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PREFACE

This issue of the COLLECTED PAPERS ON NANOPHOTONICS
includes original papers, presentations in international conferences, review
papers, and books which were published by M. OHTSU in August 2003 —
July 2004. Nanophotonics has been proposed by M. Ohtsu in the year 1994.
Nanophotonics 1s defined as a novel technology that utilizes local
electromagnetic interactions between a few nanometric elements and an
optical near field. Since an optical near field is free from the diffraction of
light due to its size-dependent localization and size-dependent resonance
features, nanophotonics enables fabrication, operation, and integration of
nanometric devices (Fig.1). However, it should be noted that nanophotonics
is not only to realize nanometer-sized optical technology (quantitative
Innovation). It can realize “novel functions and phanomena, which are not

possible as long as propagating lights are used (qualitative innovation).

Producing this qualitative innovation is the significance of nanophotonics,
l.e., prominent advantages over conventional photonics. Due to the
qualitative innovation, nanophotonics is expected to realize novel devices
and systems to shift the paradigm of optical industry and market (Fig.2).

To establish nanophotonics, M. Ohtsu supervises several national
projects in collaboration with industries. They are:
(1) Localized photon project, ERATO®, JST (October 2003 — September
2008) . [It has been successfully finished. Review of its research work is
attached at the end of this preface.]
(2) Nanophotonics team, SORST®, JST®. (October 2003 — September 2008.
Participating companies and an institute: Fuji Photo Film, Ricoh, Toshiba,
Ushio, and NiCT@),
(3) Ohtsu-Saiki group of KAST®,
(4) Nanophotonic system consortium, sponsored by KAST®,
(October 2002-. Participating companies: Ricoh and Hoden Seimitsu
Kakokenkusho).
(5) Ultrahigh capacity optical storage project, Program for Upgrading the
Telecommunications Foundation, METI®. (FY2002-FY2006. Pariticipating
companies: Conica Minolta, Fujitsu, Hitachi, Hitachi Maxell, Pioneer, Ricoh,
Seiko Instruments, and Toshiba).
(6) Optical near field lithography project, Leading Project, MEXT®. (July



2004 — March 2007. Participating company: Canon).

(7) Ultra high-density optical nodes using nanophotonics, Top-Priority
Research and Development in Specific Fields, SCOPE®, sponsored by
Ministry of Public Management, Home  Affairs, Posts and
Telecommunications. (FY2003-2005. Participating institute: NiCT@)

(a) Exploratory Research for Advanced Technology.

(b) Solution Oriented Research for Science and Technology.

(c) Japan Science and Technology Agency.

(d) National Institute of Information and Communications Technology.
(e) Kanagawa Academy of Science and Technology.

(f) Ministry of Economy, Trade, and Industry.

(g) Ministry of Education, Culture, Sports, Science, and Technology.

(h) Scientific Information and Communications R&D Promotion Program.
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Fig.1 Concepts and structures of nanophotonic devices and their integration.



Paradigm shift of optical industry and market

A

Nanophotonic systems

Optical fiber communications

(Ultrahigh speed multiplex system, router system,LAN in digital equipments)
Optical information processing

(Photon computers)
Optical sensing

(Optical waveform analyzers)
Optical storage

(Optical buffer memory, HDD-type high-density storage systems)
Input/output interface

(Ultrahigh quality printing systems)
Display

(High brightness and high resolution display panels)

Nanophotonic devices

(Optical switch, logic gates, D/A converter, buffer memory, optical pulse generator, etc.)

Nanophotonic fabrications

(CVD, lithography, etching, etc. by optical near fields)

/Nanophotonics: \
Not only to realize nanometer-sized optical science and technology
(quantitative innovation).

It is essential to realize novel functions and phenomena, which are not
\possible by propagating lights (qualitative innovation). )

Fig.2 Possible paradigm shift by nanophotonics
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Fabrication of a Near-Field Optical Fiber Probe
Based on Electroless Nickel Plating under Ultrasonic Irradiation
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We present a method of fabricating a near-field optical probe with a nickel film whose thickness gradually decreases to a few

tens of nanometers toward the apex. This method involves etching an optical fiber and electroless nickel plating with
ultrasonic agitation. Using 1 MHz ceramic transducers, we have reproducibly fabricated the probe with a tip diameter of less

than 40 nm. This reproducibility is high compared to those for Langevin-type transducers.

[DOI: 10.1143/JJAP.43.2862]

KEYWORDS: electroless plating, metallization, ultrasonic wave, optical fiber, SNOM, NSOM, etching

Recently, a scanning near-field optical microscope
(SNOM)!? employing a tapered probe and shear-force
feedback technique, which provides simultaneous topo-
graphic and SNOM imaging, has been widely applied to
super-resolution imaging and local spectroscopy. To obtain
highly resolved SNOM images, the tapered probe should be
coated with a submicrometer-thick metal except for the apex
region. Further, the probe tip must have a small diameter of a
few tens of nanometers to perform high resolution shear-
force imaging. To develop a high resolution SNOM/shear-
force microscope, we recently proposed a novel metallized
fiber probe® with a tiny tip as shown in Fig. 1(a), where the
inset illustrates the magnified apex region of the probe. The
metal coating thickness gradually decreases to a few tens of
nanometers toward the apex. To realize such probes, we
have developed a method based on size-dependent electro-
less nickel plating under ultrasonic irradiation. Since the
plating activity is affected by the concentration of dissolved
oxygen (DO), the ultrasonic power density must be
controlled to keep the local DO concentration near the apex
region higher than those of the other regions of the probe. In
this paper, we present a novel method of probe fabrication
and discuss the reproducibilities for two different ultrasonic
generators which have ceramic transducers and Langevin-
type transducers.

This method consists of fiber etching, surface activation,
and electroless plating with ultrasonic agitation. First, a
GeO,-doped fiber with a core diameter of 2 um and an index
difference of 2% was consecutively etched by two buffered
HF solutions with volume ratios of 40%NH4F:50%HF:
H,O = 1.7:1:1 for 80 min and in 10:1:1 for 120 min at 25°C.
The obtained fiber probe has a conical tapered core
protruding from the flat clad end with a diameter of
25um. The cone angle is 6 = 20°, and the apex diameter
is less than 10nm. Next, the fiber probe was consecutively
immersed in 0.8 gdm—3-SnCl, solution for 3min and in
5 mg dm~3-PdCl, solution for 3 min. This activation process
was repeated twice. Figure 1(b) schematically shows the
plating unit for metallization of the probe. The plating bath
composition is summarized in Table I. Figure 1(c) shows an
ultrasonic generator (Honda Electronics, W357 HP) with
four ceramic transducers, which radiates directional 1 MHz

*E-mail address: mononobe @net.ksp.or.jp
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Fig. 1. (a) Schematic design of the near-field optical fiber probe having a
metal film whose thickness gradually decreases toward the apex. Here,
the body and portions with fiber diameters of more than the optical
wavelength size have fairly thick thicknesses in comparison to the skin
depth. 6 is the cone angle of the tapered fiber. The inset shows the
magnified apex region. ds and #; are defined as the fiber diameter and
radial thickness in the same cross-section, respectively. #, is the thickness
of metal covering the apex. (b) Schematic explanation of electroless
plating unit with an ultrasonic generator. Here, 7 = 220 mm. Top view
illustrations of (c) the 1 MHz ultrasonic generator, (d) sixteen probes in
the plating bath, and (e) 100 kHz ultrasonic generator.

Table I. Composition of the nickel plating bath.
NiSO4-6H,0 0.1 mol-dm—3
CH3COONH4 0.4 mol-dm—3
NaPH,0,-H,0 0.2mol-dm™3
pH 5.0
Temperature 60°C

2862
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Fig. 2. SEM images of the nickel-coated probes, fabricated by the plating
unit with 1 MHz ceramic transducers. The symbol sets represent the
horizontal and vertical positions of the probes at the plating, defined as in
Fig. 1(d).

ultrasonic waves. Due to the high directivity, the ultrasonic
energy is strongly confined within the region indicated by
the dotted rectangle. We plated a set of 16 tapered fibers for
15 min while applying an electric power of approximately
300W to the transducers with a total area of 126 mm X
110 mm. For this plating, we made the delay time between
the start of plating and the start of ultrasonic agitation around
five seconds. Figure 1(d) schematically shows the lateral
positions of the 16 probes in the plating bath. Here, the
positions are indicated by the closed circles, which are
denoted as ij (where i = A — D and j = 1 — 4). Figure 1(e)
shows another generator (Honda electronics, W-100-HF
MKII) with 100 kHz Langevin-type transducers.

Figure 2 shows a set of scanning electron micrographs
(SEM) of the 16 probes, where the dotted lines represent the
cross-sectional profiles of the tapered fibers. These nickel-
coated probes have a tip diameter of less than 40 nm. The
nickel thicknesses covering the apexes of the fiber were
estimated to be #, <20nm. To evaluate the decreasing
thickness profiles, we estimated the radial thickness #; for a
cross-sectional fiber diameter of d; = 200 nm. The average
and deviation of the 16 probes take comparable values of
130 nm and 72 nm, respectively. For probes B2, B3, C2, and
C3, we obtained a reduced deviation of 17 nm for an average
of 90 nm. This result indicates that the probe was fabricated
with high reproducibility by plating in the inner square with
an area of §mm x 8 mm. The thickness ratio 7/, depends
on the ultrasonic power density and is minimized at an
electric power of 225-300 W. The nickel thickness profile
can be controlled by varying the etching time for the electric
power.

Furthermore, we applied this method to another set of 16
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Fig. 3. SEM images of the 16 nickel-coated probes, plated at 55°C by the

unit with the 100kHz Langevin-type transducers. The symbol sets as in
Fig. 2.

tapered fibers by using the 100kHz ultrasonic generator
(Fig. 1(e)). This generator based on Langevin-type trans-
ducers supplies the ultrasonic energy to the whole water and
plating bath. Figure 3 shows the SEM images of the 16
obtained probes in the conditions of the maximum electric
power of 300 W and a bath temperature of 55°C. Although
probes A2 and B3 have an uncoated tapered portion and a
protruding tip from a nickel film, respectively, such tips
could not be reproducibly fabricated in the same positions.
The other 14 probes were entirely coated with fairly thick
nickel. We considered this low reproducibility attributable
the spatial and temporal variations of the ultrasonic power
density. Furthermore, several tapered fibers were plated
using a commercial ultrasonic cleaner with a 45kHz
Langevin-type transducer. The electric power and bath
temperature were 100 W and 55°C, respectively. Some of
the obtained probes were uncoated and entirely coated.
These results show that it is difficult to produce the
metallized probe with a tiny tip diameter by plating units
based on Langevin-type transducers. We consider that the
reproducibility of the plating process is mainly affected by
the spatial and temporal power density variations rather than
by the ultrasonic frequency.

In summary, we developed an electroless nickel plating
unit with 1MHz ceramic transducers and successfully
fabricated a metallized probe tip with a diameter of less
than 40 nm for SNOM/shear-force microscopy. In compar-
ison to Langevin-type transducers, it was found that ceramic
transducers with directional ultrasonic radiation are effective
for improving the reproducibility of this plating method.

1) Near-field Optics, eds. D. W. Pohl and D. Coujorn (Kluwer, Dordrecht,
1993) NATO ASI Series E, Vol. 242.

2) Near-field Nano/Atom Optics and Technology, ed. M. Ohtsu (Springer-
Verlag, Tokyo, 1998).

3) S. Mononobe, M. Ohtsu, T. Matsumoto and T. Saiki: U. S. Patent
5812724 (1998).
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We fabricated single-crystal ZnO nanowires at a low temperature of 500 °C without using any metal
catalysts via the simple thermal oxidation of metallic Zn precursors. Scanning electron microscopy
and high-resolution transmission electron microscdp§yRTEM) studies showed that the ZnO
nanowires with orientation-selectivity grew laterally along the sides of the hexagonal-shaped ZnO
matrix transformed from the metallic Zn precursors. It was found that the nanowires grew along the
(1120) direction and were single crystals by HRTEM study. Typically, the lengths of the ZnO
nanowires ranged from 0.5 tog8n and their mean diameter was26 nm. Photoluminescence and
cathodoluminescence measurements at room temperature showed a strong ultraviolet emission peak
with negligibly weak green emissions, confirming that the individual ZnO nanowire was of
excellent optical quality. Based on these results, we conclude that the simple thermal oxidation of
metal Zn precursors is a useful, feasible approach for fabricating high-quality one-dimensional ZnO
nanostructures for integration into nanophotonic integrated circuits20@ American Institute of
Physics. [DOI: 10.1063/1.1723696

ZnO, which has a wide band gap of 3.35 eV and a largelD ZnO nanostructures without a catalysis metal at the tip is
excitonic binding energy of~60 meV, is a promising mate- needed because such structures can be used as nanometric
rial for ultraviolet (UV) photonic devices. There have been waveguides to interconnect the components fabricated on a
many attempts to synthesize one-dimensioffeD) ZnO  substrate. We have established a deposition method of size-
nanostructures, using chemical vapor depositithermal  and position-controlled nanometric Zn and ZnO nanodots by
evaporatiorf, and catalysis-assisted vapor—liquid—solid the photodissociation of metalorganic precursors using an
(VLS) growth® Room temperaturéRT) UV lasing using 1D  optical near-field>*?

ZnO nanostructures and/or epitaxial film has recently been Here, we report the lateral growth of ZnO nanowires
reported®* However, most established fabrication methodswith orientation-selectivity using a simple method, which in-
require a high temperature abovel000 °C. Such high tem- volves the thermal oxidation of predeposited-hexagonal Zn
perature is disadvantageous in the fabrication of nanophotaanoplates. ZnO nanowires were grown by the thermal oxi-
nic integrated circuité|Cs) because the precise control in the dation of predeposited-hexagonal Zn nanoplates on
size and position of nanomaterial would be disturbed due té€aF(111) substrate with no metal catalyst. Hexagonal Zn
thermal drift> The fabrication of nanophotonic ICs requires nanoplates formed on Caf11) substrate via the thermal
accuracy in size and positioning as high as a few nanometegyaporation of metallic Zn powdéFuruuchi Chemical Co.,

in order to transfer size-dependent nanometer-localized optR9.999%. The sample was oxidized at 380—-950 °C for 1 h,
cal near-fields from one nanodot to anotfiéf Therefore, a  in air!® After thermal oxidation, the substrate surface was
low process temperature is required to fabricate nanophotsgovered with a thin white material. The morphology of the
nic ICs. Moreover, most of the 1D ZnO nanostructures fabhanowires and precursors was analyzed using scanning elec-
ricated using the abovementioned methods were grown vefon microscopySEM) (Hitachi, HT-4700. High-resolution
tically on substrates withc-axis orientation. From the transmission electron microscofiyRTEM) characterization

viewpoint of a nanophotonic ICs, however, lateral growth ofof the nanowires was performed using an Hitachi HF-2000
operated at 200 kV. Photoluminescern@&.) measurements

dAuthor to whom correspondence should be addressed. Present addreg\é:ere made at room temperature using a continuous-wave

Kanagawa Academy of Science and Technology, KSP East 301, 3-2-f1€—Cd lasefA=325 nm as the excitation source for optical
Sakado, Takatsu, Kawasaki, Kanagawa 213-0012, Japan; electronic magharacterization of the nanowires. Additionally, a monochro-

, WKim90@ksp.orjp . matic cathodoluminescencéCL) image of a single ZnO
Also at: Ohtsu Localized Photon Project, Exploratory Research for Ad-

vanced TechnologERATO), Japan Science and Technology Corporation, nanOWi_re was tgken _at room temp_erature_ USing a high-
687-1, Tsuruma, Machida, Tokyo 194-0004, Japan resolution SEMHitachi, HT-4200, equipped with a CL sys-
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Downloaded 20 Apr 2004 to 131.112.188.11. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1723696

Appl. Phys. Lett., Vol. 84, No. 17, 26 April 2004 Kim et al. 3359

(a)

hexagonal

Zn0 Zn0O nanowires
nanoplate

FIG. 1. SEM images of as-deposited metallic Zn precursors on(CakE)
substrate(a) and ZnO nanowires with hexagonal ZnO nanoplates formed
after thermal oxidation at 500 °@b), with a high-magnification image
of (b).

tem (Jobin Yvon, Triax32{, operated at an acceleration volt-
age of 5 kV and a sample current of 120 pA.

SEM images of as-deposited hexagonal Zn nanoplates
and ZnO nanostructures after thermal oxidation at 500 °C for
1 h are shown in Figs.(&-1(c), respectively. Before ther-
mal oxidation, well-defined hexagonal Zn nanoplates were
clearly observed on CaFl11) substrate, accompanied by a
few rectangular ones. The diameters ranged from 200 to 600
nm and their typical thickness was Q0 nm. After thermal
oxidation, many thin ZnO nanowires that grew laterally at
the apexes of the hexagonal ZnO nanoplates were observed,
and the edges of the hexagonal plates swelled as they incor-
porated oxygensee Figs. (b) and Xc)]. Note that the
growth direction of each ZnO nanowire showed a specific
orientation relationship with the hexagonal ZnO nanoplates
(discussed belowAs shown in Fig. Ic), the ZnO nanowires
grow along the sides of the hexagonal ZnO nanoplates. Typi-
cally, the lengths of the ZnO nanowires ranged from 0.5 to 3
um and their mean diameter was28 nm. The length and
diameter of the ZnO nanowires were easily controlled by the
thermal oxidation conditions, mainly by oxidation time and
temperature. Preliminary experiments for controlling the size
and length of the ZnO nanowire showed that the mean dianf!G- 2. (&) TEM image of a representative ZnO nanowire grown‘from a

. hexagonal ZnO nanoplate. The inset shows the SAED pattern obtained at the
eters ranged from 103 to 307 nm as th_e OXIdatIOh tem- center of the ZnO nanoplate, indicating tbeaxis alignment of the nano-
perature changed from 420 to 650 °C, while dramatic changgiate.*1 and*2 in the figure denote the positions used for the HRTEM
was observed for the typical lengths of the nanowire; themeasurementb) HRTEM image and the corresponding SAED pattém
typical length ranged from 20 to 30 nm at 420 °C, but from et of a single _ZnO nanowire ta_ken at posi_ti(‘)m. (c) HRTEM image and

. . ... the corresponding SAED pattefimse) of a single ZnO nanowire taken at
0.5 to 5um at 650 °C. Details of the growth mechanism will ,gion 2.
be described elsewhet?.

Transmission electron microscogy EM) was used to
investigate the microstructure of the ZnO nanowires. Figuréémeter of the ZnO nanowire was 20 nm near the lower part
2(a) shows the representative morphology of ZnO nanowire®f the ZnO stem and 7 nm near the tip. Figui®)2shows
grown from hexagonal ZnO nanoplates, although the edge dhat the nanowire grew from the edge of the ZnO mairi,
the ZnO nanoplate appears dark due to its thickness. Th&e apex of a hexagonal ZnO nanop)atéth the same lattice
bright-field TEM image clearly shows that individual ZnO arrangement. The SAED pattern shown in the inset con-
nanowires without a catalysis particle on the tip grew neafirmed the single-crystal nature of the ZnO nanowire and the
the apexes of the hexagonal ZnO nanoplates, and thegrowth direction of(1120). Similarly, a HRTEM image
growth paralleled the sides of the hexagonal ZnO. The inseiaken near the tip also shows a clear lattice arrangefsest
shows the selected-area electron diffraction patt&#ED) Fig. 2(c)]. These results indicate that the ZnO nanowires
of a hexagonal ZnO nanoplate. This indicates that the hexgrown using our method are essentially defect-free single
agonal ZnO nanoplates ateaxis orientated on the substrate, crystals. In addition, the SAED patterns shown in Fig§) 2
confirming their single-crystal wurtzite structure. Figuresand Zc) confirm that thec axis of the ZnO nanowire is
2(b)—2(c) show HRTEM images of a single ZnO nanowire aligned with that of the hexagonal ZnO nanoplate and that

taken at points'l and*2 in Fig. 2a), respectively. The di- the growth direction of individual ZnO nanowires is the
Downloaded 20 Apr 2004 to 131.112.188.11. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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| ( a)' CW'H?_C?; laser p=azs nm) ] temperatures, the formation_of intrinsic defects,_suqh as oxy-
. excitation at297. K gen vacancy or trap states, is enhanced, resulting in the con-
3 ] siderable green emissions. In addition, as verified by the HR-
= ST 1 TEM investigation, the individual ZnO nanowires were
[l . almost defect free and were single crystals. Therefore, the
ﬁ sl 1 excellent optical properties demonstrated by PL and the
o defect-free single-crystal nature shown by HRTEM indicate
wer ] that our ZnO nanowires are of high quality. Nevertheless, the
R R R TR R PL data are insufficient to verify the high quality of the ZnO
Photon energy (eV) nanowires due to the contribution of the hexagonal ZnO

nanoplates. To verify the excellent luminescent properties of
the individual ZnO nanowire, we measured the CL of a
single ZnO nanowire at RT. Figure(l§ shows a typical
monochromatic CL image of a single ZnO nanowire with a
FIG. 3. (8 PL spectrum of ZnO nanowires measured at room temperaturediameter of 50 nm measured at RT for emissions at 380 nm
There is dominant UV emission at 3.28 eV and very weak green emissioli~3.26 eV}, which are attributed to free-exciton emissidfis.
from 2.0 to 2.6 eV(b) A typical monochromatic CL image of a single ZnO The green emissions around 520 f2.38 e\) measured at
nanowire with a diameter of 50 nm measured at RT for emission at 380 nmh . | i ) ible. M Zn0
(~3.26 eV). The scale bar is 150 nm. t e same position were almost negligi e. 'ost nO nano-
wires tended to show very strong UV emissions at 3.26 eV,
— ) _ _ with negligible green emissions.
[_1120] direction, rmllke_ZnO nanowires grown using estab- |y conclusion, we fabricated single-crystal ZnO nano-
lished n‘_rethqu,lern which ZnO nanowires grew along theyjres at a low temperature of 500 °C without using any metal
[000]] direction:* In contrast to other methods, our ZnO catalysts via the simple thermal oxidation of metallic Zn pre-
nanowires are formed by the phase transformation of pres;rsors. SEM and HRTEM studies showed that the ZnO
deposited metallic Zn into ZnO via a thermal oxidation pro-panowires grew laterally with orientation selectivity along
cess with no metal catalysis. Since the melting point of Znihe sides of the hexagonal-shaped ZnO nanoplate. Further-

and Zn suboxide (ZnQ here x<1) is approximately more, HRTEM revealed that the nanowires grew along the
419 °Cy liquid phase Zn or Zn@should first form at the él

> I 115)) direction and were single crystals. PL and CL mea-
early stage of heating. Therefore, the liquid phase plays aQ,;ements at RT showed a strong UV emission peak with
important role in the nucleation of ZnO nanowires, instead o

S X X fvery weak green emissions, confirming that the individual
an alloy liquid as occurs in catalytic VLS growth. The SEM 7,5 nanowire was of excellent optical quality.

image shown in Fig. (£) and the TEM image shown in Fig.

2(a) show that ZnO nanowires preferentially form at each

apex of a hexagonal ZnO nanoplate. This demonstrates that
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This paper investigates the exciton dynamics in a three-quantum-dot system coupled via an optical near
field. The system consists of two identical quantum dots coupled cohefdmlgoherent operation padnd
a third quantum dot with exciton sublevelthe output pajt It provides certain characteristic functional
operations depending on the initial excitation, as well as symmetry of the coupling strengths or the spatial
arrangement. First, we analytically obtain the coupling strength between two quantum dots via an optical near
field and give a numerical estimation for a CuCl quantum-cube system. Then, a resonance condition between
the two parts is shown; this depends on the initial excitation in the coherent operation part. Using this
condition, which can be realized by adjusting the energy level of a quantum dot in the outpuinparand
XOR-logic operations can be demonstrated in a symmetrically arranged quantum-dot system. We also discuss
how the asymmetry of the system affects the energy transfer through certain coupled states in the coherent
operation part that would be forbidden in a symmetrically arranged system. Although the asymmetry degrades
the signal contrast for logic operations, it is expected to open up new techniques for novel device technologies
where quantum entangled states are mediated in the operations.

DOI: 10.1103/PhysRevB.69.115334 PACS nuniber73.21.La, 42.79.Ta, 71.35.Gg

[. INTRODUCTION bring about collective dynamics inherent in optical near-field
interactions in a system consisting of several nanometric
The miniaturization of the constituents of conventional materials‘*1®
photonic devices will reach a barrier in the near future as the In this paper, we propose functional devices which consist
device integration progresses. A*»010* matrix switch will  of several quantum dots coupled via an optical near field. For
be required to realize the necessary high data transmissiafevice operations, unidirectional signal transfer from input to
rates, which are expected to reach 40 TB/s by 2048 the  output terminals must occur. We previously proposed using
size of each element will become less than 100 nm, far beloweveral quantum dots to form the fundamental blocks of a
the diffraction limit of light. In order to overcome this bar- nanophotonic device, in which the discrete energy levels
rier, nanophotonicsin which local electromagnetic interac- resonantly couple with each other via an optical near field.
tions between nanometric materials and an optical near fielthtra-sublevel relaxation due to exciton-phonon coupling in a
are utilized® must be promising technology. Since an opticalquantum dot guarantees unidirectional energy transfer. A
near field is not limited by the diffraction of light, this tech- nanophotonic switch has been studied both experimefially
nology is expected to enable signal transfer and control irand theoretically/"*8 using such a coupled quantum-dot sys-
nanometric device elements. tem, and a switch was recently demonstrated using CucCl
The characteristic features of an optical near field can bguantum cube¥ In such nanophotonic devices using the
utilized to achieve functional operations in nanophotonic deresonant energy transfer, quantum coherence survives for a
vices, which are discussed in this paper. One such feature &hort period of time; afterwards, the excitation moves in a
the high spatial localization, which enables us to access inower-energy statt’ The proposed coupled quantum-dot
dividual nanometric elements in devices that are smaller thagystem consists of two characteristic parts similar to the
the diffraction limit of light. This feature is widely used in nanophotonic switch mentioned above: one is the portion of
scanning near-field optical microscopy and spectrosttipy  the near-field optically coupled nanometric materials that
nanometric structures,® single moleculed,and biological maintains quantum coherence, which we call toherent
specimeng. On the basis of the spatial localization of an operation part and the other determines certain final states
optical near field, an interesting phenomenon of dipole-with dissipation or decoherence, which we call theatput
forbidden energy transfer has been observed experimentalfyart. This paper focuses on taking full advantage of these
in a semiconductor quantum-dot systé®everal theoretical coherent and defined output parts to achieve functional op-
studies of a few quantum-dot systems related to optical neaerations. As a typical example, we consider the three-
field techniques have been reporfecand the dipole- quantum-dot system illustrated in Fig. 1, where the excitons
forbidden transition has been also expettééiby consider- are carriers for the signal transfer. In the system, two identi-
ing nonlocal susceptibility and a highly localized optical cal quantum dot$QD-A and -B are resonantly coupled with
field. Another characteristic feature of an optical near field issach other via an optical near field.
the anomalous dispersion relation due to the coupling be- Various authors have investigated the coupling properties
tween the photon and the material excitattdriThis can  and dynamics in a pair of quantum dots. For example, the
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COTR

Optical exciton-phonon interaction. In this manner, unidirectional
near-field energy or signal transfer is satisfied.
o /coupling

This paper examines the exciton dynamics in this system
_ illustrated in Fig. 1 using density-matrix formalism. The dy-
L nonradiative namics of the system can be determined analytically when
L three quantum dots are arranged symmetricallyp- and
XOR-logic operations can also be demonstrated by adjusting
Output the energy configuration in this three-quantum-dot system.
The asymmetry due to the coupling strength of the quantum-
dot pairs via an optl_cal near field or quantum-dot arrange-
T ment also plays an important role in the exciton dynamics.
We find that an asymmetric arrangement permits energy
) _ transfer from the coherent operation part to the output part
FIG. 1. lllustration of a three-quantum-dot system that consists i3 5 certain quantum entangled state, the so-called “dark
?f gvg)udgntlcalt:lwo-levil dOS?D'A andD- B';‘anz(jj aE:hreet-level d‘t’; state’® in a symmetric system. This characteristic feature
QD-C). Since the coupling between QD-A and -B is stronger thany, o 5 the spatial arrangement may be useful for detection of
that between QD-A and @QD-B and -G, the system is divided .

