources are no longer required, although they are indispensable for conventional
adiabatic photochemical vapor deposition, photolithography, and photochemical etching. It also
suggests that nonadiabatic photochemical vapor deposition can even dissociate optically inactive
molecules (i.e., inactive to the propagating light), which is advantageous for environment protection
because most optically inactive molecules are chemically stable and harmless. For example, optically
inactive Zn(acac), molecules have been dissociated to deposit nanometric Zn particles[10]. In
addition, in the case of nonadiabatic photolithography, an optically inactive resist film for
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electron-beam lithography has been used to fabricate fine patterns [11]. Furthermore, in nonadiabatic
photochemical etching has realized an ultra-flat glass surface with the roughness as low as 1.3
Angstrom without using any photomasks|[12].

In conventional optical science and technology, light and matter are discussed separately,
and the flow of optical energy in a photonic system is considered unidirectional, from a light source
to a photodetector. By contrast, in nanophotonics, light and matter have to be regarded as being
coupled to each other and the energy flow between nanometric particles is bidirectional. This means
that nanophotonics should be regarded as a technology fusing optical fields and matter. The term
nanophotonics is occasionally used for photonic crystals, plasmonics, metamaterials, silicon
photonics, and quantum dot lasers using conventional propagating light, although they are not based
on optical near-field interactions. The development of nanophotonics requires far-reaching physical
insights into the local electromagnetic interaction in the nanometric subsystem composed of
electrons and photons.
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For future optical transmission systems with high data transmission rates and capacity, we
have proposed nanometer-scale photonic devices (i.e., nanophotonics devices) [1]. These
devices consist of nanometer-scale dots, and an optical near-field is used as the signal carrier.
Since the nanophotonics devices is composed of sub-100-nm scale dots and wires, and
their size and position must be controlled on a nanometer-scale to fabricate the device. To
realize this level of controllability, this talk reviews bottom-up method using optical near-field.
First, we demonstrate that optical near-field desorption can dramatically regulate the growth
of metallic nanoparticles during optical chemical vapor deposition. The trade-off between the
deposition and desorption due to the optical near-field light allowed the fabrication of a single
15-nm Zn dot [2], while regulating its size and position. For realization of mass-production of
nanometer-scale structures, the possibilities of applying such a near-field desorption to other
deposition technique such as sputtering, which does not use any fiber probes or photomasks,
will be discussed [3]. Finally, we performed a new polishing method that uses near-field
etching based on a non-adiabatic process [4], which does not use any polishing pad, with
which we obtained ultra-flat silica surface with angstrom-scale average roughness (see Fig. 1)

[5].
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Abstract. Exploiting the unique attributes of nanometer-scale optical
near-field interactions in a completely parallel manner is important for
innovative nanometric optical processing systems. In this paper, we pro-
pose the basic concepts necessary for parallel retrieval of light—-matter
interactions on the nanometer-scale instead of the conventional one-
dimensional scanning method. One is the macro-scale observation of
optical near-fields, and the other is the transcription of optical near-
fields. The former converts effects occurring locally on the nanometer
scale involving optical near-field interactions to propagating light radia-
tion, and the latter magnifies the distributions of optical near-fields from
the nanometer scale to the sub-micrometer one. Those techniques allow
us to observe optical far-field signals that originate from the effects oc-
curring at the nanometer scale. We numerically verified the concepts and
principles using electromagnetic simulations.

1 Introduction

Nanophotonics is a novel technology that utilizes the optical near-field, which is
the electromagnetic field that mediates the interactions between closely spaced
nanometric matter [TI2]. By exploiting optical near-field interactions, nanopho-
tonics has broken the integration density restrictions imposed on conventional
optical devices by the diffraction limit of light. This higher integration density
has enabled realization of quantitative innovations in photonic devices and op-
tical fabrication technologies [Bl4]. Moreover, gualitative innovations have been
accomplished by utilizing novel functions and phenomena made possible by op-
tical near-field interactions, which are otherwise unachievable with conventional
propagating light [56].

One of the most important technological vehicles that has contributed to the
study of nanophotonics so far is high-quality optical near-field probing tips, such

F. Peper ct al. (Eds.): IWNC 2009, PICT 2, pp. 2981307| 2010.
© Springer 2010
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as those based on optical fiber probes [7]. They have achieved high spatial resolu-
tion and high energy efficiency, up to 10% optical near-field generation efficiency
in some cases. For instance, near-field optical microscopes (NOMs) have been
widely applied for obtaining ultrahigh-resolution images [8]. However, methods
of characterizing optical near-fields using probing tips require one-dimensional
(1D) scanning processes, which severely limit the throughput in obtaining two-
dimensional (2D) information on the nanometer scale. Additionally, precision
technologies are indispensable in fabricating probe tips and also in controlling
their position during measurement; such technologies are large obstacles to de-
veloping more practical and easy characterization or utilization of optical near-
fields. Therefore, eliminating one-dimensional scanning processes, or in other
words, probe-free nanophotonics, is an important step toward further exploiting
the possibilities of light—-matter interactions on the nanometer scale.