; . . . . . uantum entangled state. Here, note that these logic and
into two parts: a coherent operation part with optical nutation, anoﬁunctional operations are in the irreversible process. althouah

an output part with a dissipation process. P ! : Ireversi p_ ’ ug
guantum entangled states are partially mediated to sort out

the initial excitations. This resembles quantum information

energy shift due to exciton-exciton or Coulomb interactionsP"0c€ssing, however, we do not need long coherence time as
between electrons and holes has been evaluated theoreticajfjff duantum computation requires. Regarding quantum in-
to process quantum informatidh? and a controlledvoT formation processing with dissipation or decoherence, there
logic gate has been proposed l,Jsing the energy Zhifi. @€ several reports which are discussed such as tolerance and

these studies, excitons or qubits were controlled by two-colofl€coherence-free operat|o?‘?52.7 _ _

laser pulses of far-field light. As a similar subject to this | NS paper is organized as follows. Section Il derives the
paper, Quiroga and Johnditheoretically discussed the dy- optical near-field coupling betwee_n two energy levels in two
namics in two- and three-quantum-dot systems and presenté’(’i‘a”tum dots and s.hows the emstgnce of dlpole—forbldden
a way to prepare both quantum Bell and Greenberger-Horné"€r9y transfer med|ated. by an optlcall near fleld.. The cou-
Zeilinger entangled states, by using far-field light, which al-Pling strength is also estimated numerically and is used to
lows only global excitation of two and three quantum dotsdiScuss the exciton dynamics in a three-quantum-dot system.
with spatially symmetric arrangement. By contrast, we deaP€ction Il is devoted to the formulation of the exciton dy-
with coupled quantum-dot systems arranged symmetricallj}2mics in the relevant systg—:m u3|_ng”den3|ty—matr|x formal-
and asymmetrically, which are individually excited by the IS Here, we present the “selective” energy transfer from
optical near field, and the intra-sublevel relaxation is alsgh® coherent operation part to the output part. Based on this
considered for the unidirectional energy transfer. Note thafeature, we show that logic operations can be realized in a
the excitation in each quantum dot can be prepared individuSymmetrically arranged quantum-dot system. Section IV dis-
ally owing to the spatial localization of the optical near field. CUSSeS the effects of the asymmetry using the numerical ex-
The exciton dynamics driven by the optical near field hasCiton dynamics results. Finally, concluding remarks are given
been investigated in the case of a coupled two-quantum-ddf Sec- V.

system with a relaxation proce¥sThe energy transfer be-

tween two quantum do'gs i§ expresseq as esteo process? Il. OPTICAL NEAR-FIELD COUPLING

and the nutation of excitation occurs in the strongly coupled

or resonant energy levels, corresponding to the coherent op- In this section, we formulate an optical near-field coupling
eration part in our system. For the short period before relaxbetween two quantum dots using the multipolar QED
ation, certain coherently coupled states appear in the cohektamiltoniarf®2°in the dipole approximationg- D, wheregu

ent operation part, depending on the initial excitation. Inand D represent the transition dipole moment and electric
order to prepare the initial excitation, the shorter excitationdisplacement field, respectively. There are several advan-
time in the individual quantum dot than the energy-transfettages to use the multipolar QED Hamiltonian instead of the
time between two identical quantum dots is necessary, whermainimal coupling Hamiltoniarp- A, p being the electronic
the excitation time is inversely proportional to the optical momentum and\ the vector potential; first of all, the multi-
near-field intensity. The energy-transfer time or couplingpolar QED Hamiltonian does not contain any explicit inter-
strength via an optical near field can be controlled by adjustmolecular or inter-quantum-dot Coulomb interactions in the
ing interdot spacings. The population in the coherentlyinteraction Hamiltonian and entire contribution to the fully
coupled states can be transferred to the third quantum doétarded result originates from exchange of transverse pho-
(QD-C) if the energy level of QD-C is adjusted to couple tons, while in the minimal coupling, the intermolecular inter-
resonantly with the entangled states in the coherent operaticactions arise both from exchange of transverse photons,
part. If this happens, QD-C operates as the output part, whictvhich include static components, and from instantaneous in-
involves an intra-sublevel relaxation process due to théermolecular electrostatic interactiotfsSecond, it clarifies

=
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physical interpretation of the dipole-forbidden transition viaexciton-polaritons because a nanometric system in a near-
the optical near field as discussed below. Basic ideas in thield optical environment is always surrounded by macro-
formulation are to express internal electronic structures in &copic materials, such as the substrate, matrix, fiber probe,
quantum dot regarding them as collection of local dipolesand so on. Previousf{:*>we proposed an effective interac-
and to investigate the interactions between nanometric matéion for such a nanometric system mediated by exciton-
rials and spatially varied optical near fields. We can alsgolaritons that are expressed in mixed states between pho-
depict multipoles for a single quantum dot by using antons and macroscopic material excitations instead of free
effective-mass approximation. Such theoretical approach hgshotons. We showed that such a treatment provides a good
been already publishétwhere the enhancement of electric description of the characteristics of an optical near ffald.
quadrupole coupling was pointed out by assuming steepsing this, the electric displacement vectd(r) in Eq. (1)
variation of electric field due to the optical near field. This can be written ¢
phenomenon is equivalent to our result of the dipole-
forbidden transition, but the field variation in our theoretical A P 2 o o
formulation is caused by the coupling between the local di-  D(r)=i /VE > e (Kf(K)(Zek— e k),
poles in the neighboring quantum-dot pgsee Fig. 2)]. ko a=1

In the following sections, we present the interaction (4)
Hamiltonian in second-quantized form in terms of eIectronWith
basis functions satisfying the quantum-dot boundary condi-

tions, as well as transition dipole moments of excitons, and > 5
derive an optical near-field coupling on the basis of the pro- F(k)— fhck \/ E<(k)—Ef 5
jection operator method we previously proposed. VE(K) V 2E%(k)—E2—#2c%K?

A. Interaction Hamiltonian wherer, V, g (k), andk are the Dirac constant, the quanti-

zation volume, the unit polarization vector, and the wave
vector of the exciton-polaritons, respectively. Here we as-
%’umeq(k) as real. The speed of light in a vacuuntjsand
the exciton-polariton energy with a wave vectorand the

R R macroscopic material excitation energy &¢€k) and E,,,

Hin= —J’ STy m(r)y(r) - D(r)dr, (1) respectively. Substituting Eq&2) and (4) into Eq. (1) gives

the interaction Hamiltonian in the second-quantized repre-

where '(r) and ¢(r) denote field operators for electron sentation as
creation and annihilation, respectively, and the dipole mo-

According to the dipole coupling in the multipolar Hamil-
tonian, the interaction between photons and nanometric m
terials can be written 43

ment and the second-quantized electric displacement vector ap Ao ar A oA

o 2 . int— Z (CT C ! 'gkg ! rk)\_CT C ! IETg ’ ’—k)\)
at positionr are expressed g&(r) andD(r), respectively. In int i vt SkSvnvn '
a quantum dot, the electron field operators should be ex- (6)

panded in terms of basis functions,,(r) that satisfy the ]
electron boundary conditions in a quantum dot, which isWith
analogous to those in bulk materials where the Bloch func-

tions satisfying periodic boundary condition are used. The . 2771c K "
field operators are given by Gonvrnia= 1\ 77 F(K) [ @5q(1)

) ) e (K)]ek b (dr. (7
P(r)= 2 ; Con®on(1), wT(r):VZ ; C:r/n(ﬁtn(r)r X[p(r)-e(k)]e™ ', (r)dr (7)

v=C,v =C,v
(2 B. Transition moments for exciton states

wherec! andc,, represent the creation and annihilation In order to describe the creation and annihilation of exci-

operators for the electrons specified byrf), respectively, tons in a quantum dot, it is convenient to use the Wannier
and the indicesr=c,v denote the conduction and valence representation in which electrons are localized in an atomic

bands. The discrete energy levels in the quantum dot arite R. Then, the electron field operators can be expanded
labeledn. The basis functions satisfy the following com- using the Wannier functions,g(r) instead of¢ (),
pleteness condition, as well as orthonormalization:

w(r)z 2 E aVRWVR(r)l l//T(r)z E E 6IRW:R(r)1
2 Zn ¢:n(r)¢yn(r,):5(r_r,)' (3) v=c,v R v=c,v R (8)

v=C,v
§imultaneously, we express the electric displacement VeCtQ/r/herecIR andc,g denote the creation and annihilation op-
D(r) using exciton-polariton creation and annihilation opera-erators of electrons at site in the energy band. These
tors @I ,&), where branch suffix of the exciton-polariton is opgrators in the Wannier representation are written in terms
suppressed by taking only an upper branch. We considesf c,,, in Eq. (2) as follows:
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C,r™ 2 2 Cun WtR(r)(l’V'n(r)dru E gunlcnzk)\hanR’n1

V'=C,U n ng,Ny
_ 2T * ikt
= ‘/_v f(k)J W (1) (N Weri (1) - &, (K e/ Tdr

. [2m ik-R
~ =i\ (KL pe, - e (k) ]e™ " orpr (14
When we assume excitons in the weak-confinement regime,

i.e., an exciton Bohr radius to be smaller than the quantumwhere the transformation of the spatial integral in the first
dot size, the exciton states in a quantum dot specified by thkne of Eq. (14) into the sum of the unit cells and the spatial
guantum numbem and . can be described by superposition localization of the Wannier functions providetg in the

Ca= 2 2 ¢, | wR @), (ndr. ©)

v'=cyo

of the excitons in the Wannier representatiofras second line. The transition dipole moment for each unit cell
is defined as
_ of &
|<I>m#>—R§F‘;, Fn(Rem) @u(B)Cer Corl Py, Py = f WXR(1) (1) Wer(r)dr. (15)
s uc
_ At A We assume that the transition dipole moment is the same as
RER Fm(RC'm)‘P“(ﬁ)E Mo ConCon'| ), that of the bulk material, independent of the $eand that

the electric displacement vector is uniform at each site. Fi-

(10 nally, Eq.(12) is reduced to
where F (R, ) and ¢ denote the envelope functions . 2 2
for the cné(ntcerpz)f mass;f(alf])d relative motions o?the excitons, (Pg|Hind Py =1/ 7; zk 21 f(k)
respectively. These afe; ,,= (MR’ +m,R)/(m.+m;) and =
B=R’ —R, wherem, andm,, are the effective masses of the X[ Mey - & (K) JF(R) @, (0)
electrons and holes. The overlap integtaisg ,,» are defined o o
as X (g R—Ele 1k R), (16)

Here, we note that the exciton-polariton field expanded by
. . the plane wave with the wave vectodepends on the site
hRnR’n':f f WyR(T2)Werr (T1) den(T1) ynr (r2)dradrs. in the quantum dot because we do not apply the long-wave
(11 approximation that is usually used for far-field light.

The sum ofy’ in Eq. (9) is determined automatically éré‘n C. Optical near-field coupling

andc,, because the valence band is fully occupied in the T0 derive the coupling strength between two quantum
initial ground statg®). Using Eqgs.(6) and (10), the tran- dots due to the optical near-field interaction, we use the pro-

sition moment from the exciton state to the ground state idection operator method, which was reported in detail in our
obtained as previous papet’ In this method, the eigenstates of a total

optical near-field system are divided into two subspaces: a
relevantP space constructed from the two energy levels for
each quantum dot and the exciton-polariton vacuum state,
and an irrelevantQ space that is complementary to tRe

space and includes exciton-polariton states. Using this for-

2 . . . .
. . mulation, the coupling strength is given to the lowest order
X Ek )21 (fkgvnlcnzk)\_ flgvnlcnsz)\) as

<q)g||:|int|q)mp.>: 2 E Fm(Rc.m)‘Pp.(B)

n1,N2 R R’

X hgn, ke 12 . "
12 AU=3 (WT| i m)(mO iy ¥)

where we use the following relation: 1 1

+ , 17
Egi - Egm ng - EOQm

<(Dg| alnlécnzaz%au n4| q)g> =9

13 (13

Mafa™n2Ng* whereE} , Ef;, andEQ,, represent the eigenenergies of the
unperturbed Hamiltonian for the initial and final statesPin
In addition, with the help of the completeness and orthonorspace and the intermediate stateQnspace, respectively.
malization of¢,,(r) [see Eq(3)], we can simplify the prod- Since we focus on the interdot interaction of E#7), we

uct of g andh as set the initial and final states P space to|¥})
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:|<pﬁw>|q)g'3>|o> aﬂdl‘l’f>=|¢’é>|<bqu>|0)- Then, the in- Where the exciton-polariton effective mass is rewritten as

. . . . . — 2 H H A B
termediate states i@ space that involve exciton-polaritons Ep=m,C*. Since the dipole momenta, and u;, are not
with the wave vectok are utilized for the energy transfer determined as fixed values, we assume that they are parallel,
from one quantum dot to the other, according [o?) ~ and take a rotational average of E1). Therefore,

=|0)|D)|k) and [@h, )| D5, )|K). The superscriptsh  ((#g, Rae)(#c, Rap)) = teyhte,/3 with ug,=|ug,|, and
andB are used to label two quantum dots. Substituting EqWe obtain the final form of the functio¥,(Rag) as
(16), one can rewrite Eq.17) as 0 A B
. . YalRag) = 5o (W, A2 & 4 e
MU= 60062 (0) [ [ FARIFE (Ro)IYARA—Ro) s
—W,_ A% e da-Rag), (23)
+Yg(Ryo—Rg)JdRAdRg, (18)

) ) Equation(23) is the sum of two Yukawa functions with a
where the sum oR, («=A,B) in Eq.(16) is transformed 10 ghot ang long interaction rangéeavy and light effective
the mtegra_ll form. The function¥,(R,g), whlchAconnect the mas$ given by the second equation in E€2). We can
s%atlally isolated two envelope functionS(Ra) and  estimate the coupling strength between two quantum dots
Fm(Rs), are defined as from the analytic form of the interaction potential given by
Egs.(18) and(23), and we can show the existence of dipole-
forbidden energy transfer driven by the optical near-field

2
1 - -
- 2 A B 2
Ya(Rap)= 42 =1 f Lpte, - e (k) ILate, - 0 (K) 1T (K) coupling, as discussed in the following section.

( elk-Rag e ik-Rap
X

+
E()+E,  E(k)~E, In this section, we give typical values of the coupling
whereR,g=Ra—Rg is used. In order to obtain an explicit strength ofiU in Eqg. (18) using an example of CuCl quan-
functional form of Y, (Rag), we apply the effective-mass tum cubes embedded in a NaCl matrix. Due to the effect of
approximation to the exciton-polaritons, size confinement, the center-of-mass motion and relative mo-
tion for an exciton in a CuCl quantum cube &re

2 3/2_ TMX, )\ .
T sin 3 sin

a

)dk, (19) D. Numerical results

2k2
E(k)z m"rEm, (20)
p

meya) ) ( wmzza)

Fa(R,)= - :

a a

wherem, is the exciton-polariton effective mass. Using this
approximation, Eq(19) can be transformed into

e—r/a

1
(P]_s(r)_ \/ﬁg ’

respectively, where the atomic site and the quantum number
are represented bRR,=(X,,Y41Z,) With a=A,B and m
=(m,,my,m,) with m,,my,m,=1,23.... Thevariables
L, anda denote a width of the quantum cube and the Bohr
radius of the exciton, respectively. Here, we assume relative
W, e da+Ras motion in the & state. The coupling strength is obtained
numerically by substituting Eq$23) and(24) into Eq. (18).
In Fig. 2(@), the calculation results are plotted as a function
Af,+ 3A,. 3 of the intercube distance. The curve with square dots repre-
Rag * szxs + RTAB sents the coupling between the dipole-active exciton levels,
i.e., m=m’'=(1,1,1), in two quantum cubes. When we set

Ai-%— ACH- 1 (24)

-A, 4R
Wa+e a+PAB[ —— > 3
AB R R
AB AB

Ya( I:QAB) = (Méu ’ MEU)

AZ
—Wae‘AaRAB<L+ 2

a L 1
Rag RiB RiB

- (ﬂ@u : QAB)(M?U : QAB)

A2 3A,. 3 the intercube distance and a width of the quantum cubes as
—W,_e “«-Ras R—+ >—+T—= ||, @) d=5nm andL,=Lg=10 nm, respectively, which corre-
AB  Rag AB sponds to the resonant coupling between QD-A and -B in

Fig. 1, the coupling strength is about 8@V (U~ !
=7.4 ps). The curve with circular dots is the result for
=(1,1,1) andm’=(2,1,1). For conventional far-field light,
m’=(2,1,1) is the dipole-forbidden exciton level, and it fol-

whereR,g andR,p are the absolute valy®,g| and the unit
vector defined byRag/Rag, respectively. The weight coef-
ficientsW,.. and decay constants,.. are given by

Ep (Epm—E)(Em+E,) lows that the optical near-field interaction inherently in-
W%:E_ — > volves such a transition because of the finite interaction
« (Em=Ep+Eo)(Em*E,) —ER/2 range. Figure @) is a schematic illustration of the dipole-
forbidden transition, in which the optical near field enables
A = im 22) to excite the local dipoles at the near side in a quantum dot
= pct PTMT Ten with dipole-forbidden level for far-field light. This coupling
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strength is estimated from Fig(& as#U=37 ueV (U1 150} -
=17.7ps) for d=5nm, and AU=14 puev (U @
=46.9 ps) ford=15 nm, where the cube sizes are set as 100l
LAo=10 nm andLg=14.1 nm to realize resonant energy
transfer between the two quantum cubes. The coupling
strength (h#m’) is approximately half that ah=m' at the
same intercube distance, but it is strong enough for our pro-
posed nanophotonic devices. For functional operations, the of. ) ) ) K
difference between the coupling strengths can be used to 0 5 10 15 20
divide the system into two parts, i.e., the coherent operation Interdot distance: d (nm)
and the output parts. Therefore, in the following discussion (b)
of the functional operations, we uge=5 nm as the values
of the coupling strength between QD-A and B, add B
=15 nm for that between QD-A and C or QD-B and C. RINEE At
a1 | e

50F

Potential (ueV)

I1l. EXCITON DYNAMICS AND THEIR APPLICATION TO

FUNCTIONAL OPERATIONS FIG. 2. (a) Optical near-field interaction potential for pairs of

A. Symmetric and antisymmetric states CuCl quantum cubes embedded in a NaCl matrix. The curves

. . . . L shown with square and circular dots correspond to quantum num-
In this section, we discuss the exciton dynamics in a SyMpers for the exciton center-of-mass motion=m’ ~(1,1,1), and

metrically arranged three-quantum-dot system, as shown ig—(1,1,1) andm’'=(2,1,1), respectively. The energy leve
Fig. 1. The asymmetric effects on the dynamics are consid=(2,1,1) is a dipole-forbidden state for conventional far-field light.
ered in the subsequent section. From the symmetry of thehe parameters are set ®,=Ez=3.22 eV, E,;=6.9 eV, wh
system, the following bases are suitable for describing the- ul =1.73x1072 (eV nnP)Y2 L,=10 nm,Lg=10 and 14.1 nm

dynamics using the smallest number of density-matrixm’'=(1,1,1) and (2,1,)], anda=0.67 nm.(b) Schematic illustra-

element&: tion of a transition between dipole-allowed and dipole-forbidden
states via the optical near-field coupling. Steeply gradient optical
1 near field enables to excite near side local dipoles in a quantum dot
|S)= E(|A* BC,C,)+|AB*C,C,)), with dipole-forbidden (2,1,1) level.
1 1S)= = (|A*BC C) +|ABF CIC)
[A2)= T (IA"BC1Co)~AB*C:C), V2
1
P/)=|ABC,C}), |P,;)=|ABC!C,). (25) |A2)=—=(|A*BCI C;)—|AB*CICy)),
1 2 1 \/5

One-exciton statdescribes the condition whereby an exciton -
exists in either one of the three quantum dots. The ground |P2)=|ABCIC3), (27)

and exciton states in each quantum dot, written ushg)  \yhere|s) and|A) represent symmetric and antisymmetric
and|®f ) in the preceding section, are represented hergates in the coherent operation part, respectively, and the
simply asA, B, C; (i=1,2), andA*, B*, C", respectively. subscripts 1 and 2 on the left-hand sides in Eg5), (26),
Similarly, atwo-exciton staténdicates that two excitons stay and(27) denote the one- and two-exciton states, respectively.
in the system. The suitable bases for the two-exciton statg# the following, we use these bases to evaluate the exciton

without occupation of the lower energy level in QD-C are dynamics in the three-quantum-dot system.
expressed as

B. Equations of motion and coupling properties

|Sy) = i(|A* BC,C%)+|AB*C,C%)), Based on the results of optical neaj-field coupling in Sec.
\/E Il, a model Hamiltonian for the systel is given by
A=~ (|A*BC,CH)~ |AB*C,CE)) H=Hot R
2 \/E 1%>2 1~27/7) 5
Ho=%QATA+7QBTB+7 >, 0 CIC,
[P2)=|A*B*C1Cy), (26) =t

and those with occupation of the lower energy level are ex-H,=#U(ATB+BA)+4U'(BTC,+CIB+CIA+ATE,),
pressed as (28

115334-6



LOGIC AND FUNCTIONAL OPERATIONS USING A.. .. PHYSICAL REVIEW B59, 115334 (2004

hUCA (a) U [
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FIG. 3. Schematic drawing of exciton creation and annihilation |— | [7*[["* [T B Y. T e
operators and the energy-transfer process in a three-quantum-d M
system. The optical near-field couplings for the quantum-dot pairse——| |—| [— R ) P—  p—

are represented by 55 for QD-A and -B,Ugc for QD-B and -C,

and U, for QD-C and -A. The nonradiative relaxation constant FIG. 4. Schematic explanation of selective energy transfer for
due to exciton-phonon coupling is denoted By (a) one- and(b) two-exciton states. The left and right illustrations

represent the initial and final states, respectively. The energy trans-
fer between stated) and|P) is forbidden because of symmetry.

where the definitions of the creation and annihilation OperaTherefore the resonance conditions for the energy transfer between
t t 1 y
tors, (A",A), (8",8), and (C[,C)), are shown schemati- gizreqi) "and |P) are fi(Q+U)= fiQc, (AQ=U) for a one-

cally in Fig. 3. The eigenfrequencies for QD-Aand -B are set,, .ion state and 20 =%(Q+ 0 +U) (AQ=—U) for a two-
to Q,=0p=(, and the optical near-field coupling for the exciton state ( A )

symmetric system is denoted &k,g=U and Ugc=Ucp
=U’'. The equation of motion for the density operator of theand

quantum-dot systemp(t), is expressed using the Born-

Markov approximatiorf as bsé,sé(t)=i J2u '{Psé,pé(t)—Ppé,sé(t)}—Fpsé,sé.
i .. | DN
p(t)=— —[Ho+Hin.p(1) ]+ 5 {2CIC,p(t) CIC : r
p(t) ﬁ[ ot Hint,p(1)] 2{ 1C2p(1)C5Cy ps, (t)— —i(AQ+U)— ]ps'p(t)
—CIC,ClIC,p(t)—p(tHCIC,CIC (29 . ,
o 2P p(_ 1GiCal, . +iy2u {ps; s,() = ppy py(1)],
where the nonradiative relaxation constant due to exciton-
phonon coupling is denoted d5 The radiative relaxation _ T
due to exciton-free photon coupling is omitted because the ppéysé(t)— iI(AQ+U)— ]pp 5/(t)
time scale of the optical near-field coupling and the exciton-
phonon coupling is much faster than the radiative lifetime, —i2U {pg /(1) = pp: pr (D)},
2'72 2 2

which is of the order of a few nanoseconds. Taking matrix
elements of Eq(29) in terms of Egs.(25 and (26) after ) )
substituting Eq(28) into Eq. (29), we obtain the following Py pi()=—1V2U"{ps; pr() = ppy 5 (1)}, (3D)
simultaneous differential equations: .
where the density-matrix elemet|p(t)| ) is abbreviated
,'Jsl]sl(t):i \/EU,{psl'Pi(t)_ppi'Sl(t)}’ P p(t) and the energy diﬁerenc@cz—ﬂ is replaced by
AQ. The equations of motion in terms of the bases of Eq.
) r (27) are not shown, but are derived similarly. Although other
pslypi(t)=[|(AQ U)-— ]ps P! H(t)+i J2u’ {psl s, ( (1) matrix elements related to the antisymmetric sta#esalso
appear in the equations of motion, they are decoupled from
—ppr pr (D}, the above equations and do not affect the exciton dynamics
e of the symmetric states.
_ r States|$1> and |P;) or |S;) and |P5) are coherently
ppi'sl(t):{ —i(AQ—-U)— ]pp 50— iJ2u’ {ps,.5,(1) coupled with each other, as shown by E(QO) and (3_1).
Moreover, it is noteworthy that the energy difference in Egs.
—ppr pr(D)} (30) and (31) makes opposite contributions to the one- and
two-exciton dynamics a& () —U andAQ + U, respectively.
) This coupling property can be explained by considering the
ppiypi(t)z—i \/EU,{pslypi(t)_ppiysl(t)}_rppiypi(t), energy levels of a coupled system constructed from three
quantum dots. Figure (4 shows the energy levels of a
- . coupled system for one-exciton states. The upper and lower
pey P (D=Dpp; pi (1), (30 energy levels are split by the optical near-field coupling,
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corresponding to the statéS;) and|A;), respectively. This equation similar to Eq(32), except for the sign obl, i.e.,

is confirmed by evaluating the expectation values, i.e.with the resonance conditions inverted. The probability of an
(Si|A|S1)>(A,|A|A,). Afilled circle indicates that an ex- €Xciton occupying the lower energy level in QD-C is

citon occupies the corresponding energy level, while a semi-

circle indicates that an exciton exists in the energy level in pszysz(t)erpzypz(t)

either QD-A or -B with a certain probability. In order to
realize the resonant energy transfer into the output part via
state|P;), we must set the energy level in QD-C A<)

=U to satisfy the resonance condition of sta{&s) and

|P:). This is because the matrix elemef®;|H;,|A;) is —
zero, so that this transition is forbidden in symmetric sys-

tems. For the two-exciton states, one exciton is always trans-

ferred from statéP) to stategS,) and|P,) via state|S)).

Figure 4b) shows the energy levels of a coupled system for

states|P5) and|S}). In this case, the center of the energy

splitting due to the optical near-field coupling becomesyith
h(Q+QCZ). Therefore, the resonance condition of states

|P5) and|S;}) can be fulfilled whelAQ = —U is satisfied. 1
Here, note that the coupling between stdfes and|Aj) is w’i=7[(AQ+U)2+W+W_

also forbidden by Aj|H;,|P4)=0. These characteristic en- 2

ergy transfers allow us to pick up selective information about + J{(AQ+U)Z+ W2 H(AQ+U)Z+ W2} 12
either the one- or two-exciton states, i.e., information about
the initial exciton populations in the coherent operation part.
The results are utilized for the functional logic operations as
discussed below.

t
= FJ ps; s, (t")dt’

1 4u'? ) ) ,
2| -+ ———={cos¢’, cogw’ t+ ¢ )
2 w\2-0'?

—cos¢’ cofw’ t+ ¢ ) e ] (34

r

ZwL)

¢ =tan ! (35

C. Dynamics and logic operations where the factor 2 in Eq.34) comes from the initial condi-

Analytic solutions of Eqs(30) and(31) for typical initial tions for the two-exciton state, I-Eppé,pé(O)= 1 and other-

conditions can be obtained readily with the help of Laplace/Vise€ zero.

transforms. The output population for the one-exciton state We Wwill now discuss the characteristic behaviors de-
can be written as scribed by Egs(32) and (34) using a CuCl quantum-cube

system that has the coupling strengths calculated in Sec. II:

L[t e hAU=89 ueV and AU'=14 ueV. Figure %a) shows the

pey P, (D=T"] ppy pr(t1)dt temporal evolution of the output populatignp_p (t) for
" some energy differences(). The fastest energy transfer is

1 4u observed for the conditioA() =U (dotted curve, where the

2 population can reach half of the maximum value. This is

because the coherent operation part couples with the output
—cos¢_cogw_t+¢ )te "™ (32 partin the one-exciton state via stat&s) and|P}). How-
with ever, statdS,) is not fully occupied when we set the initial
condition so that only one quantum cube is excited indepen-
1 dently. In other words, statéA;), which decouples state
w.=—[(AQ—-U)?>+W,W_ |[P1) in a symmetric system, is excited simultaneously, and
V2 the population remains in the same stpAg) without tem-

Y 2 2 21112 poral evolution. Conversely, for two-exciton statgSig.
* \/{(AQ U)Z+ WEH(AQ=U) "+ W 5(b)], the energy transfer occurs under the resonance condi-

20 tion AQ=—U and the population can reach unity because
¢.=tan ! F+)’ the initial state] P5) is independent of staté\,).
The steepness of the resonance determines the contrast of
I the output signal. In Fig. 6, the population &t 100 ps,
W.=2\2U"+—, (33) which is the time until energy transfgr is almost completed
2 under resonance conditiods() =+ U, is plotted as a func-

tion of the energy differenc& () for the one- and two-
exciton states, as shown by the solid and dashed curves, re-
. spectively. We clearly find that two types of switching
(A*BC,Cy|p(t)|A*BC,C,)=1 and otherwise zero. Solu- operations can be realized by choosing the appropriate en-
tions for the two-exciton states can be obtained from arergy differenceAQ=+U. From Eqs.(32) and(34), narrow

for the initial condition psl'sl(o):pAl'Al(O):psl’Al(o)
=pAlvsl(0)=1/2, which corresponds to the condition
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ol T ] TABLE |. Relationship between the input and output popula-
- G tions for the energy differencé )=+ U.
-,% 0.6 : Input Output: C
2 04 A B AQ=-U AQ=U
o L =
ool o _o--7T 0 0 0 0
0.0f 1 0 0 0.5
0 50 100 150 200 250 300 0 1 0 0.5
Time (ps) 1 1 1 0
critical limit of these logic gates is determined by the follow-
s ing condition; the energy-transfer time from the coherent op-
§ eration part to the output part, which is estimated about 50 ps
§ for the CuCl quantum-cube system, is enough shorter than
the radiative lifetime -1 ns) of excitons in each quantum
dot.

0 50 100 150 200 250 300
Time (ps) IV. EFFECTS OF ASYMMETRY ON EXCITON DYNAMICS

FIG. 5. Temporal evolution of the output populations fay It is valuable to examine the exciton dynamics in an

one- and(b) two-exciton states. The solid,. dashed, and dottedasymmetricauy arranged quantum-dot system to estimate the
curves represent the results for the energy differen@e= —U, 0,

iy tvely. Th ‘ =89 eV AU’ fabrication tolerance for the system described above and to
andv, respec |ve7yl. € paramelers are seb 1= o3 uev, propose further functional operations inherent in nanophoto-
=14 peV, andI'"*=10 ps. The output population for the one- . . . .

. . nic devices. In this section, we demonstrate the effects of
exciton state does not exceed a value of @ horizontal gray asvmmetrv numericallv. In addition. we comment on a posi-
line) because of the initial conditions. . y Y Y. . ’ e P .

tive use of these effects, i.e., the possibility of accessing
quantum entangled states depending on the prepared initial
excitation in a quantum-dot system. The simultaneous differ-
%ntial equations in an asymmetric system are given in part by

peaks are obtained wheiv, <1 andW_=0, i.e., 2J2u’
~T'/2<1. In this case, a high contrast logic operation can be
achieved.