In fact, we have successfully utilized optical near-field interactions without
any scanning processes in nano-optical fabrication: For instance, optical near-
field lithography, utilizing the near-field interactions between photomasks and
photoresists, has already been developed [9]. Furthermore, non-adiabatic pro-
cesses, meaning that optical near-field interactions activate conventionally light-
insensitive materials, are additional novelties that are available in fabricating
nano-structures by nanophotonics [I0]. Optical near-field etching is another ex-
ample of probe-free nanophotonics, where photochemical reactions are selec-
tively excited in regions where optical near-fields are generated; this approach
has been successfully demonstrated in flattening the rough surfaces of optical
elements [I1].

We consider that eliminating optical near-field probe tips is also important
for characterization of optical near-fields and information processing applica-
tions. In this paper, we discuss the concept of parallel processing in nanopho-
tonics, and we propose two techniques that allow parallel retrieval of optical
near-fields: macro-scale observation of optical near-field interactions, which in-
volves quadrupole—dipole transformation of charge distributions in engineered
nanostructures, and magnified transcription of optical near-fields based on the
photoinduced structural changes in metal complexes that exhibit photoinduced
phase transitions.

In related applications, we have proposed shape-engineering of metal nanos-
tructures so that optical near-field interactions between two nanostructures con-
trol the resultant far-field radiation [I2]. Here we can also find probe-free utiliza-
tion of optical near-field interactions. Although they are well matched with some
applications, such as optical security [12], they are not applicable to nanostruc-
tures in general. They still require well-controlled shape-engineering processes,
as well as precise alignment between planar nanostructures. In fact, another
motivation of this study is to overcome such stringent alignment issues that
are unavoidable in typical situations involving nanostructures. The concept of
transcription of optical near-fields proposed in this paper would solve such prob-
lems by inducing unique processes enabled by the materials themselves—metal
complexes in the particular demonstrations described below.
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2 Nanometric Optical Processing Based on
Nanophotonics

Nanometric optical processing systems, whose features include high integra-
tion density, low-energy operation, and innovative functions, are practical em-
bodiments of such qualitative innovations offered by nanophotonics. Several
fundamental proposals have been developed for their implementation, such as
nanophotonic devices [I3[T4IT5] and interconnect technologies [16]. However, re-
garding the interfaces between those nanometric systems and their associated
surrounding systems, existing concepts that apply to conventional optical sys-
tems are not applicable since the physical basis is completely different between
conventional propagating light and optical near-fields. Appropriate interfacing
concepts and techniques that are well matched with the features of nanophoton-
ics are strongly demanded. Eliminating the conventional scanning processes is
also important to significantly improve the throughput in obtaining information
on the nanometer scale.

Figures 1(a) and (b) show schematic diagrams that conceptually illustrate
two kinds of representative nanometric processing systems. The system shown
in Fig. 1(a) is operated by the host processing system located in the center. All
of the processing nodes around the center are precisely controlled by the host
system. In the case of nanometric processing, however, such a centralized archi-
tecture is difficult to apply since it is technically difficult to precisely align the
nanometric components and to precisely and flexibly interconnect each compo-
nent. On the other hand, we propose the system schematically shown in Fig.
1(b) for the implementation of nanometric optical processing systems. The pro-
cessing components are connected in an autonomous manner, and the global
control signals do not specify the detailed operations of each component. The
local interactions between components in the system, involving optical near-field
interactions, bring about certain behavior in the system as a whole.

In order to realize the parallel processing system shown in Fig. 1(b), it is
necessary to retrieve the information located at the nanometer scale and expose
it at the sub-micrometer scale so that the outputs of the system are obtain-
able in the optical far-field. For this purpose, here we propose two fundamental
techniques: one is the macro-scale observation of optical near-field interactions,
and the other is the transcription of optical near-field interactions, as schemat-
ically shown in Fig. 1(c). These techniques eliminate one-dimensional scanning
processes; in other words, probe-free nanophotonics is accomplished.