These results are summarized in Table I, which shows the
logic operations inherent in nanophotonic dewces using typlpS s (tH)=i2U’ [Ps P! (t)—ppr s ()] FiIAQAG[ps A (1)
cal coherent process and the process with decoherence that"’ e 1
occur in a quantum-dot system. The system behaves as an —pa. s (D],
AND-logic gate when the energy difference is setAtf) = v
—U, and the system provides aR-like-logic operation
whenAQ=U. The value 0.5 indicates that the signal can be . ) r —
detected at a 1/2 probability level. As explained in the Intro- Psl,Pi(t):{'(AQ_U)_ E] ps, p (D) +i \/EU'[Psl,Sl(t)
duction, these operations are different from the quantum

logic, and long quantum coherence time is unnecessary. The —ppilpi(t)]—i \/EAU/Psl,Al(t)
10fF ' ' ' ] —1AQpgpa, p(D),
0.8}
< .
g % Pay A (D=1V2AU [ppr a (D)= pa, pr(D)]
§ 0.4} _
“ o2} —1AQaplps, A, ()= pa, s (D],
0.0}
-200  -100 0 100 200 . . r . —,
Energy shift (ueV) pAl,Pi(t): I(AQ+U)_ E pAl,Pi(t)—’—l\/EU pAl,Sl(t)
FIG. 6. Variation in the output populations at a fixed timet of —i\/EAU’[pA A () —pp pr(D)]
=100 ps as a function of the energy different@. The solid and E 1
dashed curves represent the one- and two-exciton states, respec- _iAQABpsl,Pi(t)! (36)

tively. The optical near-field coupling strength®) and2U’ and
the nonradiative relaxation constanthave the same values as in
Fig. 5. for the one-exciton states, and
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psy () =—Tpg, () +iy2U'[pg; pr(t) = pp; 5;(1)] 1.0 (a)
. 0.8}
+HiAQpglpsy Al (D)= pay s (D], 5 ool — ]
© o7
g_ 0.4f a o7
: . r . -y 9) . .7
psy py(t)= _|(AQ+U)_§ Psé,Pé(t)‘H\/EU [psy sy() T g2l R ]
) 0.0__,2;/.
— Y —+ ! ’oAT L L . N . . N
peypy(U] 28U Ps; At 0 50 100 150 200 250 300
—1AQagpay py(1), Time (ps)
' 1.0} (b)
pay A () ==Tpp; ar(t)—i V2AU "[opy Al ()= pay pi(D)] 0.8}
. S osf
—1AQnelps) al() = pay s (D], s
3 04}
&
. _ r i * o2f
pay (=] —I(AQ=U)= S pay pr(1)+iV2U' pay (1) ool ]
. , B 0 50 100 150 200 250 300
+i\2AU [oay Al ()= ppy ps(1)] Time (ps)
_iAQABpS}F’é(t)' 37) FIG. 7. Temporal evolution of the output populations where the

. energy difference is set ) =—U (AU=89 neV). Partga) and
f_or the two-_exmton states. Here, we only present the e_qua(‘b) show the populations for one- and two-exciton states, respec-
tions that differ from Eqs(30) and (31) (see the Appendix jely The solid, dashed, and dotted curves represent the resuits for

for more details and we redefine the parimete&ﬂ asymmetry factor$AU’|/U’ =0, 0.5, and 1.0, respectively, where
=Qc,~(QatQp)/2,  AQpA=0x—Qp, U'=(Usc the average coupling strength is setftd’ =14 peV. In part(b),
+Ucp)/2, and AU'=(Ugc—Ucp)/2. In the asymmetric the three curves are almost identical.

system, the exciton dynamics between stg®sand|P) do

rTOt change', provided the coupling strengtﬂfo'r asymmet-  ;ause the off-resonance condition for the energy transfer be-
ric system is replaced by the average valliein Egs.(36)  tyeen state$S,;) and|P;) acts oppositely to the resonance
and(37). The main d|ﬁ§rence is that the matnx elements forcondition between statd#,) and|P}). This is evident in
stategA) can couple with statgss) and|P) in an asymmet- Eq. (36), for example, by comparing the matrix elements

ric system, while these are decoupled in a symmetric system. (1) with /(t). Therefore, in the one-exciton state
Two types of coupling emerge in an asymmetric system: one >1*F1 Pay P\ ' ’

originates from the energy differenceQ 5 between QD-A the exciton population is very sensitiv_e to the a_lsymm_etric
and -B, and the other comes from the arrangement of tharrangement. By contrast, the two-exciton s_tate is not influ-
three quantum dots, which is expressed using the parametgfced by the quantum-dot arrangemgsete Fig. )]. We
AU’. Previously'” we discussed the influence of the energyalso observe small and hlgh—fre_quency oscillations for the
difference on the exciton dynamics in a two-quantum-dotdashed and dotted curveg\J'|/U’=0.5 and 1.0) in Fig.
system that mainly degrades the signal contrast. Here, wé(@). These come from the coherence between st&gsand
focus on the effects of asymmetry due to the arrangement gf\;) which can be seen in the equations of motion of
each quantum dot, assumidg),g=0. psl,Al(t) andpAl,Sl(t) [see Eqg.(Al)]. Since the coherence

In order to examine the effects of the quantum-dot aris always excited by mediating stdte;) and the stat¢P;)
rangement, the average coupling streridthis fixed so that has a short lifetime dominated by the relaxation conskant
stateg S) and|P) maintain the same temporal evolution that the oscillations have no relation to the population dynamics.
was found in the symmetric system. Then, the differencd=igure 8 shows the variation in the output populatiort at
between the coupling strengtidd)’ varies from 0 to=U, =100 ps as a function of the asymmetry fackAiU’|/U’.
where the exciton dynamics are independent of the sign ofrom this figure, it follows that the asymmetry only affects
AU’. Therefore, an asymmetry factor is defined by the ratiqhe one-exciton state, where it breaks ther state in the
of |AU’| to U’, varying from O(symmetry to 1 (maximum logic gate, as shown by the curve with squares, and the sig-
amount of asymmetjy nal contrast decreases with increasing asymmetry.

Figure 7 presents the temporal evolution of the output Conversely, for thexor-logic gate AQ2=U), the two-
population for the energy differencA{Q)=—-U (an AND-  exciton states correspond to the off-resonant states in the
logic gate casewith and without an asymmetric arrange- symmetric system. Therefore, the excitation is transferred to
ment. For the one-exciton stafEig. 7(a)], the asymmetric the output energy level in QD-C as the asymmetry factor
arrangement strongly affects the exciton dynamics, and thicreases, as shown in Fig(t9. Similarly, the variation in
OFF state in theaND-gate operation is no longer valid be- the output population with the asymmetry factor is plotted in
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FIG. 8. Variation in the output populations at a fixed timet of
=100 ps as a function of the asymmetry factor, where the energy FIG. 10. Variation in the output populations at the fixed time of
difference is set td Q) =—U (AU=89 ueV) and an average cou- t=100 ps as a function of the asymmetry factor, where the energy
pling strength ofzU’ =14 ueV is used. The curves shown with difference is set tadQ=U (#U=89 ueV) and an average cou-
square and circular dots represent the one- and two-exciton statg¥jng strength ofiU’=14 eV is used. The curves shown with
respectively. Only the exciton population in the one-exciton state issquare and circular dots represent the one- and two-exciton states,
modified by increasing the asymmetry factor. respectively. The exciton population in the two-exciton state ex-
ceeds that of the one-exciton state when the asymmetry factor
Fig. 10, where the time is fixed at=100 ps. The figure |AU’|/U’ exceeds 0.5, so theor-logic operation is reversed.
shows that thexor-logic operation in the symmetric system
is reversed when the asymmetry factor exceeds 0.5 because aan asymmetric system can also be applied to inherent
one-exciton state can occupy the initial state®f) with a  npanophotonic functions. As mentioned above, the effect of
probability of 1/2, as shown in Sec. lll. Consequently, theasymmetry is based on coupling to statés, which are
output population also reaches a probability of 1/2. This issimilar to the so-called “dark states” in an asymmetric
also valid in the asymmetric system. However, the asymmetsysten?® In other words, the populations of state®) and
ric arrangement enables coupling of the two-exciton statefa) can be chosen selectively by adjusting the arrangement
|P3) and|A;). State|P;) can be fully excited in the initial of some of the quantum dots. Note that both states are ex-
stage, so the output population reaches a unit value via stat@gessed by the superposition of eigenstates in isolated-
|A). This exceeds the output population 0.5 for a one-nteracting quantum dots. Therefore, a system composed of

exciton state with a larger amount of asymmetry. three quantum dots cannot only select information that de-
e pends on the initially prepared excitations, but also informa-
1.0F (a) 1 tion that reflects the initial quantum entangled states in the
osl ] coherent operation part. From this perspective, such nano-
< photonic devices are useful in connecting quantum devices
S 0.6} ; ; (R ; ;
5 as a detector and interface devices which identify occupation
§ 0.4} probability of the quantum entangled states in an input sig-
T 4ol nal.
0.0 .
0 50 100 150 200 250 300 V. CONCLUSIONS
Time (ps) This paper proposed nanophotonic inherent operations us-

ing a three-quantum-dot system. Such a system consists of a

1.0+ e, d

°r ® PR coherent operation part and an incoherent output part. The

- 0.8 e ] exciton state in the coherent operation part can be read se-
g o6 P 1 lectively by adjusting the energy level in an output quantum
3 o4l 7 ] dot or the size of the quantum dot. First, we derived the
s R coupling strength induced by an optical near field and

R ] showed that optical near-field coupling enables us to access
0.0f 1 dipole-forbidden energy levels for conventional far-field
0 50 100 150 200 250 300 light. Then, we derived the equations of motion for the ex-

Time (ps) citon dynamics in a symmetric system to discuss the cou-

pling properties between the coherent operation part and the
FIG. 9. Temporal evolution of the output populations for the output part. Initially prepared one- and two-exciton states
energy difference oAQ=U (AU=89 ueV). Parts(a) and (b)  couple resonantly with the output part due to the optical
show the populations for the one- and two-exciton states, respegear-field coupling when the energy level in the third quan-
tively. The solid, dashed, and dotted curves represent the results fenm dot is set higher than one and lower than in the other
asymmetry factorfAU’|/U’=0, 0.5, and 1.0, respectively, where identical quantum dots. This feature is applicable to logic
the average coupling strength is setio’ =14 peV. operations. Using analytical solutions, we showed that the
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system operates as amD-logic gate when the energy dif- using a near-field optically coupled quantum-dot system and
ference isAQ)=—U, and it operates as axDR-logic gate characteristic device operations inherent in nanophotonics,
when AQ=U. Furthermore, we examined the effects of including coherent and dissipative process. Such a system
asymmetry due to the arrangement of quantum dots numerdpens up a different way to nanoscale science and technol-
cally. The asymmetry allows coupling between stdtés  ogy.
and|P), and|A) and|S); these states are decoupled in the
symmetric system. Although the asymmetric arrangement
decreases the signal contrast in tid- and XOR-logic op-
erations, it introduces a technique to manipulate the informa- The authors thank Dr. T. Kawazddapan Science and
tion about quantum entangled states or quantum coherendechnology Agency for kindly providing experimental in-

by adjusting the quantum-dot arrangement. In conclusion, wérmation about CuCl quantum dots and the dynamics driven
proposed functional operatiofaND- and XOR-logic gate$ by optical near-field interactions.
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APPENDIX: EQUATIONS OF MOTION IN AN ASYMMETRIC SYSTEM

The equations of motion for density-matrix elements in an asymmetric system are derived using the bases described in Egs.
(25) and(26) for one-exciton states,

ps, 5, (D=1\2U"[ps, pi() = pp s (D] +IAQ el ps, A, (1)~ pa,.s (D],
. ) I Jy— ) )
ps, p (D)= : (AQ-U)— 5] ps, p (D +i V2U'[ps, s,(1) —ppy ey (D] V24U ps a (1) —i AQpgpa, p(1),

- . r = . .
PPi,sl(t)=| —i(AQ—-U)—- E}Ppi,sl(t)_l \/EU'[Psl,sl(t)_PPi,Pi(t)]“"\/EAU’PAl,sl(t)""AQABPPi,Al(t),
pe; p1()=—Tpp; pr(t)=1\2U'[ps, pr(t) = pp; s (D] =1AU [pp; a (1) = pa, p1(D)],

: . r e . .
pp;,Al<t>=( —i(AQ+U)- 5] pey (D =120 s a (D +1V2AU [pa, (D)= pp; o (D] +iAQpepp; 5,(1),

: _ r — _ , _
pAl,Pi(t):[l(AQ-"U)_E]PAl,Pi(t)'H\/EU PAl,sl(t)_l\/EAU [oa, A, (D= ppr pr(D)]=TAQAgps, p: (1),
ps, a,()=—12Upg A ()=iV2U pp; o () =iV2AU pg, pr() +iAQagl ps, 5,(1) = pa, a, (D],
Pay5,(0=12Upa 5 (0 +1V2U" pa, pr (D) +iV2AU ppr 5, (1) —1AQaelps, 5, (1) = pay a (D],

Paya(D=1V2AU [ppr o (D)= pa, p1(D]=1AQaglps, (D)~ pa, 5, (D], (A1)

whereAQ=0c —(Qa+Q5)/2, AQpg=0a—Q0p, U'=(UgctUca)/2, andAU’=(Ugc—Uca)/2. For two-exciton states,

bsé,sé(t) == FPS&,S’(U +i \/EU,[pSé,Pé(t) _PPé,Sé(t)] +i AQAB[DS&,A&(U - PAé,sé(t)],

2
. . r — R .
psypy(0)=1 = 1(AQ+U) = = pg; pr(t) +12U [pg) () = ppy py(1)]+1 V28U psy ar(1) =182 agpAy py (1),
. : r : 11’ : ’ ;
Ppy s, (D)= |(AQ+U)_§ PPé,sé(t)_l\/EU [PSé,Sé(t)_pPé,Pé(t)]_l\/EAU Ay, s (D+HTAQagpps (1),

pry py(1)=—1V2U[ps, py(t) = pp; ()] +1 V20U [ppy ar(t) = pay py(D)],
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: . r = . , .
pAé,Pé(t):[_l(AQ_U)_E]pAé,Pé(t)‘H\/EU PAé,sé(t)""\/EAU [PAé,Aé(t)_pPé,Pé(t)]_|AQABPS§,Pé(t)a
- . r = . , .

PPé,Aé(t): |(AQ_U)_§ pPé,Aé(t)_l\/EU pSé,Aé(t)_l\/zAU [PAé,Aé(t)_pPé,Pé(t)]"_|AQABPP£,S§(U:

bSé,Aé(t) =(—i2U-T)pg) ()~ \/EU,PPé,Aé(t) +i2AU 'psy,p (1) HTAQAg[ps) 5 (1) — pas ar(D)],

Pag. (D)= (12U=T)pay (1) +1V2U pay py(1)=iV2AU ppy /(1) ~iAQ nel ps; (1)~ P ag(D],

pay A () =—Tpp; ar(t)—i V2AU "[ppy Ay ()= pay py(D)]—TAQ AR ps) A1 (1) = pas sy(D)]- (A2)
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Abstract

A series of RECa;O(BO3); (RECOB) thin films (RE = Rare earth elements) was fabricated on ultrasmooth GACOB (0 1 0)
substrates by laser molecular beam epitaxy (MBE) method to explore the optimal growth conditions and to evaluate the
luminescent properties. The growing surface of the film on a temperature gradient substrate was diagnosed with scanning
reflection high energy electron diffraction (S-RHEED) system for quickly specifying optimum growth temperature and its
dependence of rare earth element. The lowest temperature for epitaxial film growth was defined by the appearance of streak
pattern in RHEED and it reflected the lattice matching with the substrate. TbCOB and EuCOB emitted respectively very bright
green (543 nm) and red (611 nm) light, indicating that they are promising new phosphors. It is noteworthy that we could detect a
remarkably strong red emitting region in the EuCOB-ScCOB-PrCOB ternary composition spread library.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Combinatorial; NLO thin film; RECOB; Laser MBE; Phosphor

1. Introduction RE = rareearth) single crystals possess interesting

nonlinear optical properties to be applied for noncri-

In the last few years, nonlinear optics (NLO)
has attracted a great deal of attention, and many
research works have been carried out for the fabrica-
tion of NLO thin films [1]. RECa;O(BO3); (RECOB,

“ Corresponding author. Tel.: +81-45-924-5314;
fax: +81-45-924-5377.
E-mail address: koinumal @oxide.msl.titech.ac.jp (H. Kubota).

tical phase-matching second-harmonic generation
(SHG) and third harmonic generation (THG) of
Nd:YAG laser [2]. The NLO characteristics of
RECOB crystals are sensitive to chemical composi-
tions. The refractive index of Gd,Y;_,COB varies
continuously depending on x to change the phase-
matching conditions. In bulk single crystals, rare earth
substitution is limited by thermodynamics [3],

0169-4332/$ — see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j.apsusc.2003.10.014



242 H. Kubota et al./Applied Surface Science 223 (2004) 241-244

whereas a wider allowance of elemental substitution
can be expected in thin films deposited under non-
equilibrium conditions. We already reported that
Gd,Y;_,COB (x = 0 ~ 1) thin films could be epitaxi-
ally grown on atomically flat GACOB (0 1 0) sub-
strates to exhibit SHG [4]. Especially Gd3Y(.7COB
film satisfied the type II phase matching condition
along the b axis as in the case of the bulk single crystal.

Recently, a new function of this material was
reported [5]. Red laser light of self frequency doubling
of the 1332 nm emitted by the *F3 2= o B /2 transi-
tion of Nd*" in Nd:YCOB crystal [6]. The Nd:RE-
COB crystal has such a potential application as tri-
color laser display. Here, we report on the first suc-
cessful fabrication of a series of RECOB epitaxial thin
films by combinatorial laser MBE method and on the
optical properties that laid the foundation of self-
frequency doubling toward the RECOB-based laser
emitting device.

2. Experimental
Our combinatorial laser MBE system used in this
study was equipped with Nd: YAG cw laser heating [7]

and scanning reflection high energy electron diffrac-
tion (S-RHEED) [8]. In order to achieve the high

Nd YAG laser

throughput optimization of the epitaxial growth tem-
perature for each RECOB film, the film was grown on
an atomically flat GdACOB (0 1 0) single crystal sub-
strate whose temperature was varied from 750 to
550 °C by the laser heating focused on an one edge
of the substrate. The S-RHEED was used for in situ
characterization of the lattice structure of growing
films at various sites of the substrate. We determined
the epitaxial nature of the films by using concurrent X-
ray diffraction (CXRD) [9]. EuCOB-ScCOB-PrCOB
ternary composition spread film was fabricated by
using a specially designed mask scheme. The detailed
process will be described elsewhere [10]. A pulsed
KrF excimer laser (4 = 248 nm) with a laser fluence
of 5 J/em* was focused on sintered RECOB targets in
1.3 x 10~* Pa oxygen at 5 Hz repetition rate. Photo-
luminescence (PL) property was investigated by tak-
ing a color photograph of the chip under excitation
with an ultraviolet (254 nm) lamp. The corresponding
PL spectra were also measured by excitation with a
frequency doubled Ar laser (488 nm).

3. Results and discussion

Fig. 1 shows a series of RHEED patterns of YbCOB
film observed at various sites of the substrate, which

GdCOB (010)

"RECOB film

--

" Gdcos (060)

Intensity (a.u.)

(b=1.603 nm)

YbCOB (060)
(b=1.582 nm)

32 33

34 35 36

2theta (deg.)

Fig. 1. A series of RHEED patterns of YbCOB film library grown at 750 °C (a), 680 °C (b), 650 °C (c). (d) CXRD pattern of YbCOB epitaxial

film grown at 750 °C.
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correspond to the growth temperature of (a) 750, (b)
680, (c) 650 °C, respectively. At 750 °C, the RHEED
streak pattern was as sharp as the pattern of the
GdCOB substrate at the same azimuth angle of the
incident electron beam, indicating that the YbCOB
film was grown epitaxially on GdCOB at this tem-
perature. Decreasing the substrate temperature to
650 °C changed the RHEED pattern spotty and hal-
lows due to the polycrystalline nature of the film. The
YbCOB film grown at 750 °C also showed a clear and
strong peak of (0 6 0) in the CXRD pattern (Fig. 1d).
The small b-axis length of YbCOB (b = 1.582 nm)
compared to that of GACOB (b = 1.603 nm) could be
explained by taking the ion radius of Yb into account.
In this way, the optimal growth temperature for
YbCOB epitaxial film was determined in a single
experiment.

The temperature gradient method was applied to
high throughput optimization of other RECOB films
(RE =Sc, La~Nd, Sm ~ Lu). S-RHEED and
CXRD analyses revealed that all the RECOB films
were epitaxially grown in specific temperature ranges
that varied depending on the RE elements. The lowest
temperature for epitaxial growth was plotted against
ion radius of the RE element as shown in Fig. 2 to be
the lowest for RE = Gd. There is a tendency that the
lowest temperature for epitaxial growth increases at
the both smaller and larger ion radius sides of Gd.
Since GACOB substrate was used in these experi-
ments, this remarkable trend should reflect a stress
effect from the lattice mismatching between the film
and substrate.

Among RECOB epitaxial films, TbCOB and EuCOB
films were found to emit green (543 nm) and red

800

Tm » 7

750

700

650 1

600
Gd

Tempreature (degree)

550 A A e A A
074 079 0.84 0.89 094 0.99

lon radius (A)

Fig. 2. The lowest temperature estimated for epitaxal growth
plotted against the ion radius of RE element.
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Fig. 3. PL intensity map for Eu;_,_,Sc,Pr,COB ternary composi-
tion spread film under ultraviolet (254 nm) excitation (a), and the
PL spectrum (b) measured at the point marked O in (a).

(611 nm) light, respectively. The effect of RE element
substitution on the PL property was investigated by the
fabrication of the EuCOB-ScCOB-PrCOB ternary
composition spread film library on YCOB (1 0 0) sub-
strate. The variation of ion radius from small Sc to large
Pr was presumed to induce a significant stress effect on
the PL intensity.

Fig. 3a shows the PL intensity mapping under an
excitation with a UV lamp (254 nm). Strong red
emission is clearly seen at Sc-rich region and the
composition of Eugg9Scy gsProosCOB gives a max-
imum intensity. Pr substitution drastically decreases
its intensity, suggesting that Pr’" ion behaves as
inhibitor due to the energy transfer from Eu’" to
Pr’*. By Eu substitution from the maximum intensity
region, the intensity decreases and then increases
to be moderately high Eu-rich region. The intensity
decrease should be due to the concentration quench-
ing. Fig. 3b is a typical PL spectrum under an excita-
tion with frequency doubled Ar laser (488 nm) taken
at a composition of Eug ¢5Sc( 35COB which is marked
in Fig. 3a. The light emission at 611 nm corresponds
to the red from the Eu’" ion via Dy — ’F, transition
of 4f electron.

4. Conclusion

RECOB (RE = Sc, La ~ Nd, Sm ~ Lu) thin films
were grown on a temperature gradient substrate to
optimize the film growth conditions. S-RHEED and
concurrent X-ray diffraction analyses revealed that
each RECOB could be epitaxially grown in a specific
temperature range that varied depending on the rare
earth element. From the results of PL properties of the
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RECOB films, RECOB is a material promising as a
host for phosphors.
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A model is presented for a system of N two-level excitons interacting with each other via optical near
fields represented as localized photons. In a low exciton density limit, quantum dynamics of the dipole
moments or quantum coherence between any two energy levels is linear. As the exciton density becomes
higher, the dynamics becomes nonlinear, and the system has several kinds of quasi-steady states of the
dipole distribution depending on the system parameters. These quasi-steady states are classified with the
help of the effective Hamiltonian that is derived from the renormalization of degrees of freedom of
localized photons with a unitary transformation. Among them there exist a “ferromagnetic” state
(dipole-ordered state), in which all electric dipoles are aligned in the same direction, and an “anti-
ferromagnetic” state, where all dipoles alternatingly change the direction. In addition, we show that an
arbitrary state can be transformed into a dipole-ordered state by manipulating initial values of the
population differences appropriately. For example, if we initially prepare a dipole-forbidden state, which
is similar to the “anti-ferromagnetic” state and cannot be coupled with propagating far fields, and if we
manipulate the distribution of the population differences properly, the initial state evolves into a dipole-
ordered state. The radiation property of such dipole-ordered states is examined in detail. Neglecting
energy dissipation by radiation, we find that some of the ordered states show strong radiation equivalent
to Dicke’s superradiance. Then by introducing a radiation reservoir, the dissipative master equation is
derived. Solving the equation with and without quantum correlations, we numerically show that multiple
peaks in the radiation profile can survive in both cases. The mechanism of this phenomenon is discussed,

and a brief comment on an application to photonic devices on a nanometer scale is given.

KEYWORDS: optical near field, localized photon, local coupling, global coupling, quantum dot, exciton, electric

dipole, superradiance, Dicke model
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1. Introduction

1.1 Background and optical near fields

Recent progress in nano-fabrication and nano-manipula-
tion has enabled us to explore the excitonic processes and to
control quantum states in an electronically isolated semi-
conductor quantum dot (QD) or several coupled quantum
dots (QDs) that are also electronically isolated from other
QDs." Near-field optical approaches have achieved a break-
through in nano-optics, in nano-science, and in nano-
technology, utilizing the spatial localization and ultra-high
speed originating from the strong coupling of matter and
light on a nanometer scale. For example, scanning near-field
optical microscopes (SNOM) have been developed as optical
microscopes with resolution far beyond the diffraction limit
of light.z) A variety of experiments have been carried out in
order to control and to manipulate a single atom, molecule,
or QD with accuracy beyond the diffraction limit.¥ In the
near future, the exciton dynamics will be experimentally
investigated with the help of the near-field optical tech-
niques4) by the local excitation of arbitrarily selected QDs.
Therefore, optical near fields are essential for the exploration
of excitation processes in a confined space. Optical near
fields are localized around a material system, e.g., around a
near-field probe tip or a QD system, depending on the size of
them, and thus their noticeable effects manifest themselves
when the two systems are close within a distance of the order

*E-mail: akirasho@ohtsu.jst.go.jp

of the size. The interaction between two material systems is
even more dominated by optical near fields, not by
propagating light or far fields, if the size of the two systems
is smaller than the wavelength of light, and optical near
fields and material polarization are mutually related. There-
fore in nano-optics, one has to consistently describe both
material systems and optical near fields, and needs to know
the dynamical properties of the material systems interacting
with optical near fields.

We give a few examples to understand the spatial
localization of optical near fields. The evanescent field
generated on a planar dielectric surface can be obtained by
analytical continuation of the wave vector k; normal to the
surface as exp(ik - r — yz) with k; =iy (y: real), whose
localization range is about that of the wavelength of incident
light. Similarly, optical near fields around a tiny dielectric
sphere whose size is much smaller than the wavelength is
described by the spherical Hankel function with analytic
continuation of the radial component of the wave vector k
to the pure imaginary k; = iy; the first kind Hankel function
of order 0 gives a typical form of optical near field around a
sphere as

e
o=—".

yr
The fields satisfying the spherical boundary condition can be
expanded in terms of plane waves, or can be expressed in the
angular spectrum representation, and it follows from a
numerical analysis that the distribution of the angular

(1.1)
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spectrum has a peak at y = 1 /a.z) Applying the result to eq.
(1.1), we see that the localization range of optical near fields
around a sphere is of the order of the radius a, i.e., the size of
the material system. Here note that optical near fields should
be derived from microscopic polarization of matter by using,
for example, a nonlocal theory in a semi-classical way
proposed by Cho,” though we can formally obtain an optical
near field from a solution of the Helmholtz’ equation by
analytical continuation of the normal component of the wave
vector to the pure imaginary.

We are interested in the dynamics of nanometric material
systems interacting with optical near fields as well as
quantum behaviors. However, it is very difficult to employ
the nonlocal approach for the quantization of the electo-
magnetic fields and for treating the dynamics of the material
systems and the optical fields because of the complexities of
the self-consistent procedure in practice. Moreover, we have
no formal or phenomenological theory to resolve the above
problems. Therefore a new approach is required, which
enables us to easily deal with the quantum dynamics of
material systems interacting with optical near fields. In this
paper, we address the issues and present a simple phenom-
enological model of optical near fields in order to discuss
dynamical properties of a nanometric material system
interacting with optical near fields.

1.2 Optical near fiellds and propagating fields

The main difference between a material system coupled
with optical near fields and a material system coupled with
propagating far fields, is that one is locally coupled and the
other is globally coupled as schematically depicted in Fig. 1.
Since the propagating field is usually expanded in terms of a
plane wave basis, emitted photons as plane waves prop-
agates from one site to far sites of the material system and
can excite the far sites, as shown in Fig. 1(a). On the other
hand, as shown in Fig. 1(b), “near field photons” or
“localized photons” can only move to near sites and excite
them. Generally speaking, the dynamics of a locally coupled
system is different from that of a globally coupled system in
respect to the relaxation speed towards equilibrium.ﬁ)
Therefore we can expect that the dynamics and equilibrium
states for a locally coupled system are different from those
for an ordinary globally coupled system such as a propagat-
ing field-matter system.” From this point of view, it is
significant to investigate a nanometric material system
interacting with optical near fields.

In this paper we present a model for a material system, in
particular, for a quantum dot system interacting with optical

® B la*w aT B*

Fig. 1. Schematic drawing for (a) a global coupling system and (b) a local
coupling system. Each element of the system in (a) can directly interact
with arbitrary elements at far site while elements at near site can only
interact with each other in (b).
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near fields, and discuss the dynamics of the electric dipole
moment and the radiation property of the system in detail.
For comparison a material system interacting with radiation
field is also examined. We study the propagation of an initial
excitation signal in a quantum dot which is locally prepared
by optical near fields, and is described in terms of excitons in
an N two-level system. In a dilute limit, excitons are
approximately treated as bosons, and a rigorous solution of
the Heisenberg equation shows that the dipole moment
representing quantum coherence between any two levels
follows linear dynamics. In a non-dilute case, excitons at a
site obey the fermion commutation relations while exitons at
different sites satisfy the bose commutation relations, which
results in nonlinear equations of motion. We predict a
coherent oscillation of all the dipoles of the system (dipole
ordering), and strong radiation from some of the dipole-
ordered states, which are close to the Dicke’s super-
radiance.”

1.3 Two-level system with propagating fields: Dicke’s

superradiance

Superradiance, the cooperative emission of radiation from

a collection of excited two-level systems was originally
discussed by Dicke in 1954. He found that under a certain
condition the radiation rate is proportional to the square of
the number of two-level systems involved, and that an
intense pulse is emitted.” Superradiant phenomena have
occupied considerable attention of a large number of authors
in 1970’s.”* In a small system whose size is much smaller
than the wavelength of radiation, the equations of motion for
the two-level system coupled to the radiation field (Dicke
model) is given as follows:

dpa

=5 = “1(RR_ps = 2R_paR, + paRR-),

where p4 is the density operator after eliminating radiation
field’s degrees of freedom from total density operator of the
system, R, is the collective raising and lowering operators
of a two-level system,g) and 2y, is the inverse of the
spontaneous emission lifetime of each two-level system
(Einstein’s A-coefficient). From eq. (1.2) one obtains differ-
ential equations of the observables of the two-level system
and a radiation pulse emitted under a certain initial condition
whose height and width are proportional to N?> and 1/N,
respectively. By using a semi-classical approximation of
neglecting quantum correlations in the two-level system, an
analytical solution'™"¥ for radiation intensity / is written as

(1.2)

I o« N* sech?[yoN(t — 1o)], (1.3)

which shows a radiation profile of the cowbell shape. It
should be noted that the semi-classical approximation does
not correctly predict the dynamics starting from the
completely inverted states'>'® with no dipole moments
because the quantum fluctuations of the dipole moments are
essential in the radiation process.