3 Nanophotonic Matching Utilizing Macro-scale
Observation of Optical Near-Field Interactions

For the macro-scale observation of optical near-fields, here we demonstrate that
two nanostructures can be designed to exhibit far-field radiation only under the
condition that the shapes of the two structures are appropriately combined and
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Fig. 1. Basic concept of nanometric processing systems (a) based on existing process-
ing protocol and (b) utilizing nanophotonics. (c¢) Proposed fundamental processes of
spatially parallel data retrieval for the nanometric optical processing system.

closely stacked. This function of the two nanostructures can be regarded effec-
tively as a lock and a key, because only an appropriate combination of a lock and
a key yields an output signal, namely, far-field radiation [12]. Figure 2 shows a
schematic diagram of the nanophotonic matching system based on this function.

We design two nanostructural patterns, called Shape A and Shape B here-
after, to effectively induce a quadrupole—dipole transform via optical near-field
interactions. Shape A and Shape B are designed as rectangular units on the
zy-plane with constant intervals horizontally (along the z-axis) and vertically
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Fig. 2. Schematic diagram of nanophotonic matching system. The function is based
on a quadrupole—dipole transform via optical near-field interactions, and it is achieved
through shape-engineered nanostructures and their associated optical near-field inter-
actions.

(along the y-axis), respectively. When we irradiate Shape A with a-polarized
light, surface charges are concentrated at the horizontal edges of each of the
rectangular units. The relative phase difference of the oscillating charges be-
tween the horizontal edges is w, which is schematically represented by + and
— marks in Fig. 2. Now, note the y-component of the far-field radiation from
Shape A, which is associated with the charge distributions induced in the rect-
angle. We draw arrows from the + mark to the — mark along the y-axis. We
can 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 with regard to the y-component of the far-field ra-
diation. It should also be noted that near-field components exist in the vicinity
of the units in Shape A. With this fact in mind, we put the other metal nanos-
tructure, 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 be-
haves as a dipole. Also, Shape A and Shape B need to be closely located to
invoke this effect since the optical near-field interactions between Shape A and
Shape B are critical. In other words, a quadrupole—dipole transform is achieved
through shape-engineered nanostructures and their associated optical near-field
interactions.

In order to verify this mechanism of the quadrupole-dipole transform by
shape-engineered nanostructures, we numerically calculated the surface charge
distributions induced in the nanostructures and their associated far-field radia-
tion based on a finite-difference time-domain (FDTD) electromagnetic simulator
(Poynting for Optics, a product of Fujitsu, Japan). Figure 3(a) schematically
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represents the design of (i) Shape A only, (ii) Shape B only, and (iii) a stacked
structure of Shape A and Shape B, which consist of arrays of gold rectangular
units. The length of each of the rectangular units is 500 nm, and the width and
height are 100 nm. As the material, we assumed a Drude model of gold with
a refractive index of 0.16 and an extinction ratio of 3.8 at a wavelength of 688
nm [I7].

When irradiating these three structures with continuous-wave z-polarized in-
put light at a wavelength of 688 nm, Figs. 3(b), (¢) and (d) respectively show
the induced surface charge density distributions (simply called surface charge
hereafter) by calculating the divergence of the electric fields. For the Shape A
only structure (Fig. 3(b)), we can find a local maximum and local minimum of
the surface charges, denoted by + and — marks. When we draw arrows from
the + marks to the — marks between adjacent rectangular units, as shown in
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Fig. 3. (a) Specifications of the three types of nanostructures used in numerical evalu-
ation of the conversion efficiency based on the FDTD method: Shape A only, Shape B
only, and a stacked structure of Shapes A and B. (b,c) Surface charge density distri-
butions induced in (b) Shape A only and (c) Shape B only. (d) Surface charge density
distribution induced in Shape B only when it is stacked on top of Shape A. (e) Cal-
culated performance figures of the quadrupole—dipole transform, namely, polarization
conversion efficiency, with the three types of nanostructures. (f) Selective comparison
at a wavelength of 690 nm.
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Fig. 2, we can see that the arrows are always directed oppositely between the
adjacent ones, meaning that the Shape A only structure behaves as a quadrupole
for the y-components of the far-field radiation. For the Shape B only structure
(Fig. 3(c)), the 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 3(d) shows the surface charge distributions induced
in Shape B when it is stacked on top of Shape A. We can clearly see that the
charges are induced at the vertical edges of each of the rectangular units, and
they are aligned in the same direction. In other words, a dipole arrangement is
accomplished with respect to the y-component, leading to a drastic increase in
the far-field radiation.