In a large system the superradiant state is affected by both
inhomogeneity of the two-level system in a sample and
reabsorption of emitted photons,lﬁ) which results in the
decoherence; namely, some part of the coherence in the
system is destroyed by the induced dipole—dipole interac-
tion. It leads to reduction of the peak height and an extension
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of the tail of the radiation proﬁle.m’m For a two-level system
confined in a long cylindrical shape of sample, Bonifacio et
al. predicted multiple peaks in the radiation profile that stem
from the stimulated absorptions and emissions in the long
active region.ls’zo) Experimental observation using a cylin-
drical sample was done by Skribanowitz et al."™ and the
experimental results were analysed by Bonifacio et al." For
a small two-level system emission spectra of CuCl quantum
dots were measured, and a single peak of pulse emission was
reported by Nakamura et al.*> Tokihiro et al. examined a
linear excitonic system, where excitons can hop from one
site to its nearest neighbors due to the dipole—dipole
interaction, and showed that radiation from a totally inverted
state as an initial condition exhibits a reduction of the peak
intensity and the extension of the tail," as discussed by
Coffey et al."” They also claimed that radiation from a
partially excited state shows an oscillatory behavior of the
radiation profile as indicated by Bonifacio et al.® Tt is clear
that the peak intensity reduction of radiation in both cases
comes from the dipole—dipole decoherence, but it is not
obvious whether the origin of the multiple pulse generation
is the same or not. We also show multiple pulse emission in
our model, and discuss the mechanism.

1.4 Outline

The paper is organized as follows. In §2 we present a
model of an N two-level quantum dot system interacting
with optical near fields represented in terms of localized
photons, and the model Hamiltonian. In §3 a rigorous
solution of the equations of motion for the system is
obtained within a boson approximation. With the help of the
solution we investigate the propagation of the dipole
moments of the system. In §4 without using the boson
approximation we obtain the second-order perturbative
solution to show the dynamics of the system. In §5 an
effective Hamiltonian is introduced by renormalizing de-
grees of freedom of localized photons. With the help of the
effective Hamiltonian we classify the quasi-steady states of
the dipole distribution in order to discuss the origin of the
dipole ordering. In §6 we examine the radiation property of
the system in a weak limit, where the radiation field does not
affect the dynamics of the system. In order to discuss the
radiation property of the dissipative system, in §7, the master
equation is derived after introducing a radiation reservoir,
and is solved with and without including quantum correla-
tions between excitons and localized photons. Finally in §8
concluding remarks are provided.

2. Model Hamiltonian

One of the most important features of optical near fields is
the localization property, where it is not suitable to use a
broad spreading wave as a basis function of quantization of
the fields. Therefore, it is significant to find a good normal
mode of the electromagnetic fields to satisfy a peculiar
boundary condition, by which the optical near fields are
produced and quantized.24_26) It is difficult, however, to find
a general and appropriate normal mode satisfying any
arbitrary boundary conditions. As an alternative approach, it
is possible to model optical near fields and their important
characters phenomenologically. Such an approach is adopted
in this paper to formulate the problem and to discuss the
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Dot n Dot n+1

Fig. 2. Schematic diagram of a model system: N two-level QDs labelled
by the site number are closely located in a ring, and are interacting with
localized photons.

dynamics of a nanoscale material system.

To describe the localizability of the optical near fields it is
very effective to use a localized basis function such as a
Wannier function or a delta function instead of a plane wave.
However, at the same time we need to describe the property
of a short range interaction, or a steep gradient of optical
near fields. Taking into account such circumstances we
model optical near fields phenomenologically in terms of
localized photons which are described as a harmonic
oscillator localized in each quantum dot site, and are only
allowed to hop from one site to the nearest neighbors.zs)
Figure 2 schematically describes our model system. We
suppose a closely located quantum dot chain as a nano-scale
material system that is expressed as a one-dimensional N
two-level system, or an excitonic system with a periodic
boundary condition. Since each exciton can only interact
with localized photons in the same QD, each quantum dot
indirectly interacts with one another via localized photons,
as illustrated in Fig. 2. This model is based on the unique
property of localization or non-propagation of optical near
fields mentioned above,” and is preferable for an intuitive
understanding of coherent excitation transfer between the
QDs and its manipulation by the localized photons. The
model Hamiltonian of the system can be written as

H = H,+ Hj + Hiy, (2.1

where H, describes localized photons, Hj describes excitons,
and H;j, represents the localized photon—exciton interaction.
Each Hamiltonian can be expressed as

N
H, = Z{ealan +V(al, an+alan)},  (2.2a)

n=1

N
Hy=E»  biby, (2.2b)
n=1
N .
Hie = U _(alb, + bjay), (2.2¢0)

n=1

where n indicates the site number, and a, (aj;) and b, (bj;)
represent annihilation (creation) operators of a localized
photon and an exciton, respectively. The periodic boundary
condition requires that the (N 4 1)-th site corresponds to the
first site. The constant energies of the localized photons and
excitons are represented ¢ = fiw and E = 72, respectively.
The hopping energy of the localized photons is represented
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as V =hv, and U = hg gives the strength of the conven-
tional dipolar coupling between the localized photons and
the excitons in the rotating wave approximation.

We apply the boson commutation relations to the
localized photons as

[an’a;:’] = 8w, lan,an]l = [al’ajﬂ] =0. 2.3)

The creation operator of an exciton, bz, can be written in
terms of the annihilation operator of a valence electron of
nth site, c¢,0, and the creation operator of a conducting
electron of nth site, cjl s b}l = c,: £Cno- In the same way, the
annihilation operator of an exciton, b,, can be written as
b, = cjlocn - Assuming that only one exciton is generated in
a quantum dot site, we obtain the relation as Ny + Ny =
cz sCnf + clocno = 1. With the help of these expressions and
the fermi commutation relations for electrons, the commu-
tation relations for excitons are derived as>’>”

[bw. )] = 8 (1 — 2bD,,), (2.4)

which shows that excitons behave as fermions at intra-site
and as bosons at inter-site. It follows from eq. (2.4) that
excitons are approximated as bosons in a dilute limit of the
exciton density, (b'b,) = (N,) < 1.

With the boson approximation, the Heisenberg equations
of motion can be rigorously solved. First, we obtain a
rigorous solution of the Heisenberg equations for bosonic
excitons to investigate the dynamical properties. Then we
investigate the dynamics of fermionic excitons, solving the
Heisenberg equations both perturbatively and numerically.

3. Dynamics of Bosonic Excitons

3.1 Boson approximation and diagonalization of the
Hamiltonian
To solve the Heisenberg equation we introduce the spatial
Fourier transformation for a, and b,, as

1 X
Ay = —Y e*q,, (3.1a)
N
1 &
By =—=Y &, (3.1b)

where we set k =2ml/N for [=1,...,N and the lattice
constant as 1. Fourier transforms A; satisfy the following
commutation relations

[ALA]] = 8w, [AAvl = [A],AL] =0, (3.2

and the commutation relations of Fourier transforms By are
similarly obtained as

1 . '
(BB = 3 3¢ 5,0}

I —
=5 > e (1~ 2p7h,).

It follows from this expression that when the expectation
value of the number of excitons is small as (bj,b,,) < N, the
second term of the right hand side of eq. (3.3) can be
neglected, and excitons are approximated as bosons as

[Bk9 B]:,] = Skk’, [B/ka’] = [B]-L’B/L’] = 0’

(3.3)

(3.4)
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where the following relation
1 I
=Y O = g 3.5)
N n
is used. Fourier inverse transforms are also given as
iy = —— e Ay (3.62)
n — 5 .
VN &%,
1 ,
by=—= Y e "B, (3.6b)

‘/_N kelBZ
where the summation of k runs over the first Brillouin zone
(1BZ). Using eqs. (3.1a), (3.1b), and the following relation

1

N eik(n—n') -4

nn's (37)
kelBZ

we can transform the Hamiltonian (2.1) into a Fourier
transform representation

H= Z {(e + 2V cos k)A; Ay + EB; By
¢ (3.8)
+ U(AB] + A[BY)} = Y Hy.
k

Note that the dispersion relation of localized photons is
changed from ¢ to (¢ + 2V cosk). The transformed Hamil-
tonian Hj can be diagonalized into a simple quadratic form

c oo € +2Vcosk U Ax
Hi = (Ak’Bk) U E B )
k

;2

2
> MyX ()X (k).
i,j=1

(3.9)

where the abbreviations e =&+ 2Vcosk and XT(k) =
(AT,BD are used. The matrix kernel of the Hamiltonian,
M, is diagonalized as

A 0
STMS = ("7 ,
0 A
by an orthogonal matrix S
\/ L+K \/ L—-K
S = 2L 2L | 3.11)
\/ L—K \/ L+ K
2L 2L
Here eigenvalues Ay are written as
E 1
A = e; £ 5 y(e — BF + 402

=K+EZXL
with K = (e — E)/2 and L = </K? 4+ U?. Using the polariton

transfomlatlon as
/Sk B k

we can finally diagonalize the Hamiltonian (3.8) as follows:

(3.10)

(3.12)

(3.13)
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H= Zk:Hk = Zk:(a+a,iak +A_BIB).  (3.14)

3.2 Dipole dynamics driven by local excitation

With the help of the diagonalized Hamiltonian eq. (3.14),
we can immediately solve the Heisenberg equation and can
express the time evolution of exciton—polariton operators (ot

and B;) as
( a(t) ) e /gy
Bi(t) e—it-1/ng, |’
where o and S denote the operators in the Schrodinger
representation. It is assumed in this paper that an operator
with no indication of the time dependence is expressed in the
Schrodinger picture as a time-independent operator. From

the inverse transformation of eq. (3.13), we obtain a time-
dependent solution of the Fourier transforms [A.(f) and

By(1)] as
At t e it/hg,
< k()>=S<ak()>=S ‘ “) (3.16)
By (1) Bi(?) e -1,
By transforming the exciton—polariton operators (o and By)

into (A; and Bj) again, explicit time-dependent solutions
Ay(t) and By(r) of the Heisenberg equations are written as

(3.15)

. L K L
Ap(t) = e B cos =t — i —sin=1 Ay
h L fi

U . L
— j— e ieHB)/2n (sin - t)Bk, (3.17a)

L

U . L
Bi(t) = —i— e WeHD/2n [ gin Z ¢ ) A
(1) 3 1) A

. L K L
e B2 6“4 i —sin—¢ |B,. (3.17b
5 7 Sin 1| ( )

Using the Fourier inverse transformation, we obtain a final
expression of the time evolution of the exciton operator b, ()
as follows:

1 . )
bu(t) = ¥ Z oik(m—n)—i(e+E)i/2h
k.m

U . Lt Lt K . Lt
><{—mmzsmg+bm(cos—+1—sm—>}.

(3.18)

Here we introduce a physical quantity of the electric dipole
moment for our two-level system defined as

(1) = p(ba(t) + bL(1) = pP,(D),

where P,(t) = b, (1) + b;(t) denotes the dipole operator that
describes the electric dipole moment of each quantum dot.
Moreover, two other independent operators are defined as

Vo(6) = i(bu(t) — bl(1)),
W, (1) = bl (D)b(t) — bu(H)D] (1),

(3.19)

(3.20)

where the latter represents the population difference of the
system. The unit operator and these three operators form a
basis for any two-level system, and the set (P,,V,,W,)
corresponds to the Bloch vector in a collection of two-level
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atom system. However, it should be noted that the
population difference W, is always —1 for bosonic excitons,
and the number operators of excitons blbn are the inde-
pendent operators in this case.

In order to investigate the coherent excitation dynamics of
the system, we examine the time evolution of the expect-
ation value of the dipole moment at an arbitrary QD n,
(P,(1)), under a variety of initial conditions. The expression
given by eq. (3.18) and its Hermitian conjugate provide a
useful result as

N
(Pa(t) =% > Z{((Pmmsgm (Vo) sin E) cos =1

kelBZ m=1 h
K ) . L
+ z ((Vm> Cos Emn - <Pm> s ‘i:mn) sin % t}, (321)

where the operation (---) = Trp... means the expectation
value of an arbitray operator. The notation &,, = k(m —
n) — t(e + E)/2h is used. Localized photons are assumed to
be initially in the vacuum state. In particular, it is intriguing
to investigate the dynamics with the initial condition of a
locally excited state, i.e., how the initial excitation prepared
only at one site propagates in the system. Setting (P,(0)) =
Sn1(P1) and (V,(0)) = O for all n, we obtain from eq. (3.21)
an explicit solution as

1 L K . . L
(P,(1)) = N Z{cos &y, cos Et -7 sin &y, smg t} (Py).

k
(3.22)

In Fig. 3 we present one of numerical results of the time
evolution of the dipole moment distribution calculated from
eq. (3.22), where the total number of sites is eight, and the
parameter values E =2, ¢ = 1, and V = 1 are used in a unit
of a typical exciton energy in QD. Although the dynamics
seems complicated at first sight, we can find a characteristic
behavior that the dipole of the first site moves to the fifth site
(the opposite site) and returns to the first site again. To see
the behavior more precisely we show plots of the time
evolution of the dipole moments of the first site and the fifth
site in Figs. 4(a) and 4(b), respectively. The result clearly
shows as a dominant behavior that when the dipole of the
first site is active, that of the fifth site is inactive and vice
versa, or the dipole moves like a seesaw between the first
site and the fifth site. The recurrence behavior is reasonable
from the fact that the Heisenberg equation of the system is
linear in the boson approximation. Since the dipole moment
P, is quantum coherence between the ground and excited
states of a two-level system, quantum coherence is trans-
ported to the farthest site of the chain and then comes back
to the original site. When the total number of sites is odd, the
seesaw motion arises between an initially excited site and its
farthest pair of sites of the chain. An interesting point in this
case is that we can obtain two copies of coherence at the
farthest pair of sites as illustrated in Fig. 5(b). Moreover, it
might be possible to use the system as a nanophotonic device
of transporting or splitting quantum coherence.

4. Dynamics of Fermionic Excitons

If we rigorously adopt the commutation relation for
excitons given by eq. (2.4), the Heisenberg equations for the
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system read

ba(t) = %[H, by(D)] = — %Ebn(t) + % Uan()Wu(1), (4.1a)

a(t) = %[H, a,(1)] =

i
R 8an(t) -

h

+a, (1) — % Ubu(1).

Since the higher-order terms are produced by a mode-mode
coupling such as a,W, = an(bj,bn — bnbl), the equations
become nonlinear and are hardly solved analytically. Thus
we first solve the equations perturbatively in order to

% V(@i (1)

(4.1b)

investigate the dynamics discussed in the preceding section.

Fig. 5.

1)

Transportation of quantum coherence in (a) an even site number
system and (b) an odd site number system. In the even site system (a),
output signals are obtained from the opposite site to the input site. In the
odd site system (b), output signals are split into the two-pair site opposite
to the input site.

4.1 Perturbative expansion of time evolution operator
Noticing that the Hamiltonian for localized photons H,
given by eq. (2.2a) can be written in a quadratic form as

— § : T
= aanmam»
n,m

ai

1% \%

e \%4

“4.2)

Vv ¢ V

V e

an

4.3)

we obtain an orthogonal matrix P to diagonarize the matrix
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kernel R of the Hamiltonian as

(P~'RP);; = hA;5;;. (4.4)

Then new annihilation operators v; = Z” P, ;a, and creation
operator v; =Y. P jaZ of new modes of localized photons
are introduced. Since all the elements of the diagonalization
matrix P are not zero, note that the new modes are extended
over a whole system. The commutation relation of the new
modes can be given as

[vi, U}L] = Sij.

With the help of eq. (4.4) and the modes v;, the Hamiltonian
in eq. (4.3), or eq. (2.2a) is diagonalized as

Hu = Zh/ljv;vj, (45)
J
and the localized photon—exciton interaction H, in eq.
(2.2¢) is written in terms of v; as
Hiy = hg Y Pos(vjbn + 015} (4.6)
j
In order to derive a perturbative expansion of the time

evolution of an arbitrary operator, we define the Liouvillians
as

1
L---=—[H, ], LO"'=£[H0,'“],

4.7

—_—SE | e

Lin -+ = - [Hio .

Then the Heisenberg equation of an arbitrary operator O is
written as

. i
0= 7 [H, 0] =iLO, 4.8)
and we can obtain a formal solution as
O(t) = G(1)0(0), 4.9)

with the time evolution operator G(¢) = '’ that satisfies the
following equation

G(t) = iLG(t) = iLoG(t) + iLinG(t). (4.10)

Treating the interaction term Hj, as a perturbation, we solve
the eq. (4.10) perturbatively up to the second order of the
perturbation as

GP(1) = Go(r) +1i / Go(t — $)LintGo(s)ds — / ds
0 o @11

X / duGo(t — s)LintGo(s — u)LinGo(u),
0

where the notation Go(r) = e is used. Substituting eq.

(4.11) into eq. (4.9) and using eq. (4.7), we can obtain the
time evolution of the exciton operator b,(f) = G2 (0)b,.
Suppose that localized photons are initially in the vacuum
and (V,) =0, then the expectation value of b,(r) is ex-
pressed

N N
(1)) = e ¥ (b) + 8 ) r_,-(z)( > PyiPu;
j=1 m=1

X (1 = 8um) (W) (bn) — Pﬁj(bn)), (4.12)
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where the notation

t S
L) =e ¥ / dsels -1 f due™1=1)
0 0
eI _ o—idit  jpe—if

(Q—-2)7° +Q—1,

=c;(t) +id;(r) (4.13)
is used, and c;(r) and d;(¢) represent the real part and the
imaginary part of I';(), respectively. The expression given
by eq. (4.12) and its Hermitian conjugate provide the time
evolution of the expectation value of the dipole at an
arbitrary QD site n as

(Pa() = (P) (cos Qg ) cj(t>Pi,»>

J
+ 82 ) Y CHOP P (Pu) (W),

Jj m#n

(4.14)

Corresponding to the discussion developed in §3.2, we set
initially (P,) = §,; and obtain the perturbative solution that
describes the dipole dynamics driven by a local excitation as
follows:

(Pu(D)) = 8,1 (cos Qr—g° Zc i(1)P? j) (P))

J

+ (1= 8,08 Y /(P P(P(W,).
J

(4.15)

In the next section we discuss the dynamical properties of
the system, on the basis of the solution given by eq. (4.15).

4.2 Numerical results and dynamical properties

As discussed in §3.2, we numerically investigate the
dynamics of the dipole of the system depending on the initial
conditions. Suppose that localized photons are initially in the
vacuum, (V,) = 0 for all n, the dipole is initially set only at
the first site as (P,) = 8,1, and all the populations are in the
ground states except for the first site as (W,) = —(1 — §,1).
As mentioned before, all the population differences are
automatically —1 for bosonic excitons. In addition, we
impose that the length of the Bloch vector (P,, V,, W,) is
normalized as

(Pu())? + (Vu(D)* + (Wo(D)* = 1.

In Fig. 6 the time evolution of the dipole distribution is
plotted. The parameter values used are the same as in §3.2
(E=2,e=1,and V = 1). It follows from the figure that the
dipole excitation of the first site moves to the opposite site as
shown in the boson case (see Fig. 3). The reason is that the
initial exciton density is so dilute as to validate the boson
approximation. As time advances, the amplitude of each
dipole increases because the perturbative solution violates
the unitarity.

To find a new feature of fermionic excitons, we vary the
initial conditions for the population differences from (W) =
—(1 — 8,1). Since the initial population differences at site n
contributes to the perturbative solution of the dipole at the
same site, eq. (4.15), in a product of (W,)(P;), the following
hypothesis is proposed.

(4.16)

Proposition 4.1 (Flip hypothesis). If the sign of the initial
population difference of the n-th site, (W,(0)), is inverted,
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Fig. 6. Time evolution of the dipole distributions (E =2, ¢ = 1, V = 1). Initially all of the sites without the first site are in the ground state, while the
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Fig. 7. Time evolution
(W) = =(1 = u).

then the direction of the dipole moment of the n-th site at
arbitrary time, (P,(t)), is flipped.

Since the dipoles at site 4, 5 and 6 in Fig. 6 are directed
opposite to the others, we invert the sign of (W,) for n =4,
5, 6. Figure 7 shows the result that the direction of the
dipoles at site 4, 5, and 6 are flipped, and that all the dipoles
oscillate with a same phase but with a different amplitude.
Thus we observe that the system is transferred from a locally
excited state to a coherently oscillating state of the dipoles,
in other words, to a dipole-ordered state. In the ordered state
the total dipole is N times larger than each single dipole.
Moreover, since radiation from an oscillating dipole is
proportional to the square of the dipole moment, we can
expect a high intensity of radiation from the dipole-ordered
state. The radiation property of the system will be discussed
in §6.2.

4.3 Dynamics of dipole-forbidden states via optical near-
field interaction

It is well known that the electric interaction between
molecules with no dipole moments is weak when they are
separated in a macroscopic distance, and that the interaction
becomes strong when they are very close to each other.
Taking it into account, we investigate the dynamics of the
system driven by localized photons, where it is interesting to
consider an initial state that alternating dipoles are set and
thus the total dipole of the system vanishes for an even
number of sites. Such a dipole-forbidden state can be
manipulated by localized photons, not by propagating far

of the dipole distribution (E=2, e=1, V=1):

sita number site number

the initial population differences of site 4, 5 and 6 are inverted from

(a)

Fig. 8. Schematic illustration of (a) an alternating dipole distribution (a
dipole-forbidden state) and (b) a dipole-ordered state. The state with
alternating dipoles that result in the total dipole of zero cannot be coupled
by the radiation field with the dipole interaction.

fields.

As an initial condition we set (P,) = (—1)", and for
simplicity, localized photons are in the vacuum, (V,) =0,
and (W,) = 0. The system parameters £ =2, ¢ = 1, and
V =1 are used as before. Figure 9 shows the time evolution
of such a dipole-forbidden state. From Fig. 9 it follows that
the system oscillates as schematically shown in Fig. 8(a),
and that it remains in the initial dipole-forbidden state. This
kind of dynamics is achieved in the system whose initial
distribution of the population differences are uniform. For
example, if we set (P,) = (—1)"/+/2 and (W,) = 1/+/2 for

t=6 t=9

AAN
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Fig. 9. Time evolution of a dipole-forbidden state (alternating dipole distribution). All the population differences are initially set as 0. We observe an
oscillation of the alternating dipoles. The system remains in the dipole-forbidden state.
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Fig. 10. Time evolution of a dipole-forbidden state (E =2, e =1, V = 1).
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Time evolution of the dipole distribution for the system (E =2, ¢ =1, V = 1) obtained from the Heisenberg equation with semi-classical

approximation. Initially all of the sites without the first site are in the ground state.
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Fig. 12. Time evolution of the dipole distribution for the system (E =2, e =1, V = 1) obtained from the Heisenberg equation with semi-classical
approximation. The initial population differences of site 4, 5, and 6 are inverted.

all n, the result is the same as shown in Fig. 9 except for its
amplitude of the oscillation.

Next, we manipulate the distribution of the population
difference non-uniformly, so that the signs are set as
opposite to those of the corresponding dipoles:

(Pp) = (=, 4, — 4, — +, —, +) /2,
(W) = (= — 4, — 4. — 4. —)/V2.

Figure 10 presents the result that a dipole-forbidden state as
shown in Fig. 8(a) is converted to a dipole-ordered state as
illustrated in Fig. 8(b). Since the dipole ordering has
occurred by manipulating the initial distribution of the
population differences, the result can be interpreted by the
“Flip hypothesis” proposed in §4.2. As a collective
oscillation of the dipoles occurred, the system evolved from
a non-radiative state to a radiative state through the localized
photon—exciton interaction.

4.4  Semi-classical approximation

Here we should note that the second-order perturbative
solutions break the unitarity, and that the long-time
behaviors of the dynamics given by the solutions are not
necessarily same as the exact ones. Thus we have to return to
the Heisenberg equations, eqs. (4.1a) and (4.1b), to evaluate
the time evolution of physical observables. The Heisenberg
equations are first solved by neglecting the quantum
correlations between excitons and localized photons such
as (W, v,) = (W,){(y.), and later the quantum correlations are
estimated in §7.2. In this semi-classical approximation, eqs.

(4.1a) and (4.1b) can be converted to the following coupled
differential equations

(Pa) = =Q2(Va) + g(Wa) ()

(V) = Q(Py) — g(W,)(xa), (4.17)
(Wn) = g((Vn><xn> - <P11><Yn>)a

(xn> = —(y.) — U((yn71> + <yn+1>) =8V, 4.18)
(Yn) = o(xn) + U((erl) + (xn+1)) + g(Pn),

where the notations x, = a,, + a;, v, = i(a, — afl), and v =
V /h are used.

To check the reliability of the semi-classical approxima-
tion, we again investigate the system examined in §4.2.
Figure 11 shows the time evolution of the dipole distribution
obtained from the semi-classical approach for the system
corresponding to Fig. 6. Comparing Fig. 11 with Fig. 6, we
find that both profiles are same, and that the amplitude of
each dipole obtained from the Heisenberg equations is less
than 1, which means that the unitarity of the time evolution
is conserved.

In Fig. 12, we show the time evolution of the dipole
distribution obtained from the semi-classical approach when
the initial population differences of site 4, 5, and 6 are
inverted. It follows from the figure that each dipole is
ordered as the flip hypothesis predicts, and that the flip
hypothesis is still valid in the numerical solution of the semi-
classical Heisenberg equation.

Numerical results obtained from eqs. (4.17) and (4.18)
with a semi-classical approximation predict the dipole
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dynamics with qualitative similarities as shown from the
perturbative solution eq. (4.15). The flip hypothesis proposed
in §4.2 is also verified by using the numerical solutions of
eqs. (4.17) and (4.18), or of the Heisenberg equations
without quantum correlations. These results show that the
approach discussed in this section, maintaining an advantage
to conserve the unitarity, qualitatively describe the dipole
dynamics of the system in a similar way as the other two
approaches. The validity of the approximation employed
here, which we will examine in §7.2, is reported in the Dicke
model that superradiant phenomena can be described with a
semi-classical approximation which neglects quantum cor-
relations among the atoms,lz) and that the contribution from
theB?uantum correlations is of the order of 1/N for large
N.

5. Effective Hamiltonian and the Dipole Ordering

In order to investigate the origin of the dipole ordering
discussed above, we first introduce an effective Hamiltonian
to renormalize degrees of freedom of localized photons.
Using the effective Hamiltonian, we then classify quasi-
steady states with respect to the dipole distribution.

5.1 Effective Hamiltonian
An unitary transformation with an anti-Hermitian operator
S is applied to the Hamiltonian eq. (2.1) as?

H=e¢%HeS = H+ [H, S] +%[[H,S],S] +---. (5.

If the Hamiltonian eq. (2.1) is divided into the unperturbed
part Hy = H, + H, and perturbed part Hiy, and if S is
chosen to make

Hiy + [Ho, S]1 =0, (5.2)

the terms linear in the coupling constant g = U /A vanish as

H = Ho+ % [Hini, ST+ O(g). (5.3)
The transformed Hamiltonian H contains the terms in the
second order of the exciton-localized photon interaction that
describe exciton—exciton interactions via localized photons.
Taking the expectation value of H in terms of the vacuum of
localized photons |vac), we obtain the effective Hamiltonian
Hegr as

H. = (vac|[—7|vac) =H,+ Hp,_,,
H), = Zhszbj;bn,
n

Hyp= hg’ bib
b=b = QI—R/n),, """

n,m

(5.4)

where the exciton energy E is denoted as 72. With the help
of the components of the Bloch vector (P,,V,,W,) the
effective Hamiltonian eq. (5.4) can be rewritten as
1+ W,

2

Heff = hZ(Q + AQI’!)
F:l (5.5)
+ Z Z Z AQnm(Pan + Van)’

n m#n

where the interaction energy or coupling strength between
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excitons AS2,, are given as

g g
AQ""’I = ey 2 = —Pl AP’" A’
(QI—R/h>nm ZQ_AJ N !

J

(5.6)

and the abbreviation AR, = AQ,, is used for a special case.

5.2 Classification of quasi-steady states

Using the effective Hamiltonian H.¢, we can obtain the
time evolution of the dipole moment at site » in a similar
way as discussed in §4.1:

(Pn(1)) = (Py) cos[(€2 + AQ,)t]

+ D AQunt (W) (Pyy) sin(Q1).
m#n

(5.7)

If the dipole at site 1, in particular, is only excited at = 0,
eq. (5.7) reads

(Pn(t» = 61 (Pl) cos[(2 + AQ,)¢]

, (5.8)
+ (1 = 8u1) AL 1{W,) (P1) sin(L2r).