Now, one of the performance figures of the quadrupole-dipole transform is
Iconv = Iy—our/Is—1n, where I,_in and I,_our represent the intensities of the
z-component of the incident light and the y-component of the radiated light,
respectively. We radiate a short optical pulse with a differential Gaussian form
whose width is 0.9 fs, corresponding to a bandwidth of around 200 to 1300 THz.
Figure 3(e) shows I.ony as a function of the input light wavelength, and Fig. 3(f)
compares I.on, specifically at 690 nm. I.on, appears strongly with the stacked
structure of Shapes A and B, whereas it exhibits a small value with Shape A
only and Shape B only. We can clearly observe the quadrupole—dipole transform
in the optical near-fields as the change of I.on, in the optical far-fields.

4 Transcription Based on Photoinduced Phase Transition

The second fundamental technique to realize our proposal is spatial magnifica-
tion of optical near-fields with a certain magnification factor so that the effects of
optical near-fields can be observed in optical far-fields. We call this transcription
of optical near-fields. It is schematically shown in Fig. 4.

In our proposal, it is necessary to spatially magnify the optical near-field from
the nanometer scale to the sub-micrometer scale in the resultant transcribed
pattern so that it becomes observable in the optical far-field. It turns out that
the magnification factor should be about 10-100. It has been reported that
some metal complexes exhibit photoinduced phase transitions with quantum
efficiencies (QEs) of more than ten, as schematically shown in the upper half of
Fig. 4. This suggests the possibility of transcription of optical near-fields with
a certain magnification factor using such materials. Once the spatial pattern is
detectable in the far-field, various concepts and technologies common in parallel
optical processing will be applicable.

A photoinduced phase transition has been observed in several cyano-bridged
metal complexes [I8]. They exhibit bistable electronic states at room tempera-
ture. The energy barrier between these bistable states maintains a photoinduced
state even after irradiation is terminated. Also, the state can easily be reset via
either optical irradiation or temperature control. Moreover, typical phase transi-
tions are excited in a cascaded manner, meaning that they exhibit high quantum
efficiencies. This transition between the high-temperature (HT) phase and the
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Fig. 4. Fundamental process of optical parallel data retrieval based on the transcription
of optical near-fields. In our proposal, it is necessary to spatially magnify the optical
near-field from the nanometer scale to the sub-micrometer scale in the resultant tran-
scribed pattern so that it is observable in the optical far-field.

low-temperature (LT) phase is accompanied by a structural change from a cu-
bic to a tetragonal structure due to Jahn-Teller distortion, and their physical
properties are strongly changed by the transition. Rubidium manganese hexa-
cyanoferrate [I9] is a suitable material for the transcription medium.

To validate the transcription effect numerically, we simulated the difference
of the optical response between the LT- and HT-phase materials using FDTD
simulation. A nanometric fiber probe with a radius of 20 nm and an illumina-
tion light source with an operating wavelength of 635 nm were included in the
calculation model, as shown in Fig. 5(a). Figure 5(b) compares the electric field
intensities at the surfaces of the LT- and HT-phase materials.

200
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Fig. 5. (a) Schematic diagrams of calculation model for numerical validation of the
transcription. (b) Numerical results. The signal intensity in the near-field is obviously
increased by the irradiation.
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The power density at the surface of the HT-phase material was much stronger
than that of the LT-phase material, and the scale of the distribution was magni-
fied from 20 nm, comparable to the size of the fiber probe, to 500 nm, comparable
to the size of the transcribed area. From these results, we can confirm the fun-
damental principle of the magnified transcription of optical near-fields using a
cyano-bridged metal complex as a transcription medium.