It follows from this expression that the sign of the dipole at
site n depends on the coefficient A€2,; as well as the initial
values of (P;(0)) and (W,(0)), and that the coefficient A2,
determines what kind of quasi-steady states of the dipole
distribution the system reaches when the initial values are
fixed. Therefore we examine the matrix AQ to classify the
quasi-steady states of the dipole distribution of the system.
First, as an example, we show the matrix elements of A2 for
the system examined in §3 and §4 whose material
parameters are £ =2, ¢ = 1, and V =1 as follows:

1 2 L _1r _2 _1 1 2
3 3 3 3 3 33 3
2 1 2 L _1r _2 _1 1
3 3 3 3 3 3 303
1 2 1 2 r_1r _2 _1
3 3 3 3 3 3 3 3
N 2 1 2 r_1 _2
303 3 3 3 3 3 3
ASL= -2 _1 1 2 1 2 o _1
3 303 3 3 3 3 3
-1 _2 _1 1 2 1 2 1
3 3 33 3 3 3 3
r o _1r _2 _1 1 2 1 2
3 3 3 33 3 3 3
2 L _1r _2 _1 1 2 1
3 3 3 303 3 3

The matrix is symmetric and has a cyclic structure as
AQn+1,m+1 = AQn,m-

This is due to the fact that the periodic boundary condition is
imposed on the system, and that the Hamiltonian given in eq.
(2.1) has translational invariance. Owing to the symmetric
structure as

(AQ0, AQ03, AQy,...) = (AR, AR, AQ3,...),

the dipole distribution of the system initiated by the dipole
excitation at site 2 can be discussed in terms of A, that
governs the problem driven by the site-one excitation. In
general the problem is reduced to examine the structure of
the coefficients A2, that depend on the material parameters
Q and 4, or E, ¢, and V. Since the parameter sets crossing
the resonant points (€2 = A4;) change the pattern of the dipole
distribution in the system, we can classify quasi-steady states
of the dipole distribution into four groups in Table 1. The
system with £ =2, ¢ =1, and V =1, which has been
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(W,) =1 —8,;. All the electric dipole moments are aligned to the same direction, and a dipole-ordered state appears.
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Table 1. Classification of quasi-steady states.
Group Signs of AQy, forn=1,2,3,...,8
Ist (= ——+++— ) (++.+—— =+ 1)
2nd (= +, = =+, — =), (+, =+, +, =+, +,—)
3rd (== === == =), (+,+, +, +, +,+,+,+)
4th (=+, =+ =+ =), (+ =+ =+, =+, )

investigated in §4, belongs to the first group. Since the
coefficients Ay, in the first group have different signs at
site 4, 5, and 6 from others, the quasi-steady state of the
dipole distribution that is predicted by the effective
Hamiltonian is the one described by the second-order
perturbation solution [see eq. (4.15) and Fig. 6]. The third
and fourth groups are, in particular, interesting among the
four groups of the quasi-steady states. The third group
corresponds to a “ferromagnetic” system, in which all the
electric dipole moments are aligned to the same direction,
while the fourth group corresponds to an “anti-ferromag-
netic” system, where the dipoles are aligned to have
alternating signs.

Using numerical results of eqs. (4.17) and (4.18), we
examine the dynamics of the third and fourth groups whether
they behave as predicted by the effective Hamiltonian:
“ferromagnetic,” or ‘“anti-ferromagnetic.” The parameter
setof E=3.0l,e=1,and V =1 gives

ARy, = (—13.1,-12.7,-12.4, —-12.2,
—12.2,—-12.2,—-12.4,—-12.7),

v 2 s 4 s e 7 8 1 2 3 4 5 & 7 8

site number site number

Time evolution of the dipole distribution of the system belonging to the fourth group. The initial population differences are set as
—,+, —). According to the flip hypothesis, the alternating dipoles change their directions and are aligned to form a dipole-ordered

and thus the system belongs to the third group. The results is
shown in Fig. 13, which predicts the ‘“ferromagnetic”
behavior as expected. When the parameter set of E =1,
& =3.01, and V =1 is chosen, the system corresponds to
the fourth group. Figure 14 presents the time evolution of the
dipole distribution of the system that shows alternating
changes in signs, as expected to be similar to anti-
ferromagnetics.

With the help of the flip hypothesis proposed in §4.2, we
infer that the distribution of the dipoles can be changed by
locally manipulating the initial population differences, and
that an “anti-ferromagnetic” state can be transformed into a
dipole-ordered state. To verify it, the initial population
differences are set in the zigzag form as W, = (0,—,+,
—,+,—,+, —) for the “anti-ferromagnetic” system (E = 1,
e =3.01, and V = 1), and the time evolution of the dipole
distribution is examined. The result, as shown in Fig. 15,
clearly indicates that a dipole-ordered state manifests itself
owing to the local manipulation of the initial population
differences. It is noteworthy that the amplitude of each
dipole is close to one, and that the total dipole of the system
is of the order of N, whose radiation property is investigated
in the following section.

6. Radiation from the Dipole-Ordered States

In this section we examine the radiation property of the
dipole-ordered states discussed in §4.2 and §5.2. Our model
has excluded radiation fields or free photons from the
preceding discussions about the dynamics because the
interaction energies of excitons with optical near fields are
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much larger in our system than those with radiation fields.
This means that radiation fields are so weakly coupled with
our system as not to disturb the dynamics of it. On the basis
of such an understanding, we investigate radiation from a
quantum dot system whose dynamics is driven by optical
near fields.
6.1 Dicke states and superradianceaﬂ)

The components of the Bloch vector of a two-level system
as a representative of a collection of atoms or quantum dots,
(P, Vy, W), are defined by Pauli’s spin operators as

1 ]
(n) _ T —
R = 2(b,z+b,,) 5 P
R“”:i(b —b*):lv (6.1)
2 2 n n 2 ns .

1 , 1
Ry = ~ (biby — bub}) = = W,,
where the spin operators RE") satisfy the commutation

relations
[Rﬁ’”, Rj."’)] = Suvie; R, 6.2)

with Levi—Civita’s symbol €. For an N two-level system
we introduce the total spin operators as

N N N
Ri=) R", R=) R, Ri=) Ry, (6.3)
n=1 n=1 n=1
which obey the commutation relations
[Ri, R;] = i€y Ry. (6.4)

Let us consider a state in which N; of the N two-level system
are in the lower state |1) and N, are in the excited state |2),
where
1

N =N + N,, m:E(Nz—Nl). (6.5)
Evidently m is a measure of the total population inversion,
and it is an eigenvalue of the spin operator Rj3. Introducing
the operator R* = R} + R3 + R and using eq. (6.4), we
obtain the commutation relation

[Ri,R* =0, i=123, (6.6)

so that the collective operators R; obey the same algebra as
the angular momentum. Thus there exist the states |/,m)
which are simultaneous eigenstates of both R3 and R? as

1 1
Rs|l, m) = m|l,m), for — EN <m< EN’ (6.7a)

1
R*|l,m)=I(I+ 1)|l,m), for |m| <1< EN' (6.7b)
The quantum number [ is called the cooperation number®
and determines the collectivity of cooperative phenomena.

For the raising and lowering operators as

N
R_=) b, =Ry —iRy, (6.8)

n=1

N
Ry =Y bl =R/ +iR,,
n=1

it follows from the well-known properties of angular
momentum operators that
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Rillm)=UFm(IEm+ DlLm+1), (6.9

where the collective states |/, m) are called Dicke states.

Here we suppose a transition from an initial state
|l,m)|vac) to a final state |¥), where |l,m) and |vac)
represent a Dicke state and the vacuum of the radiation field,
respectively. Adopting the dipole interaction between the
two-level system and radiation field as

Hi(1) = — (1) - E(1) (6.10)
with the total electric dipole of the system
N .
ot =R Y (ba+Db))=npRs+R),  (6.11)

n=1

we can write the transition probability as
—(Wln - E_(OR_(D|l, m)|vac),

where E_(f) is the e '’ dependent part of the electric field
E(r). By squaring the absolute value of the transition
probability and summing over all possible final states, the
probability of emission of radiation photons wepj; is given as

Wemit = Y _ [(Ylw - EQOR_ (0|1, m)|vac)|?
W

= (I, m|Ry . (OR_()|l, m)(vac|p - EL(D)p - E_(1)|vac)
= (R.(OR_(D)A = (I 4+ m)(I — m + DA, (6.12)

where eq. (6.9) is used for the final expression, and A =
(vac|lu - EL(tH)p - E_(t)|vac) is identified as the Einstein A-
coefficient for each two-level system like an atom or a
quantum dot.

If all quantum dots are in the ground state |1), then m =
—N/2, and from eq. (6.7b) we must have [ = N/2. Hence,
from eq. (6.12) the radiation rate w,,,; is zero as expected. If
all quantum dots are in the excited states |2), then m = N/2
and we again have [ = N/2. Hence wemir = NA, which is just
what one would expect from a group of N independently
radiating quantum dots. However, the situation is quite
different if the initial state is not the completely excited
state. Let us consider a state in which half of the quantum
dots are excited and half are not, so that m = 0. Then we
have

Wemit = I(1 + DA, (6.13)

and / can have any value between 0 and N/2. The larger the
value of /, the larger is collective rate of radiation of the
system. In particular, if / = N/2, then

Wemit = %N(N + 2)A, (6.14)
which maximizes the value of cooperative spontaneous
radiation. Since the maximum radiation probability is
proportional to the square of the site number N, it becomes
very large for large N. This phenomenon is called super-
radiance, and the state |l = N/2,m = 0) is called a super-
radiant Dicke state. From the definition of the total Bloch
vector (P,V,W) as P=) (P,).V=>) V), W=
>, (W,), it follows that the Bloch vector for the superradiant
state is on the P-V plane and its length reaches a maximum,
as shown in Fig. 16.
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Fig. 16. Total Bloch vector in a superradiant state. It is on the P-V plane,
and its length has a maximal value.

6.2 Radiation property of the dipole-ordered states

According to the formulation developed in §6.1, we now
investigate the radiation property of the dipole-ordered states
discussed in §4.2 and §5.2. From the expression eq. (6.12)
the radiation intensity at time ¢ is determined by the radiation
factor, (R R_) =+ m)(l —m+1), ie., the expectation
value of the operator

= (5)+(3) + 5
RIR_=R+R+R3=|=)+ =) +=., (615

2 2 2
which indicates that there are two elements mainly contri-
buting to the radiation factor; one is the collectiveness of the
system measured by the cooperation number /, and the other
is the total energy of the quantum dot system given by
(R3) = m. Since the dynamics of the system is driven in our
system by localized photons, the evolution of the radiation
factor is also described in terms of [(t) and m(t) that are
developed according to the localized photon—exciton inter-

action.

Numerical results of eqs. (4.17) and (4.18) are shown in
Figs. 17 and 18. The upper parts in Fig. 17 show the time
evolution of the radiation factors, while the lower parts
illustrate the dipole distribution when each radiation factor
has a maximal value. The total dipole in Fig. 17(a) is smaller
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Fig. 18. Time evolution of the radiation factor (upper) and the polar angle
of the total Bloch vector (lower) for a system belonging to the third group.
The polar angle is measured from the —W axis.

than those in Figs. 17(b) and 17(c), and the peak value of the
radiation factor is also smaller. It follows from the figure that
the radiation factor increases as the total dipole becomes
larger. The peak values of the radiation factor in Figs. 17(b)
and 17(c), 15 and 14, correspond to the value for the Dicke’s
superradiance, which is obtained as 20 for N = 8 from eq.
(6.14). We thus expect that quasi-steady states shown in
Figs. 17(b) and 17(c) are close to the superradiant states, and
that the total Bloch vectors for such states are on the P-V
plane. In order to check whether the total Bloch vectors for
the states belonging to the third group in Table I [see Fig.
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Fig. 17. Time evolution of the radiation factor (RyR_) (upper) and the dipole distribution at time indicated by the arrows when the radiation factors take
maximal values (lower) for (a) a system belonging to the first group with an initial population difference W,, = (0++———++), (b) a system belonging to
the third group with an initial population difference W, = (04++4+-+-+4+), and (c) a system belonging to the fourth group with an initial population

difference W, = (0—+—+—+—).
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17(b)] are on the P-V plane or not, we examine the time
evolution of the polar angles of the Bloch vectors as well as
the radiation factors. As shown in Fig. 18, the polar angle of
the Bloch vector takes 90°, that is, are on the P-V plane
when the radiation factor has a maximal value. Therefore we
conclude that the system belonging to the third group in
Table I are in transition to a quasi-steady state close to the
superradiant Dicke state, judging from its large radiation
factor and the polar angle of the total Bloch vector. Figures
17(b) and 17(c) indicate that multiple peaks appear in the
radiation, or that multiple pulses are emitted from the
system. One may think, as a possible origin, that such a
phenomenon stems from the recurrence inherent in an
isolated system. However, such multiple pulses may survive
even if the system becomes dissipative, which will be
examined in detail in the next section.

7. Radiation from a Dissipative System

We have assumed in the previous section that the
radiation field is so weak as not to disturb the exciton
dynamics of a quantum dot system. When radiation pulses
are emitted from the system, however, energy has to be
dissipated, and it is interesting but not clear whether multiple
pulses shown in Figs. 17(b) and 17(c) are emitted from the
system or not. In this section we thus study the radiation
profile, adding a radiation field to the system as a reservoir
that does not affect the dynamics but makes the system a
dissipative one.

Suppose the Hamiltonian

H, = Hqper + Hr + Hing, (7.1)

where Hqperr is the effective Hamiltonian given by eq. (5.4)
that describes the N two-level quantum dot system interact-
ing with localized photons. The Hamiltonians Hr and Hpiq
describe the free radiation field and the exciton-free photon
interaction, respectively. Explicit Hamiltonians in the inter-
action representation are written as

Hp =) howay,ac., (7.2)
k.A

Hyin(t) = Y hgraag, R_e“ " +h.c. (7.3)
k,A

where creation and annihilation operators of a free photon
with wave vector k, polarization A, and frequency wy are
denoted as a,i , and ag,, respectively. The coupling constant
between the free photon and exciton is given as

12 fi «
= — —_— - € .
8k PN Zwkeoﬂ kA

where V, €}, and €, represent the quantization volume of
the radiation field, the unit polarization vector, and the
dielectric constant in vacuum, respectively. Using the
Hamiltonian H, and the density operata p(t), we write the
Liouville equation as

o 1.
= = [H>, p(1)] = —iL,p(2),

and eliminate degrees of freedom of the radiation field with
the help of a projection operator defined as’"

(7.4)

(7.5)
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P =10)(0| Trp - - - (7.6)

with the vacuum of the radiation field |0). Then, we obtain
equations of motion for the density operator p(¢) as follows:
P dp(r)

vl —iPL(O)Pp(t) — 1PLA()U(t, 0)(1 — P)p(0)
— J’Lz(t)/ dzU(t, T)(1 — P)Lr(v)Pp(7), (7.7)
0

where L,(¢) is the Liouville operator associated with H(t),
and the operator U(z, 7) is defined as

Ut,t) = exp<—i(1 - P) f lg(t’)dt'). (7.8)

With the Born—Markov approximation applied to the third
term of eq. (7.7), we obtain the following equation for py =
Pp as

9pA . _
= = —1Lqpef(1) A () — Trg Lgin(?)
; (7.9)
x / deUpers(t — Dlin(t — DI0)(O15A(0)
0
with
Uqpett () = exp(—iLqpesit), (7.10)

where Lopesr and Lgin are the Liouville operators associated
with the Hamiltonian Hgperr and Heiy, respectively. More-
over, using the Born approximation that neglects the exciton
operators of higher than the second order,”” we approximate

Uqpett(1) ~ 1 (7.11)
to obtain a compact equation as
LT (1) + B{[R_pa(1). Ry ]
o0 QDeff (1) OA —poa(®), Ry (7.12)
+ [R_, pa(OR 1} — iyIR R, pa()]
with
!
B+iy= / > gkl e dr, (7.13)
0 ka

which is exactly the same form as the Lindblad’s master
equati0n33) describing a general Markovian dynamics for a
dissipative quantum system. Here the real and imaginary
parts of the right hand side of eq. (7.13) are designated as
and y, respectively. In the following we neglect the energy
shift as y = 0, for simplicity. Note that the second and the
third terms of the right hand side of eq. (7.12) are known as
the Dicke’s master equation.lz’lj’”)

7.1 Semi-classical description with the effective Hamilton-
ian
Neglecting quantum correlation between excitons,'” we
approximate the total density operator pa as a direct product
of the density operator p, at each site n

PA = l_[pm
n

and then solve eq. (7.12). Noticing that the dynamics
governed by the original Hamiltonian eq. (2.1) is not
rigorously identical to the one described by the effective

(7.14)
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Fig. 19. Time evolution of the radiation factor for dissipative systems (upper) and isolated systems (lower). We consider the following three cases for both
systems: (a) a “ferromagnetic” case, (b) an “anti-ferromagnetic” case which is turned to a dipole-ordered state after manipulating the initial population
differences, and (c) a “dipole-forbidden” case discussed in §4.3. The parameters § = 0.05 and y = 0 are used.
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Fig. 20. Time evolution of the radiation factor obtained with quantum correlations. The solid curves are the results for our model while the dashed curves
represent the results for the Dicke model. The dissipative system is assumed, and the parameters N = 4, § = 0.05, and y = 0 are used. In addition, the
following initial conditions are used: (a) (P,) = 1 and (W,,) = 1, (b) (P,) = (—1)"/ V2 and (W,) = 1 / /2 which correspond to a dipole-forbidden state as
shown in Fig. 9, and (c) (P,) = (—1)"/ V2=- (W,) which corresponds to a dipole-ordered state as shown in Fig. 10.

Hamiltonian eq. (5.4), we use an isolated system described
by the effective Hamiltonian eq. (5.4) in order to clarify the
dynamics governed by eq. (7.12) for a dissipative system
whose relevant system is described by the same Hamiltonian
eq. (5.4). By comparing the radiation factors for the isolated
system and the dissipative system, the similarity and the
difference are discussed.

Figure 19 shows the time evolution of the radiation factor
for (a) a “ferromagnetic” system belonging to the third
group in Table I, (b) an “anti-ferromagnetic” system that
belongs to the fourth group in Table I and is turned to a
dipole-ordered state after manipulating the initial population
differences, and (c¢) a “dipole-forbidden” system that is
converted to a dipole-ordered state by the local manipulation
discussed in §4.3 as (W,(0)) = —(P,(0)). It follows from the
lower part of Fig. 19(a) that superradiance is suppressed and
does not manifest itself due to the difference between the
original Hamiltonian eq. (2.1) and the effective Hamiltonian
€q. (5.4). On the other hand, superradiant multiple pulses are
generated in the isolated system and survive in the
dissipative system for both cases shown in Figs. 19(b) and
19(c). Therefore we find with a semi-classical approach that
multiple pulses, as predicted for an isolated system, can be
emitted superradiantly from dipole-ordered states even in a
dissipative system coupled to a radiation reservoir.

7.2 Quantum correlations
It is well known that superradiance in the Dicke model®

occurs from a state where all excited states of all sites are
occupied. On the other hand, the semi-classical approach
discussed above cannot predict the occurrence of super-
radiance of the system when the total dipole of the system is
zero as an initial condition.'” This means that quantum
fluctuations and correlations should be properly included so
as to correctly describe the radiation properties of a system
with no initial dipoles, and that the semi-classical approx-
imation is not appropriate in this case. Thus we numerically
solve the master equation (7.12), taking quantum correla-
tions into account, and we investigate the radiation proper-
ties of the dissipative system. In particular, we compare the
results obtained from our model, i.e., the localized photon
model with those obtained from the Dicke model, for which
the first term of the right hand side is dropped from eq.
(7.12). Some of such results are shown in Figs. 20 and 21.

Figure 20(a) shows the time evolution of the radiation
factor for the case that all the populations are completely in
the excited states and there are no dipoles as an initial
condition. The solid curves are the results for our model
while the dashed curves represent the results for the Dicke
model. It follows from the figure that a single superradiant
pulse is emitted in both models, but that the peak value of
the superradiant pulse is reduced while the tail is extended in
our model. In Fig. 20(b), we present the result obtained from
the initial condition as a zigzag profile of the dipole
distribution of (P,) = (—1)" /«/5 and flat population differ-
ences of (W,) = 1/+/2. The system corresponds to a dipole-



J. Phys. Soc. Jpn., Vol. 72, No. 11, November, 2003

—— localized photon
model
- Dicke model

Radiation factor
Radiation factor

A. SHOJIGUCHI et al. 2999

—— localized photon
model
-~ Dicke model

—— localized photon
model
-~ Dicke model

15

Radiation factor

05

Total dipole moment
Total dipole moment

0.0

0.5

To tal dipole moment

15

Fig. 21.

10
Time

(b)

15
Time

(©)

Time evolution of the radiation factor (upper) and the total dipole moment (lower) obtained with quantum correlations. The solid curves are the

results for our model while the dashed curves represent the results for the Dicke model. The system is assumed to be dissipative and in a dipole-ordered
state evolved from a dipole-forbidden state, i.e., the same as in Fig. 20(c). The initial conditions are also the same as in Fig. 20(c), except for the exciton-

localized photon coupling g = 0.5, (b) g = 0.8, and (c) g = 1.2.
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Fig. 22. Radiation profile obtained from three different methods. The system and the initial conditions to be considered are the same as in Fig. 21. The
result is obtained (a) for the isolated system by the Liouvilian dynamics of the effective Hamiltonian with the semi-classical approximation, (b) for the
dissipative system by the master equation (7.12) with the semi-classical approximation, and (c) for the dissipative system by the master equation (7.12)
with quantum correlations. The parameters N = 4, g = 0.05, and y = 0 are used.

forbidden state as shown in Fig. 9, where the total dipole is
always zero. The radiation profiles obtained for both models
are qualitatively same as found as in Fig. 20(a). The time
evolution of the radiation factor is illustrated in Fig. 20(c)
for the case that initially the alternating dipole is set as
(P,) = (—1)"//2 and the sign of the population difference
in each QD is set opposite to that of the corresponding dipole
as (W,) = —(P,). Owing to the flip hypothesis, a dipole-
ordered state emerges in this case, and a distinct difference
between the two models is observed: our model (solid curve)
shows superradiance while the Dicke model (dashed curve)
does not. Since we can infer that the difference stems from
the dipole-ordering phenomenon, we further examine this
case in order to clarify the relation between the radiation
factor and the total dipole of the system.

Figure 21 presents the time evolution of the radiation
factor (upper) and the total dipole (lower) by changing the
exciton-localized photon coupling constant g as (a) g = 0.5,
(b) g = 0.8, and (c) g = 1.2. It is found that the frequency of
the total dipole increases as the coupling constant becomes
strong. As a result, the oscillation frequency of the radiation
factor increases, and thus multiple pulses are emitted
superradiantly from the dissipative system. Therefore the
difference between the two models, as we expected,
originates from the occurrence of a dipole-ordered state or
a collective dipole oscillation via localized photon—exciton

interactions.

At the end of this section, we examine the applicability of
the semi-classical approach which has an advantage over the
quantum approach that one can easily handle a relatively
large number N system. In Fig. 22 we show the radiation
profile obtained from three different methods. The system
and the initial conditions to be considered are the same as in
Fig. 21. The result is obtained (a) for the isolated system by
the Liouvilian dynamics of the effective Hamiltonian with
the semi-classical approximation, (b) for the dissipative
system by the master equation (7.12) with the semi-classical
approximation, and (c) for the dissipative system by the
master equation (7.12) with quantum correlations. We find
from Fig. 22 that multiple pulses are generated for all the
cases though each frequency of the oscillation is different. It
indicates that the semi-classical approach can describe
qualitatively the radiation properties of both isolated and
dissipative systems when the total dipole of the system is not
zero. The strong radiation coming from the dipole-ordering
phenomenon, or the non-linearity and the collective phe-
nomena of the dynamics of the system considered in this
paper can be qualitatively predicted by the semi-classical
approach.

8. Conclusions

In order to investigate the dynamics of the system, we
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presented a model of an N two-level quantum dot system
interacting with optical near fields, explicitly expressing
localized photonic degrees of freedom that characterize the
unique property of localization of optical near fields. In the
low density limit of excitons (N two-level system) are
approximately treated as bosons, and a rigorous solution of
the Heisenberg equation is obtained. Using the solution, we
have examined the dynamics of the excitonic system to show
that the dipole moments linearly propagate in the system.
Since the dipole moments in the system represent the
quantum coherence between any two levels, this phenom-
enon might be applied to a photonic device on a nanometer
scale, or transportation of quantum information.

For fermionic excitons, the Heisenberg equation becomes
nonlinear, and the dynamics is more complicated. We
obtained a perturbative solution given by eq. (4.14) within
the second order with respect to the localized photon—
exciton interaction, to investigate the dipole dynamics. The
study revealed that there exist several oscillating quasi-
steady states depending on the material parameters. Using
the effective Hamiltonian obtained from renormalization of
localized photonic degrees of freedom, we classified such
quasi-steady states into several groups, some of which are a
“ferromagnetic” state with all the dipoles aligned to the
same direction, and an “anti-ferromagnetic” state with the
alternating dipoles, as shown in Table L.

Here it should be noted that if the sign of the population
difference (W, (0)) at arbitrary site n and at time ¢t = 0 is
inverted, then the dipole of the same site at arbitrary time ¢,
(P,(1)), also changes the sign [see eq. (4.15)]. Using this flip
hypothesis, we can transform an arbitrary dipole distribution
of the system into a dipole-ordered state after manipulating
the initial distribution of the population differences. This
hypothesis is based on the perturbative solution eq. (4.15)
that determines the sign of (P,(¢)) according to the sign of
the product of (P;(0))(W,(0)). It also originates from the
fermionic property of excitons, which gives Heisenberg
equations of motion for b, (x P,) as

[Hyp:bal = ) AQun Wb
m#n

8.1

The right hand side of eq. (8.1) is proportional to (P,,)(W,)
for fermions while it is proportional to (P,,) for bosons.
Therefore the occurrence of this kind of nonlinearity for
fermionic excitons is a possible origin of the flip hypothesis.

Solving the Heisenberg equations (4.17) and (4.18) with
the semi-classical approximation, we examined the radiation
property of our system as an isolated system. It was found
from numerical analysis that dipole-ordered states, which
have large total dipole moments, show a large radiation
probability comparable to Dicke’s superradiance. In partic-
ular, it predicted that multiple pulses are superradiantly
emitted from the system. In order to verify whether such a
phenomenon is inherent in an isolated system or not, we
solved master equations (7.12) for a dissipative system with
the semi-classical approximation, and found that such
multiple pulses in the radiation profile can survive even in
a dissipative system coupled to a radiation reservoir.
Multiple superradiant peaks have been experimentally
observed in an atomic gas system,lg) and the origin has
been reported as the dipole—dipole interaction between a
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two-level system within the framework of the Dicke
model.'” Since excitons in our model are indirectly coupled
with one another through the interactions with localized
photons, it may be concluded that the pulse oscillation in the
radiation profile occurs in a similar mechanism as that of the
Dicke model.

Finally we solved master equation (7.12), taking quantum
correlations into account, and compared the results with
those obtained from the Dicke model. When all the
populations are initially in the excited states, similar
radiation profiles for both models are obtained. The
qualitative difference is that the peak value of the radiation
pulse in our model is reduced and the tail is extended. This
tendency has been examined from comparison between the
atomic system and the Frenkel exciton system, where
excitons can propagate via the dipole—dipole interaction,
and the same qualitative difference as ours has been
reported.m) Regarding to the multiple-pulse generation
which we have obtained, the Frenkel exciton model has
also predicted a possibility that the superradiance profile
oscillates if the system is initially prepared with a partial
population inversion.”> We concluded from our modeling
that the superradiant peaks of multiple pulses correspond to
the occurrence of a collective dipole oscillation, or a dipole-
ordered state.

It is an open question why the dipole distribution of our
system has several quasi-steady states, which was predicted
in this paper by using the perturbative expressions, numer-
ical solutions of the Heisenberg equations, and the effective
Hamiltonian. Since our system considered here has several
kinds of symmetry, we expect that the stability of such
quasi-steady states is clarified from the viewpoint of
symmetry. The size dependence of the radiation profile has
been investigated in the Dicke model.” In order to clarify the
differences between optical near fields and propagating
fields, it is interesting to examine such size dependence in
our model. The semi-classical approach may be useful for
such a qualitative study because it has an advantage over the
quantum approach with respect to the computational time.
One of our main goals was to clarify the inherent character-
istics in optical near fields from the viewpoint of the
coupling scheme: a local coupling system and a global
coupling system. We have shown several differences
between our model (local coupling system) and the Dicke
model (global coupling system), but we require further
efforts to answer the question more directly.
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Spatially and spectrally resolved photoluminescence imaging of individual ZnO/ZnMgO nanorod
single-quantum-well structur SQWS with a spatial resolution of 55 nm was performed using the
optical near-field technique with a metallized UV fiber probe. Using excitation power
density-dependent photoluminescence spectra of a ZnO/ZnMgO SQW nanorod, we observed the
discrete energy levels in a ZnO quantum-well layer2@4 American Institute of Physics

[DOI: 10.1063/1.1776338

For future optical transmission systems with high datacatalyst-free metalorganic vapor phase epilaa%&/The nano-
transmission rates and capacity, we have proposerbds were grown on AD5(0001) substrate. The average
nanometer-scale photonic devicése., nanophotonic de- concentration of Mdx) in the Zn_,Mg,O layers used in this
vice and a method of integrating thetiThese devices con- study was determined to be=0.2 using energy dispersive
sist of nanometer-scale dots, and an optical near field is usedyay spectroscopy in a transmission electron microscopy
as the signal carrier. As a representative device, a nanoph@namper. The ZnO well layer thicknefs,) investigated in
tonic switch can be realized by controlling the dipole forbid',this study was 2.5nm, while the thicknesses of the

den optical energy transfer among resonant ener%y level |2n0.8MgO.20 bottom and top barrier layers in the SQWs were

nanometer-scale quantum dots via an optical near fittles ; ;
. L ixed at 60 and 18 nm, respectiveliFig. 1 shows a sche-
made of sub-100-nm scale dots and wires, and their size arH;i< P elFig

" X atic diagram of the SQWSs
postonon he substle st be ontoled i anomeet” Fgure 2a) shows fareld L specta taken at 15 K
. n . Yarious excitation power densities. A strong, sharp peégk
material for realizing these devices at room temperature, due
to its large excition binding energy60 meV).>* Further-
more, the recent demonstration of semiconductor nanorod
quantum-well structure enables us to fabricate nanometer-
scale electronic and photonic devices on single nanotdds.
Recently, ZnO/ZnMgO nanorod multiple-quantum-well
structures(MQWs) were fabricated and the quantum con-
finement effect of the MQWs was successfully obseR/kd. .
addition, further improvement in the fabrication of nanorod 2 o 500nr
heterostructures has resulted in the observation of significant Zny gMg,,0: 18nm
photoluminescencé’L) intensityé even from nanorod single- ZnO: L,=2.5nm
quantum-well structure€SQWS.

To confirm the promising optical properties of individual Zng gMg, ,0: 60 nm
Zn0O/ZnMgO SQWs for realizing nanophotonic devices, we
measured the PL spectra using a low temperature near-field
optical microscope(NOM). Using a metallized UV fiber
probe, the spatial distribution of PL intensity and sharp PL
spectra of individual ZnO well layers were observed.

Zn0O/Zn_,Mg,0 SQWs were fabricated on the ends of

ZnO nanorods with a mean diameter of 40 nm using |

Sapphire (0001)

ZnO Nanorods
1.0 um

3E|ectronic mail: yatsui@ohtsu.jst.go.jp
PAlso with: SORST, Japan Science and Technology Agency, 687-1 TsuFIG. 1. Schematic of ZnO/ZnMgO SQWs on the ends of ZnO nanorods.
ruma, Machida, Tokyo 194-0004, Japan. The inset shows an overview of the ZnMgO/ZnO nanorod SQWSs.
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E 1 FIG. 3. Monochromatic PL image of ZnO/ZnMgO nanorod SQWSs obtained
5 at a photon energy of 3.483 e\(b) Cross-sectional PL profile through
0 spotX.