5 Conclusions

In summary, we have proposed the concepts of macro-scale observation and tran-
scription of optical near-fields as fundamental techniques for nanometric optical
processing. We numerically demonstrated the principles with practical calcula-
tion models based on FDTD methods. These are key, fundamental techniques
for parallel retrieval in nanometric optical processing. We will further investigate
the principles and show experimental demonstrations for exploiting the unique
physical processes originating at the nanometer scale and making them available
as valuable system-level functions for implementation of nanometric processing
systems.
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ment of Chemistry, School of Science, the University of Tokyo, for their valuable
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Tutorial: Nanophotonics: Dressed Photon Technology for
Innovative Optical Devices, Fabrications and Systems
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¢ This tutorial reviews recent progress in nanophotonics, a novel
optical technology proposed in 1993 by the author. Nanophotonics
utilizes the local interaction between nanometric particles via optical
near fields. The optical near fields are the elementary surface excita-
tions on nanometric particles, that is, dressed photons that carry the
material excitation. The principles of device operation are reviewed
considering the excitation energy transfer via the optical near-field
interaction and subsequent relaxation. The operations of logic gates,
an optical nano-fountain, a nano-coupler, a pulse generator, a nona-
diabatic light emitter, etc. are described as well as their single photon
emission and extremely low power consumption capability.
Experimental results using quantum dos at the room temperature are
described. Using a systems-perspective approach, the principles of
content-addressable memory for optical router, a multilayer memory
retrieval system, etc. are demonstrated. Application to nonadiabatic
lithography, etching, etc. are also reviewed.
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Recent advances in nanophotonics and
sub-wavelength-precision fabrication technology allow the
design of optical devices and systems at densities beyond
those conventionally limited by the diffraction of light. Such
higher integration density, however, is only one of the
benefits of nanophotonics over conventional optics and
electronics. From a system architectural perspective,
nanophotonics drastically changes the fundamental design
rules of functional optical systems, and suitable architectures
may be built to exploit this. As a result, it also gives
qualitatively strong impacts on various systems including
information and communications applications [1]. In this talk,
two kinds of system architectures will be demonstrated that
exploit unique physical processes in light-matter interactions
in the nanometer-scale. One is based on optical excitation
transfer via optical near-field interactions [2], and the other is
based on their hierarchical properties [3].

Firstly, optical excitation transfer are briefly reviewed from
a signal transfer perspective and its enabling architectures will
be discussed, such as memory-based architecture in which
any functionality or computations are associated with table
lookup operations [2]. The fundamental processes, such as
summation and broadcast of signals, are demonstrated based
on geometry-controlled quantum dots and inter-dot
interactions via optical near-fields [4,5]. Also, we show that
such systems exhibit higher tamper resistance, or high
security, compared with conventional devices by analyzing
the physical scale associated with the required energy
dissipation [6].

978-1-4244-3830-3/09/$25.00 © 2009 IEEE

Secondly, we focus on the hierarchical properties in optical
near-field interactions. Optical near-fields behave differently
depending on the physical scales involved [1,3]. They have
been applied to various applications such as information and
communications  devices and systems [1,7] and
nano-fabrications [8]. Technological vehicles for such
architectures include shape-engineered nanostructures [7],
quantum nanostructures [9], and many others. Those
hierarchical architecture will be useful for solving
interconnection bottlenecks between nano-scale devices and
macro-scale systems [2], retrieving information from
high-capacity, high-density data storage [10], and
security-related applications such as traceability [7],
authentication [11], anticounterfeit [12].

Through those architectural and physical insights,
nanophotonic information and communications systems will
be demonstrated that overcome the integration-density limit
imposed by the diffraction of light as well as providing
unique functionalities which are only achievable using optical
near-field interactions.
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This paper reviews the activities of NEDO special course on nanophotonics, which has been founded
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The mission of this course is the On-the-Research-Training of the active engineers and scientists for pro-
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This arlicle reviews the novel technology named nanophotonics, which is an innovative technology utilizing the local
energy transfer between nanometric materials induced by optical near fields. As an introduction to other review articles
in this issue, history of this technology, theoretical picture of optical near fields, and examples of technical developments
are surveyed. Among a variety of applications, progresses in developing devices, fabrications, system applications, and
energy conversions are introduced. Recent status of research and development in US and EU, cooperation between

industry and academia, and future outlook are also described.

KEYWORDS : nanophotonics, optical near field, dressed photon, forbidden level, nonadiabatic process
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EU has appointed nanophotonics as a major optical
communication technology since 2008,

To be used as an innovative technology for
energy saving and environmental protection

Producing mater disks by
electron beam mastering(4.4.)

Highly integrated optical
node system(4.4.)

Energy conversion(4.3.)

To Interanational
standard

Nanophotonic devices (4.1.) |

Sub-nanometer flattening
of glasses(4.2.)

Optical near field assisted

magnetic storage(4.4.)

_

Optical near field
lithogprahy(4.2.)

Progress in

Technology for fabricating fiber probes

\ v technology
1000 times increase of the Fiber probe —Photomask
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Optical—optical and
1998 Discovery of

nonadiabatic process

Discovery of size- and position-

optical—electrical
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energy conversion
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optical near field
(in Japan, Germany,

Progress in science *

and US, independently)

Theory of optical near fields in combination
with quantl,zm_nnﬂqs and field theory
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Discovery of energy transfer to

I Proposal of nanophotonics I e!ecir'i_td_ip_q[g' forbidden states
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o L] Lk l !
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Fig. 1. (color online). Progress in science and technology realized by nanophotonics. Calendar year in the
lower part of this figure represents the year of paper publication. Number in parenthesis in the upper

part represents the section of this paper.
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