33 335 34 345 35 355 36

Photon energy (eV) ZnogMg,,O barrier layers, respectively. Furthermore, the

low—1 peak quenched rather slowly in comparison with the
(a) rapid quenching behavior df. Slow thermal quenching is
characteristic of quantum structures, supporting our postulate
l, thatloy-1 results from the quantum confinement effect. The
v IQW-1 | experimental 5,~-1 peak energy was consistent with the the-
ZnMgO ‘1

oretical value in a one-dimensional square potential well, in
which 0.28n, and 1.8n, are the effective masses of electron
10K and hole in ZnO, respectively, at a ratio of conduction and
valance band offset\E./AE,) of 9, and a band gap offset
(AEg) of 250 meV.

To examine the optical properties of individual
Zn0O/ZnMgO nanorod SQWSs, we performed spatially and
spectrally resolved PL spectroscopy using a low-temperature
NOM system in illumination-collection mode A sharpened
UV fiber probe with a 50-nm-thick aluminum film was used
0.001 ] for the scanning. He—CD laser ligkk =325 nm was used
‘ to excite the ZnO/ZnMgO SQW through the UV fiber probe.

00001 Lo tonaeten, o VI IR The PL signal was collected with the same fiber probe as
325 33 335 34 345 35 355 36 used for excitation, and detected using a cooled charge
Photon energy (eV) coupled device through a monochromator. The fiber probe
(b) was kept in close proximity to the sample surface
' (~10 nm using the shear-force feedback technique.
FIG. 2. (a) Power-(at 15 K) and(b) temperature-dependence of the far-field F'gure 3a) shows the spatla!ly a_nd spectrally relsowed
PL spectra of ZnO/ZnMgO nanorod SQWs. PL image at 3.483 eV. Considering the rod diameter
(40 nm), the bright spot labeleX [see Fig. 8], the full
width at half maximum of which was as small as 55 fsae
was observed at 3.371 eV, while broad pedksy—1 and  Fig. 3b)], originated from one SQW nanorod. The spatial
lzamgo) @ppeared at 3.480 and 3.555 eV. The number ofesolution, which almost equals the ZnO nanorod diameter,
peaks and their positions did not change up to 100 W/cm indicates that carrier tunneling between the nanorods can be
Further experiments on the temperature-dependent evolutigfeglected. Since the deep potential depth between the
of the PL spectra in ZnO/ZpMg, ;0 nanorod SQWs con- vacuum and the barrier layer is as much as 4‘&the car-
firmed the origin of the PL peaks. Figuréb shows typical riers generated in the barrier layer in one nanorod are con-
PL spectra of ZnO/ZggMg, O nanorod SQWs measured fined to the same nanorod through which the PL signal is
over a temperature range from 10 to 293 K. At 10 K, acollected. Furthermore, high spatial resolution imaging can
strong, sharp peakl,) was observed at 3.371 eV, while pe realized by enhancing the spatial resolution due to the
broad peaks appeared at 3.485eVigy—1) and plasmon resonance at the metallized sharpenetf Since
3.555 eV(lznwgo)- As the temperature increased, the intensi-the sharpened UV probe is entirely coated with a thin metal
ties of thel, andlz,ugo Peaks decreased drastically, and theyfilm, light propagates inside the fiber core and is efficiently
almost disappeared at temperatures above 100 K, while theonverted into the surface plasmon mode at the metallic tip,
lex andlgw—1 peaks increased relativeltpandl zoygo- This  just as with a Kretschmann configuratib‘hSuch plasmon
behavior presumably results from the decomposition ofexcitation effectively excites the carriers in the barrier layer
bound excitons to free excitions owing to the increased therand scatters the evanescent field of the ZnO quantum-well
mal energy, and supports the argument described above, thayer.
PL l¢x andlgw—1 peaks correspond to a free exciton peaks,  The five solid curves in Fig.(4) show the near-field PL
andl, andlz,yg0o are the well-known neutral-donor bound spectra and their power dependence as determined by fixing

exciton peak emitted from ZnO nanorod stems andhe fiber probe at positioX in Fig. 3a). In the weak exci-
Downloaded 28 Jul 2004 to 131.112.188.11. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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low? law2  lzwo oretical value of the energy differencéAE=E,—E,
SRR SRR D =21 meV) between the first excited state of the hdlg,,)
W and the ground state of the hdlg,,;). In this calculation, we
M/.\_,;\ o'l ) ™ used the following parameters: 0.8 and 1.8m, for the
) ) = w & effective masses of the electron and hole, respectively, and a
5 W\ Near £ O @'law? e ] band gap offsetAE,) of 250 meV. This is the first detection
A e : | 7 field £ ) of the excited state in ZnO quantum structures, although it
z M > has previously been observed in high-quality ZnO bulk
3 M 2 crystals'®
o A o E o In conclusion, we investigated the power-dependent fea-
O S N [ tures of individual ZnO/ZnMgO nanorod SQWs. Using a
l: “ 1 Far o thin aluminum-coated UV fiber probe, we observed band-
LT e 5wy PRy (rfiels 004 BT filing in the ground state and the resultant first excited state
Y T S Excitation power (W/cm?) of a hole in ZnO/ZnMgO SQWs. This successful detection
Photon energy (eV) (b) is attributed to the high spatial resoluti¢5 nm of NOM

a ) . e e

(@ and the high detection sensitivity utilizing plasmon reso-
FIG. 4. (a) Solid curves show the near-field PL spectra of ZnO/znMgo Nance at the tip Qf the meta:”ized uv ﬁber_ PrObe- The resu'FS
nanorod SQWs at excitation densities ranging from 1.2 to 12 V@/@me ~ shown here provide one criterion for realizing nanophotonic
dzsheddcurveﬂzl ?)ndEZ) show the far-fielddPL Spéectra- All tr?e spectrawere devices, such as the switching devices confirmed by the au-
obtained at 15 K(b) The excitation power dependence of the PL intensity at ;
3.483(open circleg and 3.508closed circleseV. thors in CuCl quantum CUbéS'
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Dynamics of the exciton population in a quantum dot system coupled via optical near fields is theoretically
investigated. We derive analytical solutions of the density matrix elements for one-exciton and two-exciton
states. Based on the results, the transient response from a steady state induced by an applied light pulse is
obtained as approximated solutions. The results show fast increase of the population due to the state filling
of a sub-level and the oscillation behavior, which originate from coherence effects inherent in such a
system. Moreover, slow population decay appears in the nanosecond regime, which is related to the effect
of state filling and radiative relaxation. These characteristics well explain recent experimental data of

time-resolved near-field spectroscopy, and clarify physics behind the phenomenon.
Key words: coupled quantum dot, optical near fields, coherence, population dynamics, relaxation

1. INTRODUCTION

Optical near fields provide a powerful tool to control
the states of nanometric matter as well as to observe
nanometric structures. The localization property of the
optical near fields, which is free from the diffraction
limit of light, allows selective access to nanometric
objects. This induces interesting and inherent effects,
such as non-radiative energy transfer between optically
(dipolar) forbidden levels [1]. We previously estimated
energy transfer time via optical near-field interaction,
which is less than 100 ps [2]. Such characteristic
features inherent in the optical near fields open up a way
to realize a novel type of nanophotonic functional
devices.

Since unidirectional energy transfer is an
indispensable character for functional devices, we have
considered a quantum dot sysiem with intra-sublevel
relaxation due to exciton-phonon interaction, where a
few quantum dots are coupled via optical near-field
interaction. In this paper, we assume a two-quantum dot
system; one is two-level and the other is three-level. We
theoretically derive the dynamics of exciton population
in this system, and compare our results to data obtained
in a recent time-resolved experiment [3]. Here, the key
point is to control the exciton-population dynamics by
applying a light pulse. In other word, transient dynamics
from one-exciton states to two-exciton states determines
the characteristics of device control.

In the case of resonant two-level quanfum dots, the
optical near-field interaction induces nutation of the
population, or coherent oscillation, which is analogous
to the Forster process describing molecular excitation
[4]. We theoretically show that fluctuations of
luminescence intensity in the experimental results are
related to the coherent oscillation between resonant
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energy levels. Moreover the quantum coherence can
realize fast energy transfer in the system. As another
aspect, we demonstrate slower population decay that is a
characteristic effect in two-exciton states.

This paper is organized as follows. Section 2 is
devoted to describing a theoretical model and equations
of motion of the population in a coupled quantum dot
system with analytical solutions for typical initial
conditions. In Sec. 3, transient variation from
one-exciton states to two-exciton states is investigated
analytically, by comparing to the experimental results.
Finally, concluding remarks are given in Sec. 4.

Phonon reservoir

N

ll)A A\ | )B LYy \ IS r
1 0 BN 5 MvwAa I
A - I )B Al
illal T
s Bill8, QL'AP
L &y Ta W‘\ \ 2 “1 ‘
QD-A 77 Y:a*éJ QD-B II

&

Laser photon
reservoir

Free photon 'J

reservoir

Fig. 1: A model of coupled quantum dot system.
The reservoirs for phonons and free photons are
introduced in order to represent the dissipation
processes.
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2. MODEL OF COUPLED QUANTUM DOT SYSTEM
2.1 Equations of motion

In order to evaluate luminescence intensity, we
incorporate some reservoir systems as illustrated in Fig.
1. The energy levels|1>A and |10))g are coupled to a
free photon reservoir, while the level lOl)B is not
because the transition with even total quantum number is
dipole forbidden by assuming cubic quantum dots.
Temporal evolution of the density operator in this
system can be described on the basis of the
Born-Markov approximation [5] as

5(r)=-§[Hn+HWﬁ<r>]

~—[8:88'8,5(:)+p(+)B'BB B

~2B/8,p(:)B.B, ] ey,
_%[;f,a,s(t)+ p(IAA-24p(r)A']

T 88,5 ()+ (VBB ~25,5(1)B]]
where

H,=EA'A+EBB, +ERE'B, .
A, =hU(A'B, + BIA),
where T', 74, and 9 represent the relaxation
constants of intra-sublevel (transition via
exciton-phonon coupling, and radiative transition
in QD-A and B, respectively, which appear after
tracing over both phonon and photon degrees of
freedom. The strength of the optical near-field
interaction is denoted as U. We have already derived
the optical near-field interaction between two
nanometric objects in our previous study [6] in which
exciton-polariton degrees of freedom are eliminated. In
this stage, we assume that phonon and photon
reservoirs are in vacuum states, i.e., Zero
temperature. Therefore, a process of stimulated
absorption and emission for phonons and photons
is not considered. What we focus on in this paper
is the transition dynamics from one-exciton state
to two-exciton state, and vice versa, and thus, we
introduce six bases to present the state of the
system as depicted in Fig. 2. Taking the
expectation values by using these bases, we can
evaluate the population dynamics in this system.
2.2 Dynamies driven from definite initial
conditions
Before discussing the transient dynamics, we examine
the dynamics driven from definite initial conditions.
First, we pay attentions to the dynamics for one-exciton
states where the initial conditions are set as
Poinis (0) =1 and otherwise zero, where the subscripts
are labeled as follows: |0> and |1>4 are abbreviated
asAand A’ and |00),, [10),,and [01), asB, B,
and B”. In this case, two-exciton states are not excited,
and the equations of motion are closed within
one-exciton states. Analytical solutions in this problem

N

e ———

Fig. 2: Bases of the coupled quantum dot system
with an exciton and two excitons.

can be obtained rigorously, and the population of the
level |1>A is given as

I'+y,
Py (t)=exp [— . t]

3
-

Y4 Ginh (2t )]
z

2
>

x[cosh (ze)+

2 a2 I/“,‘
where Z =[(F—J/A )'/4—U'] . We theoretically
estimate that the optical near-field interaction U

is much stronger than the radiative relaxation
constant 9. When we assume the condition

Y, <U<T, Eq. (3) is reduced to a simple form

2U
Pisis (t) = exp[—ZU (? )t]s (4)

Apparently, the decay time on the level Il)A is
determined by T/(4U%), and the ratio in the round
brackets in Eq. (4) represents a balance of the
optical near-field interaction and intra-sublevel
transition. Figure 3(a) shows a plot of Eqgs. (3)
and (4) as a function of time. In this figure, we
can observe fast emergy transfer from |1> to
IIO)B in the order of 200 ps.

On the other hand, when a two-exciton state is
prepared in which the level |10>B is initially
filled, it follows from Eq. (1) that intra-sublevel
transition is  prohibited because of the
Fermion-like feature of excitons. In this case, the
excitation remains in the resonant level of either
QD-A or B, leading to long decay time. The
equations of motion for two-exciton states are
completely decoupled from one-exciton states,

as
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Fig. 3: Time evolution of the populations in
QD-A. Initial conditions are set as follows: (a)
completely excited on the level |1)A in QD-A
and (b) simultaneously excited on the levels
!1)A and |10)B. The fixed parameters are set as
U =130 ps, I"'=20 ps, 7,'=5.9 ns, and 15 '=2.1
ns. The dotted curves in (a) and (b) represent

exponential decay functions with decay
constants of 2U/QRU/T) and  y=Y4/2+7s,
respectively.

and the analytic solutions are obtained by
replacing the phonon relaxation constant I' in Eq.
(3) with zero and by multiplying the factor ™.
Although two-exciton states are comnnected to
one-exciton states with the radiative transition,
the lifetime of population in the level |1)A is in
the order of 200 ps for one-exciton states as
mentioned above. The population in two-exciton
states has long decay time in the order of a few
nanoseconds, while the population in one-exciton
state is much smaller than that in two-exciton
state. Therefore, the population of two-exciton
state Purey(t) is  dominant in  the
luminescence-intensity measurement. The result
is shown in Fig. 3(b). Sinusoidal oscillation
appears with an exponential decay whose decay
constant is given by y=7,/2+¥s. Our further
interests are transient transitions between above
two situations in order to investigate excitation or

signal control toward to nanophotonic devices.

3. TRANSIENT RESPONCE BY A LIGHT PULSE

Suppose to apply a light pulse to excite the level
IlO)B in QD-B in order to demonstrate a change from a
steady state. For the purpose, we introduce a coupling to
a laser photon reservoir. Then, the following terms

n{[4p (), A+ [A 5 (0)AT}
+A, (l‘){[élf’(f)v é:] +[§'T’ﬁ ()5, ]}

are added to Eq. (1), where n and A,(r) are the
rate of weak continuous excitation of QD-A to
achieve a steady state, and that of strong pulse
excitation for state filling in QD-B, respectively.
These rates are proportional to the number of
photons, and thus, the stimulated absorption and
emission processes are involved. Here we assume
incoherent excitations for simplicity. It would be
valid if the period of the Rabi oscillation due to
the laser pulse is longer than the applied pulse
width. The light pulse couples one-exciton states
to two-exciton states, and rigorous analytic
solutions are hardly obtained. In the following,
we show approximated solutions for the transient
dynamics, separating the dynamics into two
stages, an early stage and a later stage.

The steady state before applying the light pulse can be
obtained from Egs. (1) and (5) by setting the left
hand side as zero. The populations in the steady state
under the condition of y,,y, <U <T are expressed
as

6)

n I n
pAB.AB (0-) 27 2U’ pAB.AB (O-) F( 0)’
n (6)
Pag e (0_ ) =
B
After the pulse excitation, each population is
divided into two components. For example, the
populations on the level |l>,1 are given by
pA‘B’.A’li (0+) = RpA‘B.A’B (0.) and pA’B,A’B (0+ ) =(1 _R) pA’BA’B (0-) ?
where R denotes the changing rate from
one-exciton states to two-exciton states. The
other populations in Eq. (6) change in a similar
way.

In the early stage, two-exciton states have long
decay time as mentioned in Sec.2, and thus, it is
reasonable to be pw,yAB»(t)szm»(Q). From
this approximation, equations of motion for

one-exciton and two-exciton states are decoupled,

and an approximated solution is obtained as
R -
PA’;’Y.A’B' (t) = ;{pA'B,A'B (0_ )e ’

0 (0)(1-€™)
+ [p”»“ (O~ )cos (2Ut)

Ap.. (0
+i o \27 ©.) sin (201 )] e }
2

The second term in Eq. (7) represents an

)
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Fig. 4: Transient population dynamics from a
steady. state by applying a light pulse. The square
dots represent the data of time-resolved
experiment with CuCl quantum cubes embedded
in a NaCl matrix. Analytical solution is depicted
as the solid curve. The appropriate constant is
multiplied by the analytical solution in order to
compare the experimental data. The parameters
are set as U'=130 ps, T"'=20 ps, 7, '=5.9 ns, and
yB'1=2.1 ns.

increase of the population that originates from the
state filling of the level |10)B, and the terms in
the rectangular brackets denote the coherence
effect depending on the initial population.

On the other hand, in the later stage, the
coherence in the two-exciton states disappears
due to the radiative relaxation in both quantum
dots. Therefore, the dynamics of the population
follows a simple exponential curve as

pj:";.A'B' (t) = RpA’B.A'B (0— )- (1 - RpA'B,A'B (O- ))8-7'. (8)

An approximated solution in the whole time
can be given by multiplying the density matrix
elements in the early and later stages as

pA's’,A’B’ (t) = p;;‘y,A’B’ (t) p,]:’:t,,l‘u‘ (t) (9)

In Fig. 4, the temporal evolution obtained from
Eq. (9) is plotted, together with experimental
data. In first order approximation of 7 (weak
excitation), the population increases with an

of 2U. The exponent reflects an increment due to
continuous excitation and the components
flowing into the lowest level IlO)B in the steady
state. It follows the result that the fast
state-filling time observed in the experiment
comes from the effect of nutation or coherent
energy transfer. With the radiative relaxation, the
coherence effect is lost, and the excitation is
occupied on the resonant energy levels, which
have long decay time as same as in two-exciton

states. The slow decay observed around ¢ = 2 ns
originates from the competition of the population
increase due to the state filling and decrease due
to the radiative relaxation. Hence, our
approximated solution well describes the
experimental results and clarifies physics behind
the phenomenon.

4. CONCLUSIONS

In order to confirm a possibility to control
excitation transfer in a coupled quantum dot
system, we have investigated transition from a
steady state to transient state by applying a light
pulse. An approximated analytic solution of the
dynamics well explains characteristic features of
recent experimental results. Both fast increase of
population in the early stage and the oscillation
behavior originate from coherent effect between
two quantum dots with sub-levels to be filled.
This state-filling effect and the radiative
relaxation cause the slow decay in the stage of a
few nanoseconds. As a result, signal transfer and
control in such a quantum dot system can be
achieved, and we expect that this is a promising
technique for future nanophotonic devices.
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Superradiant multiple pulses from excitons interacting with optical near fields
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A model of an N two-level system interacting with optical near fields is presented. Varying the
initial conditions, we examine the dynamics of the electric dipoles of the system to predict a
collective dipole oscillation, i.e., manifestation of a dipole-ordered state. Multiple pulses
superradiantly emitted from such a state is also shown, and the origins of the phenomena are
discussed, on the basis of a localized photon model using both semi-classical and quantum
master equations. Brief comments on an application to a nanometric photonic component are

given.

Key words: localized photon, dipole ordering, superradiance, Dicke model

1. INTRODUCTION

Nano-fabrication and its application to nanophotonic
devices have been actively investigated, and special
attention has been paid to optical near-field approaches
because of their potential for ultra-high speed operation
and miniaturization[1, 2]. It is now essential to clarify
the inherent phenomena of optical near fields that are
applicable to nano-fabrication and devices of a
nanometer scale. In this context, a localized phton model
has been proposed to predict a collective dipole
oscillation of an N two-level quantum dots (QD) system
after local manipulation of the initial quantum states [3].
However, the origin and features of this dipole-ordered
state have not been fully explored. In this paper we
report an intriguing phenomenon of mulitiple pulses
superradiantly emitted from the dipole-ordered state on
the basis of a localized photon model using both
semi-classical and quantum master equations. We
discuss its mechanism, features, and a possible
nanophtonic application.

2. MODEL HAMILTONIAN

In this section we review the localized photon model
which has been introduced in Ref. [3]. The system
consists of N two-level QDs closely configured in a ring
and localized photons coupled to each QD. The model
Hamiltonian H can be written in the following
form:

H:Ha+Hb+Him9 (13.)
N N
H, = E;a:a,, +V;<a:+1an +arllaﬂ+1)’ (].b)
N
H, =EY bib,
b ; "n (]_C)
N
Hy, =U2(a:b,, -I-anbz), (1d)

n=l
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where H, and H, describe localized photons and
excitons in QDs, respectively, and the intradot
interaction between the localized photons and the
excitons is denoted as Hj, Creation and annihilation
operators for a localized photon and an exciton in each

QD labeled by n are expressed as a;;, a, and bl , b,

respectively. We apply the boson commutation
relations to the localized photons as

[an‘7 a:'] = 5:111'5 [an5 an'] = [aI’ aI'] = O'
The excitons on a site obey the fermion
commutation relations while excitons at different
sites satisfy the boson commutation relations as

(6,.b01=6,,(1-2b]0,).

The constant energies of the localized photons and
excitons are assumed to be s£=hw and E=HQ
respectively. The hopping energy of the localized
photons is represented as¥ =#v, and U =ng is for the
conventional dipolar coupling between the localized
photons and the excitons in the rotating wave
approximation. We show a illustration of our system in
Fig. 1.

Dotn Dot n+1

™~
m
m

L

Fig. 1. Model of a quantum dots system
interacting with localized photons. Each quantum

dot interacts with the adjacent dots via localized
photons.
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3. DIPOLE-ORDERED STATE

Using the Hamiltonian (1), we can obtain the
second-order perturbation solution for temporal
evolution of the dipole moment at the n-th site [3]

(PO} =(b.0)+5] ) as
(P.()) =(P,(O)] cos €~ gzzc_i(t)[i

+gZZZC OF, n/

Jj m#n
Here P,; is the diagonalization matrix element of the
Hamiltonian of the localized photons H,, and c{#) is the
time dependent coefficient depending on the exciton

energy HhQ and j-th eigenvalue h/ij of the

Hamiltonian H,. The initial dipole moment and the
population difference at site » are denoted as (Pn (0))

)
(PO, (0)) .

and (Wn (0)) = (bzbn - b,,b,;r > , respectively. From Eq.

(2) it follows that the dipole distribution of the system at
time ¢ can be controlled by the initial population
differences, which indicates a possibility of a local
manipulation of dipole moment of an arbitrary site
which results in a collective behavior of the dipoles, or
in a dipole ordered state.

On the basis of Eq. (2), we numerically investigate the
dynamics of the dipoles depending on initial conditions.
Figure 2 illustrates an intriguing non-radiative case,

where the alternating dipoles (Pn(O))z(—l)" are

initially set, ie., the total dipole of the system is

vanishing.
(@ (b) il
dip?le =0 digola et 4 ‘F:‘”’ £=4.6

Fig. 2. Temporal evolutions of the dipole moments
for the system size N=8 at time (a) t=0, (b) t=4.4
(c) t=4.6 with a unit of time A/E. A unit of
energy of our system is a typical excitation
energy E of a quantum dot which is of the order
of 1 eV. The vertical and horizontal axes
represent the dipole and the site number,
respectlvely From (b) and (c), one can see that a
which 19

growing, whick
originated from a local manipulation of the initial
distribution of the populatlon difference as

(W (0)) == (P, (0)) -

Alla
collective oscillation s

Figurers 2(b) and 2(c) show that a collective oscillation
of the dipoles is growing, i.e., a dipole-ordered state is
manifested. The point of the dipole ordering is a local
manipulation in which the sign of the population
difference in each QD is set opposite to that of the

corresponding diopole as (Wn (O)) = —(P,q (0)) .

4, RADIATION PROPERTY

We examine the radiation properties of the
dipole-ordered state discussed above, for which we
expect that intense radiation is emitted. For simplicity,
we renormalize the localized photonic degrees of
freedom into an effective Hamiltonian, Hgp_es with the
help of the unitary transformation [4, 5]:

HQDeff_Zthb DY W blb 3)

n m¥*a

where the hopping energy of excitons is expressed as

']nm Q ﬂ. ‘E;yP nj
In addition, a radiation ﬁeld weakly interacting with the
QDs is included in the system as a reservoir that makes
the system dissipative. Then, equations of motion for the
density operator pop(f) of the QD system can be written
as

9pop ()

F —iLegr Pop ()

+X([R_pop (O, R, 1+IR_, pop (DR, ).
where L.g is the Liouville operator associated with
Hop.esr, and the relaxation constant due to the
elimination of the radiation field’s degrees of freedom is
denoted as ¥ The raising and lowering operators R are
defined, respectively in terms of the creation and
annihilation operators of excitons in the QDs as

R.=Y b, Re=) b}
. .

To study the emission properties of the radiation, we
solve Eq. (4) and calculate the radiation intensity

@

10) =(R, (HR_()) 4

where A4 is the Einstein’s A coefficient which represents
the probability of spontaneous emission of an excited
single two-level system. We first solve Eq. (4)
semi-classically without taking account of quantum
correlations. This method has an advantage over the full
quantum method to enable us to easily handle a
relatively large number N system. However, it should be
noted that the Dicke model shows superradiance from
the initial condition of a perfect inversion population,
while semi-classical descriptions in the same condition
do not predict superradiance because the system has
initially no dipoles [6, 7]. We consider the case
discussed in Sec. 3 that is initially non-radiative and
subsequently dipole-ordered. Figure 3 shows that
multiple pulses can be emitted from the system
superradiantly (while the Dicke model shows no
superradiance under such conditions), and indicates
that the ordered total dipole moment of the system plays
an important role in the oscillating radiation profile.
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. - T T T Dicke madel

Radiation factor

Time

Fig. 3. Temporal evolution of the radiation
intensity for the system size N=8 obtained
semi-classically without a quantum correlation
among excitons. The solid curve is the result for
the localized photon model while the dotted curve
represents the result for the Dicke model. The
initial condition is the same with Fig. 2. Three
radiation peaks are seen for the dipole-ordered
state when y=0.005 is used. The coupling strength
of exciton-localized photon interaction is
assumed to be weak, g=0.2.

Considering the quantum correlation, we then
solve Eq. (4) with the same initial conditions and
system size N=4 to further investigate the origin
and mechanism of the multiple pulse generation
and quantum effects. As shown in Fig. 4, a
supperradiant pulse is emitted in our case, while
the Dicke model shows no superradiance under
such conditions.

—— localized photon
model
Dicke model

Radiation factor

20

Fig. 4. Temporal evolution of the radiation
intensity for the system size N=4 obtained with
quantum correlations. The solid curve is the
result for the localized photon model while the
dotted curve represents the result for the Dicke
model. The parameters are y=0.05 and g=0.5.

The difference is due to the following fact: the
dipole-ordered state appears in our case while it
does not in the Dicke model. This is qualitatively
predicted in the semi-classical approach (see Fig
3). This feature is seen more clearly in Figs.
5(a)-(b) when the coupling strength of the
exciton-localized photon interaction is changed.

(a) (b)

—— Iocalizad phatan — focalized photon
mada) model

o Dicke model ~—— Dicke modal

Radiallon faclar
Radlalion tactar

Tatat diple moment
Tota! dipcle moment
o
8

“a 5 10 15 20 . 1o 20
Time Time

Fig. 5. Temporal evolution of radiation intensity
(upper) and the total dipole of the system (lower)
obtained with quantum correlations. The solid
curves are the result for the localized photon
model while the dotted curves represent the result
for the Dicke model. The parameters and the system
size are the same as in Fig. 4, except (a) g=0.8 and (b)
g=1.2.

As the coupling becomes stronger, the oscillation
frequency of the total dipole moment increases
because of the nonlinearity of the first term on
the right hand side of Eq. (4) (see lower of Fig 5).
It results in collective multiple pulse generation
(see upper of Fig. 5). This phenomenon can be
applied to a nanometric photonic source whose
radiation intensity is proportional to the square of
the total number of QDs [1].

Comparing the semi-classical results shown in Fig. 3
with the quantum results in Fig. 5, we find a similar
behavior of the radiation profiles between them. In Fig.
6 we show the radiation intensities calculated (a)
semi-classically and (b) with quantum correlation under
the identical conditions.

~
L
b8
K=
I

a
E
=

@

¢
R adiation factor

Radhton factor

3

g

s

Fig. 6. Temporal evolution of the radiation
intensity obtained (a) semi-classically without a
quantum correlation among excitons and (b)
with quantum correlations. We use the parameters
v=0.05 and g=0.5 for the system N=4.

Although the frequencies and the amplitudes are
different, both results have qualitatively a similar
tendency, that is, occurrence of multiple peaks. One can
thus infer that when the total dipole moment is initially
not zero the semi-classical treatment can qualitatively
describe the radiation property of the system. Note that
when there is initially no dipole moment, the quantum
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fluctuation is essential as a trigger of radiation. On the
other hand, without quantum fluctuation, the initial non
zero dipole moments can develop an ordering process
due to the non-linear dynamics of the system, and it
leads to strong radiation from the system. Since the
semi-classical approach does not require a large scale
computation, it has an advantage that one can easily
examine the system of a relatively large number of sites.
Our discussion indicates that the semi-classical approach
is powerful for qualitative investigation of radiation
properties of a large system. However, for quantitative
investigation and for classification of the approximation
it is important to have a clear criterion for the
applicability of the semi-classical approach.

5. CONCUSION AND DISCUSSION

We have predicted superradiant multiple pulse
emission from the dipole-ordered state prepared by the
exciton-localized photon interaction, and discussed the
origin of the phenomenon, on the basis of the localized
photon model using the dissipative master equation. One
expects that this kind of phenomenon can be applied to a
component of nanophotonics. The superradiant multiple
pulse generation has been discussed in the Dicke model
for a large system [8] and a Frenkel exciton system with
dipole-dipole interaction [9]. In the former multiple
pulses are the results of the stimulated emission and
absorption of emitted photons stayed inside the large
system. In the latter the oscillation in the radiation
originates from the hopping of the excitation due to the
dipole-dipole interaction. The origin of the multiple
pulse generation in our system is similar to the latter
case. However, our system includes a dipole-ordered
state, and the mechanism is not completely same as that
of Ref. [9]. Moreover, we have clarified that the multiple
pulsation is a direct consequence of the ordering of the
total dipole.
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High spatial localization of an optical near field allows us to access and excite
individual nanometric materials that are much smaller than the diffraction limit of light,
while propagating or far field light can only excite the system globally. This difference,
as an initial condition, provides the new exciton dynamics by effective use of a dark
state in a quantum-dot (QD) system coupled by the optical near field. We have
previously showed theoretically and experimentally excitation energy transfer between
CuCl quantum cubes, using temporally and spatially resolved near-field spectroscopy
[1]. In this paper we report another new feature of the exciton dynamics inherent in a
similar system, or characteristic functional (AND/XOR-logic) operations, depending
on the initial excitation as well as symmetry of the spatial arrangement of the QDs [2].

We consider a QD system divided into two parts, as illustrated in Fig. 1(a): one
is a coherent part composed of two identical dots (QD-A and -B). The other is a
three-level dot (QD-C) as an output part with a dissipation process. The exciton
dynamics is determined by using density-matrix formalism. Figure 1(b) shows
temporal evolution of the output populations for two-exciton states, where both QD-A
and -B are initially occupied. It follows that selective energy transfer occurs from the
coherent part to the output part only if the energy difference AQ between the upper
level of QD-C and the lowest level of QD-A or -B satisfies the condition AQ =-U, as
shown in the dotted curve. Here U denotes the near-field optical coupling strength.
Thus the system behaves as an AND-gate for AQ =—U, while it provides an XOR-gate
for AQ=U. We also show that an asymmetric arrangement of QDs permits energy
transfer from the coherent part to the output part via a certain entangled state, or a dark
state in a symmetric system. This is useful for detection of a quantum entangled state.
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We have successfully fabricated a nano-dot coupler for optical far/near-field conversion. Highly efficient

energy transport in the nano-dot coupler via near-field coupling between resonant plasmon-polariton modes of

neighboring particles was observed.

1. Introduction

For future optical transmission systems,
nanophotonic integrate circuits [1], which are
composed of sub-100 nm scale dots, are necessary to
increase data transmission rates and capacity. As a
representative device, a nanophotonic switch can be
realized by controlling the dipole forbidden optical
energy transfer among resonant energy states in
nanometer-scale quantum dots via an optical near field
[2]. To operate this, coupling them with external
conventional diffraction-limited photonic devices is
required by using a nanometer-scale optical waveguide
for far/near -field conversion. To realize this, we have
reported plasmon-polariton waveguide using a
metallized silicon wedge structure that converts
far-field light to optical near field via metallic core
waveguide [3]. To obtain higher efficiency of coupling
with plasmon-polariton mode, we evaluated the size of
Au nanoparticle for plasmon resonance. Furthermore,
the efficient energy transport along the nano-dot chain
via near-field coupling was observed.

2. Nano-dot coupler

As shown in Fig. 1, we proposed plasmon
polariton condenser with nano-dot coupler. The

. Nanophotonic
__Condenser switch

Nano-dot
coupler

Fig.1 Plasmon-polariton condenser with nano-dot coupler
for optical far-/near- field conversion devices.

condenser consists of several hemispheres and they are
positioned on an arc, and works as a "phased array". A
nano-dot coupler consists of chains of closely spaced
metal nanoparticles. Energy transport in the nano-dot
coupler relies on near-field coupling between
plasmon-polariton modes of neighboring particles [4].
In comparison with metallic waveguide, the use of
nano-dot coupler is expected to realize lower energy
loss due to the plasmon resonance in the metallic
nanoparticles.

3. Experiment

In order to optimize the efficiency in the nano-dot
coupler, we checked whether the Au nanoparticles led
to efficient scattering. The 50-nm thick Au
nanoparticles on the glass substrate were fabricated by
the focused ion beam (FIB) milling technique. The
spatial distribution of the optical near-field intensity for
the Au nanoparticles in diameter D range from 100 to
300 nm were observed by the collection mode
near-field optical microscope (NOM) at A = 785 nm.
Figures 2(a) and 2(b) show the topographical and NOM
images of the Au nanoparticles. As shown in the cross
sectional profile [see Fig. 2(c)], the optical near-field
intensity / takes the maximum for the Au nanoparticle
with 200 nm in diameter (labeled w). In order to find
the origin of this resonance, a calculation was
performed. Mie’s theory of scattering by an Au prolate
spheroid (see Fig. 2(d)) was employed, and only the
first TM mode was considered [5]. The solid curve in
Fig. 2(e) represents the calculated polarizability o
depending on the diameter D of the Au prolate spheroid
whose short axis was fixed as 50 nm. The calculated
resonant diameter (230 nm) is in good agreement with
the experimentally confirmed particle size (D = 200
nm).

Next, we checked whether the plasmon-polariton
transfer along the Au nano-dot coupler. As a nano-dot
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Fig.2 (a) Shear-force image of Au nanoparticles
with respective diameter D=100 nm (s), 120 nm (%),
140 nm (u), 170 nm (v), 200 nm (w), D=230 nm
(x), g: 250 nm (y), 300 nm (z). (b) Intensity /
distribution of optical near-field of (a). (c¢)
Cross-sectional profiles along the dashed white line
in (b). (d) Calculation model of prolate spheroid. (e)
Solid circles show the peak intensity /p of the
respective Au nanoparticles. Solid curve shows the
calculated polarizability o of Au prolate spheroid.

coupler, a linear array of Au nanoparticles in diameter
D range from 150 to 300 nm with their separations of
2.4 D were fabricate using FIB milling technique (see
the topographical image of Fig. 3(a)). The spatial
distributions of optical near-field energy were observed
by the collection mode NOM taken at arrangement for
2D SPP mode excitation. Figure 3(b) shows the NOM
image for the nano-dot coupler. Figure 3(c) shows the
cross-sectional profile through the outlet of the
nano-dot couplers. Note that the output energy was
efficiently obtained only for the nano-dot coupler with
D =200 nm, which is consistent with the experimental
results shown in Fig. 2. These results confirm that such
an efficient energy transfer along the Au nanoparticles
is due to the near-field coupling between resonant
plasmon-polariton modes of neighboring particles.

4. Conclusions

In through our proposal, we fabricated nano-dot
coupler as far-field and near-field converter. Highly
efficient energy transport in the nano-dot coupler via
near-field coupling between plasmon-polariton modes

of neighboring particles was observed. These results
confirm that it will be possible to create the optical
far-/near-field conversion devices required by future
systems.

D=150 200 2
el

I (a.u.)
—

Position (um)

Fig. 3 (a) Shear-force image of Au nano-dot
coupler with D = 150, 200, 250, and 250 nm. (b)
Spatial distribution of optical-near field intensity
of (a). (c) Intensity / distribution of optical near
field along the dashed white line in (b).
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Definition, principle, and true nature of nanophotonics are presented. Recent progresses in
nanophotonic device operation (e.g., switches), size- and position-controlled fabrications (e.g.,
deposition and lithography), and future systems (e.g., optical fiber communication) are reviewed.

1. Introduction

This talk reviews the definition, true nature,
and technical progress of nanophotonics'™®.
After the word “nanophotonics” was proposed
by Ohtsu in 1994, the nanophotonics
technical group was organized by OITDA
(Optical Industry Technology Development
Association, Japan) to discuss future direction

of optical science, technology, and industry.

2. Principles

Nanophotonics is defined as “the technology
for fabricating and operating nanophotonic
devices by using the optical near field as
small numbers of

signal carrier and

nanoparticles as device materials”(Fig.1).
However, nanophotonics is not to realize
nanometer-sized  optical  science  and
technology but to realize “novel functions and
phenomena originated from the localized
nature of optical near fields”. These novel
functions and phenomena are possible by
noting that the nanometric system (composed
of nanometric particles and optical near
fields ) is buried in a macroscopic heat bath.

Energy non-conservation can be observed in

the nanometric system due to energy exchange
between the two systems.

10,000x10,000channel switching array
Optical storage: 1Tb/in? storage density

Optical fiber transmission: 40Tb/s transmission speed,
Future system ‘{
Optical nanofabrication: ~sub-100nm line and space

J

‘ Diffraction limit in size and integration ‘
‘ Novel functions and phenomena ‘

Quantum dot laser,

Device — | Nanophotonic devices | .
Photonic crystal

Nanoparticles

Nanoparticles -
N~1) — N>>1) Bulkz//matenal

Signal _| - Diffraction
carior Optical near field ropagating ligh
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Fig.1
Concepts of nanophotonics.

Further, higher order effects, e.g., magnetic
dipole or electric quardrupole transitions are
not neglected due to localized nature of

fields.
nanophotonics is to utilize these “novel

optical near True nature of
functions and phenomena originated from the
localized nature of optical near fields”, which

is completely impossible by propagating



lights.

The essential features of nanophotonic
their
phenomena. In addition, their sizes are far

devices are novel functions and
smaller than the diffraction limit of light.
Conventional photonic devices, e.g., quantum
dot lasers, photonic crystals, and optical
MEMS do not have these features because
they use the diffraction-limited propagating

light as a signal carrier.

3. Devices, fabrications, and systems
Nanophotonics have been proposed and

developed by my research group. Their recent

technical progress is reviewed(Fig.2). They
are; (1) nanophotonic devices (switches,
AND/XOR gates, delay gate,

super-radiant-type pulsed generator) and

optical input/output terminals, (2)
nanophotonic fabrication (size-and
position-controlled  photochemical  vapor

deposition and  non-adiabatic
desorption and self-organization based on

size-dependent

process,
resonance, application of
non-radiative process to photo-lithography),
and (3) prospect  to
nanophotonic systems (optical routers in fiber

future realize

communication systems, optical memory,

optical data processing, and so on.).
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Nanophotonic functional devices are proposed, and the operation principles are discussed
theoretically. Optical AND- and XOR-logic gates can be realized by matter coherence via
optical near-field interaction and spatial symmetry in three- and four-quantum dot systems.

1. Introduction

Optical near-field interaction in a nanometric system
has introduced some interesting features that cannot be
found in a macroscopic system. Recently, we have
proposed nanometric functional devices below the
diffraction limit of light,“? which we call nanophotonic
devices. In this paper, we propose another nanophotonic
device, and discuss the operations, using optical near
field and discrete energy levels in a few quantum dot
system.

As is well known, optical near field is localized in
the order of material size. Energy transfer between
nanometric materials via such local interaction is much
faster than radiation by far-field light. Therefore, matter
coherence can be maintained in a nanometric system.
Noticing this fact, we demonstrate nanophotonic device
operations theoretically.

2. Coupled States viaan Optical Near Field

First, we consider exciton dynamics in a three-quantum
dot system asillustrated in Fig. 1(a). In this system, two
identical quantum dots (QD-A and B) are coupled
coherently with each other, and the excitation (an
exciton) in the coupled states is transferred to the third
guantum dot (QD-C) under the resonance condition.
Since QD-C is larger than the others, the exciton in
QD-A and B is transferred to the higher energy sublevel
in QD-C, and then decays in the lower energy sublevel

via an exciton-phonon interaction, or energy dissipation.

In order to understand the resonant energy transfer, the
energy levels in the system are shown in Fig. 1(b). One
or two excitons can exist in QD-A and/or B in the input
state, while in the output state one exciton always exists
on the higher energy sublevel in QD-C. The two split
energy levels around the energy 7Q correspond to
symmetric and anti-symmetric states, i.e.,

7 \
: QD-A 11 1
R I |
Input: A 1 :
[ |
T U |
B Bt .
Input: B _ | 3L T
put: ! o , Output: C
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Fig. 1 (@) Schematic illustration of a three-quantum dot
system. (b) Energy levels of coupled states, where U denotes
the optical near-field interaction, while Coulomb interactions
areincluded in 71Q, hQcq, and 7Qc,.

[5)=(19),]0), +[0),18),)/Vz,
A= (1), 10}, =[0), 11),)/+2

where [0) and |1) represent crystal and exciton
ground states in QD-a, respectively. Note that the
anti-symmetric state is a dipole-inactive state for
far-field light. Using an optical near field, we can
manipulate the state as dipole-active and inactive,
adjusting spatia arrangement of QD-C relative to
QD-A and B. When QD-C is located symmetrically as
shown in Fig. 1(a), the |A> -state cannot be coupled
with QD-C because total dipole in the input part is zero.
Thus, matter coherence and spatial symmetry play
important roles in a nanophotonic system, and are
useful for optical signal processing on a nanometric

@



scale.

3. Nanophoatonic functional devices

3.1 AND/XOR logic operations

The system shown in Fig. 1(a) operates as two kinds of
logic gates depending on the resonant conditions in
QD-C. When the higher energy sublevel in QD-C is set
as hQc,=hQ+U, the | S) -state resonantly couples to the
sublevel in QD-C in the case that an exciton is created
in QD-A. However, the energy transfer cannot occur
when two excitons are excited simultaneously in QD-A
and B because the resonant | A) -state is dipole-inactive
in the case of symmetrically arranged system. This
behavior is exactly a XOR-logic operation. The exciton
dynamics is plotted as the solid curves in Fig. 2, where
the exciton population is calculated on the basis of the
density matrix formalism® and Yukawa interaction® as
the optical near-field coupling.

In the opposite case of #Qc,=h#Q-U, the above
operation is reversed as shown by the dashed curves in
Fig. 2; the exciton energy transfer is forbidden unless
both of QD-A and B are excited. Thisis an AND-logic
operation. The exciton population reaches a unit value
for the AND-logic operation, while does not for the
XOR-logic operation. This is caused by the difference
of initial conditions, that is, the excitation in a single
guantum dot is expressed in terms of a superposition of
the |S> - and |A> -states, where the |A> -state is
inactive. Therefore, we need to take an ensemble
average for an actual X OR-logic operation.

3.2 Controlled logic system

As another type of devices, it is interesting to consider
four-quantum-dot system asillustrated in Fig. 3, which
consists of three coherently coupled quantum dots and
an output quantum dot. Similar to Sec. 3.1, the energy
transfer in this system depends on the number of
excitons initially prepared. Note that AND- and
XOR-logic operations can be realized by using identical
system when the energy sublevel in QD-D is set as
hQ,, = hQ—Zx/EU . (See the energy levels in Fig. 3)
When QD-A and B are assigned as input terminals and
QD-C is a control terminal, this system operates as an
AND-logic gate without control signal, and as an
XOR-logic gate with control signal. Since a few
different operations can be realized in the same system,
this system has the great advantage not only to signal
processing all-optically controlled but aso to
nanofabrication.
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Fig. 2 Time evolution of exciton population a the lower
energy sublevel in QD-C. The solid and dashed curves
represent XOR- and AND-logic operations in the systems with
the energy differences +U and U, respectively.
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Controt: ¢ 9P-C
Fig. 3 Energy levels of coupled state in a four-quantum dot
system. The higher energy sublevel in QD-D is adjusted by
hQ —2+/2U to resonantly couple to a state in three identical
quantum dots.

4. Conclusions

In nanometric systems, matter coherence and spatial
symmetry play important roles for energy transfer
dynamics, and are useful for nanophotonic signal
processing. We have proposed and evaluated XOR- and
AND-logic operations, and controlled-type logic
operations theoretically. These devices discussed above
aways include decoherence (energy dissipation), and
one operation is independent of the other connected
systems. It is an advantage for connection of
conventional optical and electric devices.
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A nanoscale data matching architecture is proposed based on optical near-field interaction between quantum dots. This
architecture enables the design of a highly dense content addressable memory, which is a key device in optical

networks.

1. Introduction

To meet future bandwidth requirements, a huge
amount of computation must be performed at the nodes
in optical networks and in data centers. Performing
such computations in the optical domain, such as
address lookup in optical packet switching applications
[1], is expected to enhance overall system performance.
However, there are serious technological difficulties to
be overcome before such systems can be demonstrated,
such as compact integration of a large number of
optical waveguides [2]. Essentially, the level of
integration cannot be improved beyond that allowed by
the diffraction limit of light. Nanophotonics, on the
other hand, is not restricted by the diffraction limit
since it is based on local electromagnetic interactions
between a few nanometric elements via an optical near
field [3]. From an architectural perspective, this
drastically changes the fundamental design rules of
computational ~ systems.  Consequently, suitable
architectures should be built to exploit this capability
of the physical layer. In this paper, we propose an
optical data matching or content addressable memory
architecture based on nanophotonics [Fig. 1].

Node of optical network /
Data center

Massive computation
e.g. Data matching LB ]
(Content Addressable Memory)
Input S —> :

Lookup tables|

Matched
> address

~10nm

Ultra high-density, low-energy @__,
computation using nanophotonics

Optical near-field interactions
Fig. 1 Highly dense optical data matching
architecture based on nanophotonics.

2. Matching architecture using nanophotonics
Data matching can be generalized to the Content
Addressable Memory (CAM) architecture, where an
input signal is used as a query to a database and the
output is the address of the data matching the input.
CAM is one of the key functionalities in network
applications.
CAM requires an architecture providing a “global”

evaluation scheme; in known methods of realizing such
a scheme, such as by focusing lenses, optical
waveguide coupling, photodetector arrays, and so forth,
yet another integration barrier exists. In nanophotonics,
on the other hand, optical energy is attracted to a
certain quantum dot by means of optical near-field
coupling, as will be explained in section 3. Therefore,
we can collect multiple variables, or summation Xx;, on
a nanometric scale. If each variable x;is the product of
two variable s; and d;, then the inner product Xs;d;,
which is used for matching applications [Fig. 2(a) and
(b)], is achieved.

Exclusiveness is one of the problems encountered in
matching operations: Assuming an N-bit input signal
8=(s1,"*,sn) and reference data D=(d,,"*,dn), then the
inner product Xs;d; is not enough to determine the
correct matching of § and Dj; inner products of the
inverted input signal and reference data are also
required. (For example, for 4-bit input $=(1010) and
table data D;=(1010) and D,=(1110), both inner
products result in a value of 2, but the correct matching
is only for D;.) Inversion is, however, one of the
difficult functions to implement optically. One possible
option is to properly design the modulation format [4],
for instance by representing a logical level by two
digits such as by “logic 1=(10)” and “logic 0=(01)”.
(Therefore, an N-bit logical input is physically
represented by 2N bits.) Doing so makes the inner
products equivalent to the matching operations. A
“don’t care” status could be coded by (11) in this
scheme. Suppose that the reference data in the memory
Dy,,Dy;, and the input S are represented in the above
format. Then the function of the content addressable
memory is to derive j that maximizes S'D; (j=1,:,M).
Each of the inner products is realized on the nanoscale,
and therefore, the overall CAM is realized in an
extremely compact volume compared to its
conventional counterpart. Moreover, conventional
CAM VLSI chips consume lots of current and energy,
whereas nanophotonic devices can be operated with
extremely low energy.

3. Nanometric summation using nanophotonics

The multiplication operation of two bits, namely x;
=s;d,, has already been demonstrated by combinations
of three quantum dots [5]. Therefore, the key function
to achieve a nanophotonic CAM is the summation,



which is explained as follows. Here we assume two
quantum dots QD4 and QDjg, as shown in Fig. 2(c).
The ratio of the sizes of QD4 and QDg is 1:+/2 . There
is a resonant energy level between those two dots,
which are coupled by an optical near field interaction.
Therefore, the exciton population in the (1,1,1)-level in
QD, is transferred to the (2,1,1)-level of QDjg. It
should be noted that this interaction is forbidden for
far-field light. Since the inter-sublevel relaxation via
exciton-phonon coupling is fast, the population is
quickly transferred to the lower (1,1,1)-level in QDg.
Similar energy transfers may take place in the dots
surrounding QDg by setting the resonant energy level
so that energy flow can occur. One could worry that if
the upper energy level of QDg is occupied, another
exciton in QD, cannot be transferred due to the Pauli
exclusion principle. Here, thanks again to the nature of
the optical near-field interaction, the exciton population
goes back and forth between QD, and QDg, which is
called nutation [6]. Therefore, we can effectively
regard this state as the exciton remaining in QD until
QDg becomes empty. Finally, both excitons can be
transferred to QDg.

Numerical calculations were performed based on
quantum master equations in a density matrix
formalism. First, we considered an initial condition
where there are two excitons, one in QD, and one in
QDg (two-exciton system). The solid and dotted lines
in Fig. 3(a) respectively show the time evolution of the
exciton population of the lower level of QDg and the
other states where an exciton remains in QD,. Nutation
is observed, as indicated by the dotted line, since QDg
is initially busy due to the initial conditions.

We then compared the population to a one-exciton
system. The dotted line in Fig. 3(b) shows the
population of the lower level of QD with the initial
condition of one exciton in QD,. The solid line in Fig.
3(b) is for the two-exciton system. Physically the
“output” signal is related to the integration of the
population in the lower level of QDg. By numerically
integrating the population between 0 and 5 ns, we can
see that the ratio of the output signals between the two-
and one-exciton systems is 1.83:1, which reflects the
number of initial excitons, or the summation
mechanism.

4. Conclusions

An architecture for high-density data matching, or
content addressable memory, is proposed based on
near-field  coupling  between  quantum  dots.
Consideration of both device and system architecture
issues will be indispensable [7] to realize effective
nanophotonic systems in future.
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ABSTRACT

This paper reviews the recent progress of application of interactions between optical near-fields and nanoscale material.
For future optical transmission systems with high data transmission rates and capacity, we have proposed nanometer-
scale photonic devices (i.e., nanophotonic devices), which is composed of sub-100-nm scale dots and wires. To realize
this, we demonstrated the feasibility of nanometer-scale optical chemical vapor deposition using optical near-field
techniques. Furthermore, we also demonstrated possibilities of mass-production of nanometric structures without
scanning the fiber probe.

Optical transmission systems require increased integration of photonic switching devices. To support this increase, it
is estimated that the size of photonic matrix switching devices should be reduced to less than 100 nm by the year 2015.
To realize this, we have proposed nanometer-scale photonic devices and their integration [i.e., nanophotonic integrated
circuits (ICs), see Fig. 1] [1]. These devices consist of nanometer-scale dots, and an optical near field is used as the
signal carrier (see Fig. 2). As a representative device, a nanophotonic switch can be realized by controlling the dipole
forbidden optical energy transfer among resonant energy states in nanometer-scale quantum dots via an optical near field
[2]. It 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.
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Fig. 1 Nnanophotonic ICs.



Light PD Nanophotonic
emitter iy switch

Input/Output
terminal

Fig. 2 Single cell of nanophotonic ICs.

In order to realize this level of controllability, we proposed and demonstrated near-field optical chemical vapor
deposition (NFO-CVD, see Fig. 3), which enables the fabrication of nanometer-scale structures, while precisely
controlling their size and position [3-5]. In this process, resonant photons excite metal-organic (MO) molecules from the
ground state to the excited electronic state and the excited molecules relax to the dissociation channel. Then the
dissociated metal atoms adsorb to the substrate [6]. For photodissociation, the far-field light must resonate the reacting
molecular gasses in order to excite molecules from the ground state to excited electronic state. The Frank-Condon
principle claims that this resonance is essential for excitation. The conventional MO gas source for optical CVD has the
excited electron state in the ultraviolet region. For NFO-CVD, however, photodissociation can take place under
nonresonant conditions, i.e., using visible light, due to the inherent properties of optical near-fields [7]. Since the optical
near field has a very large spatial gradient with a nanometric decay length, it can interact with the polarization of
molecule. As a result of this interaction, atoms in the molecule can be translated directly. Thus, NFO-CVD is applicable
to various materials, including metals, semiconductors, and insulators with various shapes [see Figs. 4(a), (b), and (c)].
By changing the reactant molecules during deposition, nanometric Zn and Al dots were successively deposited on a
sapphire substrate with high precision [see Fig. 4(d)] [8].
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Fig. 3 Schematics of NFO- CVD.

We fabricated UV-emitting ZnO dots by oxidizing Zn immediately after deposition to confirm that the deposited dots
are Zn. Laser annealing was employed for this oxidization. The deposited Zn dot was irradiated with a pulse of ArF
excimer-laser in a high-pressure oxygen environment. To evaluate the optical properties of the oxidized dot, the
photoluminescence (PL) intensity distribution was measured using an illumination and collection mode (IC-mode) near-
field optical microscope. Figure 4(e) shows the PL intensity distribution of the oxidized dot integrated for the wavelength
region longer than 360 nm. The low collection efficiency due to the IC-mode configuration did not establish the
spectrum. However, in the case of a ZnO thin film deposited using the same CVD process, except the optical near-field
was replaced by the far-field light, we found that the PL intensity of the spontaneous emission from the free exciton was
ten times greater than that of the deep-level green emission. From this result, we concluded that the luminescence in this
figure originated from spontaneous emission from the free exciton in ZnO nano-dot. This is the first observation of PL
from a single deposited ZnO nanocrystallite [5].
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Fig. 4 Shear-force images of deposited Al dots (a), Zn dots (b), Zn looped shape (c), and Zn and Al dots (d). (e)
Photoluminescence image of single deposited ZnO dot.

In order to realize further controllability in size, we studied dependence of nanoparticle formation on photon energy
used for the NFO-CVD. As the light source for the photodissociation of diethylzinc (DEZn), a He-Cd laser [photon
energy E,=3.81 eV] was used. This is a resonant light because its photon energy exceeds the band edge energy of DEZn.
Figure 5(a) shows topographical image of Zn deposited on a (0001) sapphire substrate by NFO-CVD.

To control the size distribution, we introduced Ar’ (E, = 2.54 eV) or He-Ne (E, = 1.96 €V) lasers, in addition to the
He-Cd laser. Their photon energies are lower than the absorption band edge energy of DEZn, i.e., they are nonresonant
light sources for the dissociation of DEZn. Figures 5(b) and 5(c) show topographical images of Zn deposited by NFO-
CVD with irradiation at £, = 3.81 and 2.54 eV and at £, = 3.81 and 1.96 eV, respectively. The respective FWHMSs were
60, 30, and 15 nm [see Fig. 5(d)]; i.e., a lower photon energy gave rise to smaller particles.

The dependency of fabricated size on the photon energy is due to plasmon resonance of optical absorption in a metal
nanoparticle [9-11], which strongly depends on particle size. This can induce the desorption of the deposited metal
nanoparticles [12]. As the deposition of metal nanoparticles proceeds in the presence of light, the growth of the particles
is affected by a trade off between deposition and desorption, which determines their size, and depends on the photon
energy.

These results suggest that the additional light controls the size of the dots and reduces the size fluctuation, i.e., size
regulation is realized. Furthermore, the position can be controlled accurately by controlling the position of the fiber
probe used to generate the optical near field. The experimental results and the suggested mechanisms described above
show the potential advantages of this technique in improving the regulation of size and position of deposited nanodots.
Furthermore, since our deposition method is based on a photodissociation reaction, it could be widely used for
nanofabrication of the other material for example GaN, GaAs, and so on.
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Fig. 5 Bird’s-eye views of shear-force topographical images of Zn deposited by NFO-CVD with (a) E, = 3.81 €V, (b) E, =
3.81 and 2.54 ¢V, and (c) £, = 3.81 and 1.96 eV, respectively. (d) Curves A, B, and C show the cross-sectional profile of
the dot in (a), (b), and (c), respectively.

For realization of mass-production of nanometric structures, we also demonstrated possibilities of applying such a
near-field desorption to other deposition technique, which does not use fiber probe. We performed metal-nanoparticles
deposition over the pre-formed grooves on the glass substrate by the sputtering uneder the illumination [see Fig. 6(a)].
Since the optical near-field is enhanced at the edge of the groove, it can induce the desorption of the deposited metal
nanoparticles when they reach at their resonant size for optical absorption. By illuminating 2.33-eV light during the
depostion of Al film, we successefully fabricated 80-nm Al dots chain with 40-nm separation as long as 20 um [see Fig.

6(c)].
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Fig. 6 (a) Fabrication process of metal dots-chain by the spattering using near-field desorption technique.
(b) Au dots-chain with 1.96-eV light illumination. (c) Al dots-chain with 2.33-¢V light illumination.

In order to realize a far/near -field conversion device coupling nanophotonic ICs with external conventional

diffraction-limited photonic devices, we will also discuss possibilities of applying such a structure to a nano-dot coupler,
in which energy transfer relies on near-field coupling between plasmon-polariton modes of neighboring particles [14].
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Abstract: We observed an anti-correlation feature in the photoluminescence intensity distribution
of ZnO/ZnMgO multiple-quantum-well nanorods. This is attributed to the optical near-field
energy transfer between resonant energy levels in closely spaced pairs of ZnO/ZnMgO multiple-
quantum-well nanorods.

©2003 Optical Society of America
OCIS codes: (300.6540) Spectroscopy, ultraviolet, (310.6860) Thin films, optical properties

ZnO nanocrystallite is a promising material for realizing nanometer-scale photonic devices [1] at room temperature,
due to its large exciton binding energy. To confirm its promising optical properties, we performed spatially and
spectrally resolved photoluminescence (PL) imaging of individual ZnO/ZnMgO multiple-quantum-well (MQW)
nanorods.

We used ZnO/ZnMgO MQW nanorods that consisted of ten periods of 3-nm ZnO/6-nm ZnysMg,,0. They
were grown on the ends of ZnO nanorods with a 40-nm mean diameter using metalorganic vapor phase epitaxy [2].
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Fig. 1. (a) Schematic of MQW nanorods consisting of 10 periods of ZnMgO/ZnO on the tips of ZnO nanorods. (b)
Far-field (dashed line) and near-field (solid lines) PL spectra of the MQW ZnO/ZnMgO nanorods at 15 K. A He-Cd
laser light (A = 325 nm) was used to excite the ZnO nanocrystallites. (c) The excitation power density dependence of
the integrated PL intensity at E,= 3.432eV (closed circles) and E;= 3.447eV (open circles).

The dashed curve in Fig. 1(b) shows the far-field PL spectrum at 15 K. A blue-shifted PL emission peak was
observed around 3.43 eV. The magnitude of the blue shift was consistent with the theoretical value of the quantum
confinement effect in the ZnO QW layer. To investigate the optical properties of individual ZnO/ZnMgO MQW, we
observed the dependence of near-field PL spectra on the excitation power density at 15 K [Fig. 1(b)]. In the weak



excitation condition, a single PL peak was observed at 3.432 eV (E;). At excitation power densities exceeding 2
W/em?, another PL peak appeared at the higher energy of 3.447 eV (E,). To confirm the origin of the emission lines,
we plotted the integrated PL intensity for the emission lines of both E; and E, [Fig. 1(c)]. This showed that the E,
and E, emission lines originated from the recombination of the ground state and first excited state. This estimation is
also supported by the fact that the energy difference between E, and E, is about 15 meV, which is in good
agreement with the theoretical calculation [3].
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Fig. 2. Monochromatic PL images of ZnO/ZnMgO MQW nanorods obtained at photon energies of (a) E; and (b) E,,
respectively. (c) The open and closed circles represent the cross-sectional profiles along the dashed white lines in (a)
and (b).

In order to investigate the optical properties in the coupled quantum structures, we performed monochromatic
PL imaging of ZnO/ZnMgO MQW nanorods (Fig. 2). The outstanding feature was the anti-correlation in the PL
intensity of E, and E,; E | was suppressed, while E, was enhanced in a closely adjacent nanorod [Fig. 2(c)]. Based
on this result, we considered a model of the PL process from closely spaced pairs of ZnO/ZnMgO MQW (Fig. 3).
Due to the deep potential depth of 4 eV to the vacuum [4], carrier tunneling between the nanorods can be neglected.
Since the inter sub-level transition time (denoted by t,,) is much shorter than the decay rate of E;, the suppression
of E; is due to the luminescence center. Even in a ZnO MQW with such defects, the emission from the excited state
E, can be detected by an optical fiber probe due to near-field coupling of the probe and ZnO/ZnMgO MQWs
(denoted by y). Since the degree of the anti-correlation was larger for a more closely spaced pair of nanorods, the
anti-correlation feature is attributed to optical near-field coupling between the ZnO/ZnMgO MQW (denoted by NF),
i.e., energy transfer phenomena induced by the optical near field between two resonant energy levels in a
Zn0O/ZnMgO MQW and an adjacent ZnO/ZnMgO MOW.
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Fig. 3 Model of closely spaced pairs of ZnO/ZnMgO MQW nanorods.

This phenomenon can be used to realize nanometer-scale photonic devices, such as the switching mechanism
confirmed by the authors in CuCl quantum cubes [5].
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Abstract: We applied nonadiabatic near-field photochemical reaction to the photolithography.
The optical near field with the steep spatial gradient of optical power activates the unique
photochemical reaction and enables nanometric patterning even by using visible light.

©2003 Optical Society of America
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The spatial locality of the optical near field leads to novel physical phenomena such as optically forbidden
energy transfer [1] and giant second harmonic generation. Previously, we found another novel phenomenon, i.e.,
the photodissociation of metal organic molecules using a nonresonant optical near field with photon energy lower
than the photodissociation energy of the molecule [2]. We succeeded to explain this unique photodissociation by
the exciton-phonon polariton model and the nonadiabatic process based on the spatial locality of the optical near
field [3]. The photodissociation using optical near field seems to violate the Franck-Condon principle due to the
nonadiabatic process. According to our model, the nonadiabatic photochemical reaction is a universal
phenomenon and is applicable to many other photochemical processes. In this presentation, we propose the
unique nano-photolithography using this reaction.

Figure 1(a) shows the schematic configuration of the used photo-mask and the Si-substrate spin-coated
with the photoresist (OFPR-800) at the exposure process in contact mode. We adjusted the gap between the
photo-mask and photoresist to become as narrow as possible. Figures 1(c) and (e) show the atomic force
microscope images of the photoresist surface after development by g and i lines of Hg lamp and 672-nm laser,
respectively. Figures 1(b) and (d) show the cross-sectional distribution of the optical energy and its spatial
gradient at the contact plane between the photo-mask and the photoresist calculated by the finite difference time
domain (FDTD) Method. By g and i lines, the conventional exposure process forms the corrugation whose size
corresponds to the optical intensity distribution generated by the photo-mask pattern, i.e., lines and spaces 1pm (Fig.
1(b) and (c)), because the used photoresist is active to the g and i lines. The 672-nm laser also developed the
corrugation pattern on the photoresist though this photoresist must be inactive to the 672-nm light. The width and
depth of the groove in the corrugation pattern were 250nm and 25nm, respectively. The period (lines and spaces)
of the corrugation by the 672-nm laser is different from that by g and i lines and is a half that. This result can be
explained by the optical near-field effect. The exposure process cannot occur by direct irradiation of 672-nm light.
However, the optical near field causes the exposure process due to the nonadiabatic photochemical reaction. This
unique photochemical reaction is induced by the steep spatial gradient of the optical energy, which is one of the
features of the optical near field. Since the optical near field is strongly generated at around the edges of the
Cr-mask, the spatial gradient of the optical energy is large at the edges as shown in Fig. 1(d). The developed
pattern by the 672-nm laser agrees well with the distribution of the gradient (Fig. 1(d) and (e)). This agreement
confirms the nonadiabatic photochemical process, that we proposed, occurs due to the steep spatial gradient of the
optical energy.

This novel process for photolithography is one of the promising techniques for nanofabrication, because
it does not require the expensive vacuum UV light source and optics for the nano-photolithography.
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Fig.1. (a) The schematic configuration of the used photo-mask and the Si-substrate spin-coated with the photoresist
(OFPR-800) at the exposure process. (b) The cross-sectional distribution of the optical energy at the contact plane
between the photo-mask and the photoresist calculated by FDTD. (c) AFM images of photoresist by g and i lines of Hg
lamp after development. (d) The spatial gradient of the cross-sectional distribution of the optical energy (Fig.1(b)). (e)
AFM images of photoresist by 672-nm laser after development.
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Abstract: We demonstrate a novel fiber device using a gigantic Faraday rotation in sharpened
optical fiber. The rotation angle of this reaches as much as 105 degrees in spite of the
sub-wavelength size of the device.

©2003 Optical Society of America
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Optical fiber and guided-wave techniques have been bringing the high efficiency, functions, and downsizing to
optical devices. Especially, the demand of the downsizing is strong and several approaches, e.g., photonic crystals
and nanophotonics [1], have been reported. The polarization control in such devices is one of the important
functions to realize the optical isolator, circulator, and so on. However, current polarization control devices are
too large to integrate for downsizing. This presentation reports a novel approach to control the polarization of
light and a demonstration of the Faraday rotator based on the gigantic magneto-optical effect of the surface
plasmon-polariton.
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Fig.1. (a) Schematic explanations of surface plasmon-polariton and its polarization rotation induced by external magnetic
field. (b) SEM image ofa typical fabricated fiber probe and schematics of its structures.

Figure 1(a) shows the schematic explanations of surface plasmon-polariton and its polarization rotation
induced by external magnetic field. The surface plasmon on metal corresponds to the density wave of electrons,
i.e., the electron vibration. The external magnetic field normal to the metal surface can incline the vibrational
direction of electron due to the Lorentz force. We consider that this inclined electron vibration can rotate the
polarization of light reconverted from plasmon wave to light wave. Figure 1(b) shows the typical SEM image of
the fabricated Faraday rotator using an optical fiber sharpened by etching and metal coating. First, we fabricated
the fiber tip coated only with Au layer of 160-nm thick. When the aperture diameter is much smaller than the
diffraction limit of light, the optical power is transferred by the plasmon wave at the boundary between glass
composing a fiber and the metal layer. The plasmon wave is reconverted to the optical field at the aperture.
Therefore, the polarization of the output light passing through the fiber tip should be controlled, if the polarization
of the plasmon wave is controlled by the external magnetic field. In the experiment, we used the linearly
polarized incident light of 633-nm wavelength and the external magnetic field B was applied by the permanent
magnet whose direction was parallel to the fiber axis. The polarization of the output light was measured by the
angle of the polarizer in front of the photodetector.
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Fig.2. Polarizations of output light. (a)Au coated fiber tip with 100-nm aperture. (b) Au/Fe/Au/Fe coated fiber tip with
80-nm aperture.

Figure 2 shows the experimental results shown. The polar angle and radial axis show the angle of polarizer
and detected intensity, respectively. For the fiber tip with aperture larger than 200 nm, the Faraday rotation angle
was small. However, we observed gigantic Faraday rotations for the fiber tips with less than 200-nm aperture, i.e.,
much smaller than the diffraction limit. We obtained a Faraday rotation angle of 45 degrees for the Au coated
fiber tip with 100-nm aperture at B=0.3T, as shown in Fig. 2(a). Next, we fabricated the fiber tip coated with the
Au/Fe/Au/Fe (10nm/ 2nm/ 80nm/ 100nm) layers expecting the increase in the magneto-optical effect, which comes
from the large magneto-optical effect of the ferromagnetic material Fe [2] and the quantum size effect of Au/Fe/Au
quantum well structures. Finally, we obtained a Faraday rotation angle of 105 degrees for the Au/Fe/Au/Fe coated
fiber tip with 80-nm aperture at B=0.35T, as shown in Fig. 2(b). This rotation angle is large enough for the optical
isolator and circulator. The Au/Fe/Au/Fe coated fiber tip does not require the external magnetic field after
magnetization. The Faraday rotation angle was preserved even after removing the external magnetic field due to
its Fe magnetized layer (o in Fig.2(b)). This becomes the strong advantage for integration, because magnet is not
necessary, which is a large and negative effecting to the surroundings.

These experimental results show that our proposed optical fiber tip is promising for the miniature polarization
controller that can be integrated in the photonic integrated.
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Quantum dots (QDs) in nitride-based structures are expected to improve
characteristics of visible-to-UV optical emitters that are currently developed by employing
2-and 3 dimensional growth processes. The optical property of these nitride quantum dots
(QD) is particularly interesting as it depicts the interplay of in-built strain induced electric
fields and quantum confinement in the nitride based material system. When the dot size is
of the order of the exciton Bohr radius, the quantum confinement and built-in polarization
field affects both the exciton binding energy and the optical bandgap and allow tailoring of
the optical properties of the system.

GaN dots on AIN layers discussed here were grown on sapphire substrates by rf-
Nitrogen plasma Molecular Beam Epitaxy. We have demonstrated size control of QDs by
strain modification using various growth techniques to achieve emission energies ranging
from 2.5 eV to 3.9 eV [1]. In self-organized GaN QDs, the quantum confinement effect
observed in the “classical” GaAs-based QD or QW, is offset by the large piezoelectric
fields resulting in a red-shift of the ground state optical transition below the bulk bandgap
by about 0.5-1.2 eV. This enormous shift is attributed to the piezoelectric field exceeding 5
MV/cm. The built-in strain field along with size-control of the QDs can therefore be used
to tune the emission wavelength of ultraviolet light from GaN-QD based optical emitters.
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Figurel shows the honeycomb structure of GaN QDs observed from atomic force
microscopy measurements. The dot density exceeds 3 x 10'° cm™ with dot width ~ 50-70

nm and height of ~ 7-10. The near-field
luminescence spectrum has also been
measured to isolate the optical properties
of single quantum dots from the ensemble
effect. Using an NSOM measurement set-
up [2] with a spatial resolution of 50 nm
and spectral resolution of 0.001 nm, the
PL line-width (FWHM) of a single or an
ensemble of few QDs has been observed
to be 1.55 meV. Comparatively in the far-
field limit the FWHM exceeds 100 meV
(Fig.2.).

The near field PL spectrum
shows the size variation and the

o 342-344nm

e 354 -356 nm

Fig.3. QD Size dependence of near-field
luminescence spectrum (Area: 450 nm x
450 nm)

dependence of emission energy in 20 period stacked QDs (Fig.3.). A large emission from a
single QD structure within 450 nm x 450 nm region is observed at ~ 3.59 eV, which
corresponds to monolayer fluctuations. There are larger numbers of dots luminescent at
3.49 eV and 3.61 eV and the emission intensity are relatively weaker than QDs emitting at
3.59 eV. The preferential emission characteristics of these dots at various energies is also

related to the strain relaxation in the QD
matrix

The emission mechanism in GaN
QDs is also investigated by time resolved
photoluminescence and differential
transmission spectroscopy. A comparison
of the temperature dependent spectrally
integrated decay characteristics of stacked
and single layer QD structures is shown in
figure 4. In un-stacked (single layer) QDs
non-radiative ~ recombination  process
dominates the emission at higher
temperature. In stacked QDs nonradiative
processes are considerably reduced as
there is no significant difference in the
decay constants due to change in
temperature from 10 K to 100 K. Stacking
results in higher emission efficiencies at
300 K. We also observed signature of

05 1.0 15 20
6000

5000 -
S 4000 )
& 20 period stacked QD
2 3000 |
2
2
£ 2000 - ¢ B
T I g,
1000 - i e, ) J
] 30M
O ) 1 1 1
5000 L 0.5 . 1 0 1.5 2_U
o "y Time (ns) Single QD
*u .l-.
L .
- 4000 w -
] / "y
< 3000} - -
= / " -I.‘l-.p_. 10K
2 - o e
£ 2000 | J \ oy
= /m °
a - >
1000 I %o,
4 fadts X NNEN —— 100 K
0 et | L L eereeta tesesssepateestertassasstestesetytied

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 1.8 2.0
Time (ns)

Fig.4. Time-resolved PL decay characteristics of
stacked and single layer QD.

phonon-bottle neck phenomenon in un-stacked single QD layers as evidenced by the large

PL decay constant at 10 K.

[1] A. Neogi, et al., 2003, J.Appl. Phys. {in Press}.
[2] T. Kawazoe, K. Kobayashi, S. Sangu, M. Ohtsu, Appl. Phys. Lett, 82, 2957, (2003).
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Abstract: We demonstrate a novel method for concentrating optical energy to a nanometric
region using energy transfers among CuCl quantum dots in a NaCl matrix. The optical energy
was concentrated to 10nm in diameter.

©2003 Optical Society of America

OCIS codes: (220. 2560) Focus; (230. 3990) Microstructure devices; (999.9999) Optical Near Field

Concentration of optical energy to nanometric region enables a terabits optical memory, a highly
integrated photonic device, a nanometric optical microscope, and so on [1]. A convex lens has been used to
concentrate optical energy. However, the focused spot size is limited by diffraction. To go beyond the
diffraction limit, we propose here a novel nanophotonic device that we call the “optical nano-fountain”, which uses
optical near-field energy transfer among quantum dots and demonstrate its operation.
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Fig.1. Schematic explanation of the near-field energy transfer (a) and the optical nano-fountain composing many quantum
dots (b).

We have recently reported energy transfer among quantum dots via an optical near field [2]. The energy
transfer occurs from a higher energy level to a lower energy level, i.e., from smaller to larger quantum dots, as
shown in Fig. 1(a). This unidirectional energy transfer and successive relaxation are applicable to the optical
energy concentration. Figure 1 (b) shows a schematic explanation of the optical nano-fountain, which is
composed of many different-sized quantum dots. When these quantum dots have resonant energy sublevels of
carriers, the energy transfer occurs via the optical near field as illustrated by the arrows in Fig. 1(a). Light incident
to the optical nano-fountain is ultimately concentrated at the largest quantum dot whose size corresponds to the
focal spot size of this device. We call this device an optical nano-fountain, because its mechanism looks like a
fountain, which concentrate and spurt water caught at high potentials. The mechanism is also similar to that of the
light trapping system in the photosynthesis bacteria [3], so its operation is biomimetic. ~From previous
experimental tests of nanophotonic switch, it is expected that the concentration efficiency of this device will be
close to 100 % [4].

To demonstrate the operation of the optical nano-fountain, we used CuCl cubic quantum dots embedded in
a NaCl matrix. This has an inhomogenecous size distribution and a random arrangement of quantum dots.
Therefore, in some areas of the sample, the quantum dots are arranged to act as an optical nano-fountain. In the
experiment, we maintained the sample temperature at 40 K, as at too low a temperature the resonant condition
becomes tight, due to narrowing of the homogeneous linewidth, while at too high a temperature unidirectional
energy transfer is obstructed by thermal activation of excitons in the quantum dots. A 325-nm He-Cd laser was
used as the excitation light source.
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Fig.2. Luminescence intensity distribution of CuCl quantum dots. Schematic quantum dots show their size and
positions estimated by size selective measurement.

Figure 2 (a) shows the spatial distribution of the luminescence intensity of the sample observed with an
optical near-field microscope. Here, the collected luminescence photon energy was from 3.350 eV to 3.215 eV,
which corresponded to the luminescence from 2- to 10-nm quantum dots, respectively. The bright spot in a
broken circle corresponds to the spurt from the optical nano-fountain and its full-width half maximum is estimated
at 10 nm. To investigate the optical energy transfer from smaller to larger quantum dots, we measured the
selective luminescence intensity distribution by size, i.e., by photon energy. Thus, we obtained the size and
positions of quantum dots existing in the scanning area, as shown by the schematic drawings of cubic quantum dots
in Fig.2 (b). Only one quantum dot of 6-10 nm size exists at the spurt position and many smaller quantum dots
exist in the area of 100-nm diameter around the spurt. The luminescence intensity at the bright spot is several
times stronger than that from a single isolated 10-nm quantum dot. Conversely, the luminescence intensities of
surrounding smaller quantum dots are weaker than those of the isolated quantum dots. This indicates that energy
is transferred from smaller to larger quantum dots and is finally concentrated at the largest quantum dot. This is
the first demonstration of the novel nanometric optical condensation device, the optical nano-fountain. Its optical
energy concentration diameter was more than 100 nm and the focal spot size was 10 nm.

We proposed a new nanophotonic device, the optical nano-fountain, which uses energy transfer among
quantum dots, and demonstrated its operation using CuCl quantum dots embedded in a NaCl matrix. The
nanophotonic device concentrates optical energy from a 100-nm area and spurts it in a 10-nm region.

[1] M. Ohtsu, K. Kobayashi, T. Kawazoe, S. Sangu, and T. Yatsui, IEEE J. Sel. Top. Quant. Electron, 8 No.4 p 839 (2002).
[2] T. Kawazoe, K. Kobayashi, J. Lim, Y. Narita, and M. Ohtsu, Phys. Rev. Lett., 88 No.6 pp. 067404 (2002).

[3] K. Mukai, S. Abe, and H. Sumi, J. Phys. Chem. B 103, (1999) p.6096.

[4] T. Kawazoe, K. Kobayashi, S. Sangu, and M. Ohtsu, Appl. Phys. Lett., 82 No.18 (2003) p.2957.
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Abstract: We successfully fabricated a nano-dot coupler with a plasmon-polariton condenser
for optical far/near-field conversion. Highly efficient energy transfer in the nano-dot coupler
via near-field coupling between the plasmon-polariton modes of neighboring particles was
observed.

©2003 Optical Society of America
OCIS codes: (230.3120) Integrated optics devices, (240.6680) Surface plasmons

Future optical transmission systems will require nanophotonic integrated circuits [1] composed of nanometer-scale
dots to increase data transmission rates and capacity. As a representative device, we demonstrated a nanophotonic
switch that was produced by controlling the dipole forbidden optical energy transfer among resonant energy states in
quantum dots [2]. To install the switch in an integrated circuit, a novel device that couples with external
conventional diffraction-limited photonic devices is required for far/near-field conversion. To realize this coupler,
we propose a nano-dot coupler that consists of a chain array of closely spaced metal nanoparticles (see Fig.1).
Energy transfer in the nano-dot coupler relies on near-field coupling between the plasmon-polariton modes of
neighboring particles [3]. Compared with a metallic core waveguide, the use of our nano-dot coupler is expected to
realize lower propagation loss due to the plasmon resonance in the metal nanoparticles.

Nanophotonic
switch

Fig.1. Nano-dot coupler with a plasmon-polariton condenser for optical far/near-field conversion devices.

To further increase the efficiency of our device, we also propose a plasmon-polariton condenser that is inserted
between a diffraction-limited photonic device and a nano-dot coupler. It consists of several hemispherical metal
nanoprticles that are arranged in an arc and work as a "phased array". After the carbon hemispheres were deposited
in an arc using a focused ion beam (FIB), they were coated with a 100-nm-thick gold film to excite the 2-
dimensional (2D) surface plasmon-polariton (SPP) mode [see Fig. 2(a)]. The spatial distribution of the optical near-
field energy was observed using a collection mode near-field optical microscope (NOM) at A = 785 nm with an
arrangement for 2D SPP mode excitation using grating coupling. Figure 2(b) shows a NOM image of the plasmon-
polariton condenser without a nano-dot coupler. We obtained a focused 2D SPP as small as 400 nm [see broken
curve in Fig. 2(d)], which was in good agreement with the calculated result [see Fig. 2(c) and solid curve in Fig.
2(d)] obtained using the finite-difference time domain (FDTD) method.
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Fig. 2. (a) SEM image of the plasmon condenser. (b) NOM image of (a). (c) Calculated results obtained using FDTD.
(d) Cross-sectional profiles along the dashed white lines in (b) and (c).

Next, we compared the spatial distribution of the optical near-field intensity between the linear nano-dot coupler
and the metallic core waveguide. Their input terminals were installed at the focal point of the plasmon-polariton
condenser. For the nano-dot coupler or metallic core waveguide, carbon hemispheres [see Fig. 3(a)] or wire [see Fig.
3(c)] were deposited using FIB and were coated with a 100-nm-thick gold film. For the nano-dot coupler (a linear
array of metal nanoparticles 230-nm in diameter and separted by 70 nm), we found plasmon-polariton transfer as
long as 4 um [see Fig. 3(b) and solid curve in Fig. 3(g)]. Furthermore, the propagation loss was 10 times lower than
that of the metallic core waveguide [see Figs. 3(d) and dashed curve in Fig. 3(g)]. A similar energy transfer was also
observed with a crenellated-shaped nano-dot coupler [see Figs. 3(e) and 3(f)] with low energy loss at the corners due
to the efficient coupling of the TM and TE modes in the nano-dot coupler [see Fig. 3(h)]. Such high flexibility in the
arrangement of nanoparticles is an outstanding advantage for optical far/near-field conversion for driving
nanophotonic devices.
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Fig. 3. SEM (a) and NOM (b) images of a linearly chained nano-dot coupler. SEM (c) and NOM (d) images of a
metallic core waveguide. SEM (e) and NOM (f) images of a crenellated-shaped nano-dot coupler. (g) The solid and
dashed curves show the cross-sectional profiles along the dashed white lines in (b) and (d), respectively. (h) The cross-
sectional profiles along the dashed white lines in (f). The arrows indicate the corners.
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ABSTRACT
Near-field optical chemical vapor deposition (NFO-CVD), proposed by us, is a kind of optical CVD using the optical
near field (ONF). Its application to nanostructure fabrication has the potential to realize high-density nanometric
structures with extremely high accuracies in size and position. The localized property of ONF also causes a unique
photochemical reaction. Conventional optical CVD is based on the adiabatic photochemical process and requires the
UV light in order to excite molecules from the ground electronic state to the excited state for dissociation. For NFO-
CVD, however, nonadiabatic photodissociation can take place, i.e., even by a visible light, which arises from the steep
spatial gradient of optical power of ONF. We succeeded to deposit nanometric Zn dots by using this nonadiabatic
process, which can be explained by the exciton-phonon polariton model. According to this model, ONF generated at
the apex of the fiber probe can directly excite the molecular vibrational state with its photon energy. Such
nonadiabatic process rejects the requirement of resonant light for photochemical reaction. This unique process makes
it possible to use visible lights and optically inactive gas sources to deposit a variety of nanometric materials, and is also
applicable to other photochemical processes, e.g., photolithography.

Keywords: Optical near field, photochemical reaction, optical CVD, nonadiabatic process, photolithography

1. INTRODUCTION

An advanced nanofabrication technique is required that realizes high spatial resolution, high precision in controlling
size and position, and is applicable to various materials. ~Self-organized growth has been employed for nanofabrication
[1]; however, its spatial precision is not sufficiently high to meet this requirement. To improve the precision, an e-beam
[2], scanning tunneling microscope (STM) [3], and surface modification [4] are used for site-control of the substrate.
In situ patterning of nanoscale structures using a scanning probe microscope, such as STM [5], has also been
investigated; however, it has a fatal disadvantage in that it limits the materials that can be deposited because it cannot
deal with insulators. By the conventional optical chemical vapor deposition (CVD), vapors of organometallic
molecules are dissociated by the photochemical reaction with the far-field light; however, it is difficult to deposit
subwavelength-sized materials due to the diffraction limit of light.

Fig.1. Principle of the NFO-CVD. Vapors of the organometallic molecules are
dissociated by the photochemical reaction with the optical near-field on the
probe tip.



Fig.2. Shear-force topographic images of Zn dots and Al dots deposited by
NFO- CVD.

Fig. 1 shows the principle of near-field optical CVD (NFO-CVD), which has been proposed by the authors in order
to solve these problems by utilizing high spatial resolution capability of the optical near field. Nanometric Zn, Al, and
ZnO dots and loops have been successfully deposited by this method [6]-[9]. As an example, Fig. 2 shows the shear-
force topographic images of the deposited Zn and Al dots, whose sizes are less than 50 nm. It has been confirmed from
these results that the precision of the deposited position was as high as about 1 nm [8]. As an outstanding advantage,
we recently found that the photodissociation can take place even in nonresonant conditions to electronic transition of
molecules, which is due to the nonadiabatic process comes from inherent properties of the optical near field [10].
Conventional optical CVD utilizes a two-step process: photodissociation and adsorption. For photodissociation, far-field
light must resonate the reacting molecular gasses in order to excite molecules from the ground state to an excited
electronic state [11]. The Franck-Condon principle holds that this resonance is essential for excitation.  The excited
molecules then relax to the dissociation channel, and the dissociated atoms adsorb to the substrate surface. However,
the nonadiabatic photodissociation process, which is observed in NFO-CVD under the nonresonant condition, is able to
violate the Franck-Condon principle. This is because the Franck-Condon principle is approved at an adiabatic process.
In this paper, we discuss nonadiabatic NFO-CVD of nanometric Zn dots and explain the experimental results based on
the features of the ONF and the exciton-phonon polariton model. According to our model, the nonadiabatic
photochemical reaction is a universal phenomenon and is applicable to many other photochemical processes. We also
report the application of this nonadiabatic near-field photochemical reaction to the photolithography.

2. NEAR-FIELD OPTICAL CVD

Figure 3 shows the experimental setup for NFO-CVD. Ultra-high purity argon (Ar) was used as a buffer gas and
diethylzinc (DEZn) as a reacting molecular gas source. The second harmonic (A = 244 nm) of an Ar" laser, which had

a photon energy /i@ (=5.08 eV), was used as a light source that resonates the absorption band (band edge E,,=4.13

eV) of DEZn [12]. A He-Cd laser (A=325 nm) was used as the light source, which had a photon energy /@ (=3.81
eV) that was nearly resonant. The fundamental frequencies of Ar™ (A= 488 nm:2.54 eV) and diode (A= 684 nm: 1.81
eV) lasers were used as nonresonant light sources. The fiber probe used for NFO-CVD was a high throughput single
tapered fiber probe, which was fabricated by pulling and etching a pure silica core fiber [13]. The cone angle of the
fabricated fiber probe was 30 degrees and its apex diameter was 30 nm. In order to investigate the deposition effect of
nonresonant far-field light, a fiber probe without the usual metal coating, i.e., a bare fiber probe was used for the
deposition. Therefore, the optical far-field was generated by light leaking through the circumference of the fiber
probe, while the optical near-field was generated at the apex, as shown in Fig. 3. The separation between the fiber
probe and the sapphire substrate was controlled to within several nanometers by using a shear-force technique [13].
The laser output power from the fiber probe was measured with a photo-diode placed behind the sapphire substrate.
The sizes of the deposited Zn dots were measured using a shear-force microscope. During deposition, the partial
pressure of DEZn was 100 mTorr and the total pressure in the chamber was 3 Torr. Details of the Zn deposition
procedures have been reported in a previous work [8]. It should be noted that the deposition of Zn on the fiber probe



and the resultant decrease in the efficiency of optical near-field generation are negligible because the deposition time is
sufficiently short, as has been pointed out elsewhere [§].
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Fig.3. Experimental setup for chemical vapor deposition using an optical
near field.

Figure 4 shows the shear-force topographical images after NFO-CVD for the photon energies 5.08 eV (A = 244
nm) (a), 2.54 eV (A =488 nm) (b), and their cross sectional profiles (c) of the Zn dot deposited on the sapphire substrate

with atomic-level steps [15]. For Fig. 4 (a) (/i =5.08 V), the laser power was 1.6 uW and the irradiation time was
60 s. Before NFO-CVD, atomic-level step structures 0.4-nm high on the sapphire substrate were clearly observed,
however, after NFO-CVD, the atomic-level steps disappear and a deposited Zn dot less than 50 nm in diameter appears
at the center of the image. This occurs because the optical near field deposited the Zn dot directly under the apex of
the fiber probe. Furthermore, since the bare fiber probe also leaked strong far-field light and DEZn absorbs the far-
field light with this photon energy, a Zn layer that covered the atomic-step structures was deposited. For Fig. 4 (b), the
laser power was 150 pW and the irradiation time was 75 s. The photon energy (/i@ = 2.54 eV) is higher than the
dissociation energy of DEZn, but it is still lower than the absorption edge of DEZn [12]. Therefore, it is not absorbed
by the DEZn. A Zn dot less than 50 nm in diameter appears at the center of the broken circle of this figure. While
the previous work using conventional CVD with a far-field light has claimed that a Zn film cannot be grown using

nonresonant light (/@ <4.13 eV: A >300 nm) [16], we observed the deposition of Zn dots on the substrate just below
the apex of the fiber probe using NFO-CVD, even with nonresonant light. The atomic-level steps in this figure are still
observed, despite the leakage of far-field light from the bare fiber probe. In Fig. 4(c), the solid curve is a cross
sectional profile of the Zn dot deposited at A= 488 nm across the dashed line in Fig. 4(b). The dashed curve represents
the cross sectional profile of the Zn dot deposited at A= 244 nm, taken across the dashed line in Fig. 4(a). These curves
confirm that Zn dots with a full width at a half maximum of 30 nm were deposited in the region where the optical near
field is dominant. The dashed curve has tails 4-nm high on both sides of the dot. These tails correspond to the
deposition by the leaked far-field light. This deposition process is based on the conventional adiabatic photochemical
process. On the other hand, the solid curve has no tails; thus, it is clear that the leaked 488-nm far-field light did not
deposit a Zn layer. This result agrees with previous work using conventional optical CVD for Zn deposition with a far-
field light with A= 300 nm [16]. It should be noted that the 30-nm Zn dot without tails was deposited under a
nonresonant condition, despite the presence of leaked far-field light.
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Figure 5 shows the shear-force topographical images of the sapphire substrate after NFO-CVD using ONF with
photon energies of 3.81 eV (A=325 nm) (a), 2.54 eV (A=488 nm) (b), and 1.81 eV (A=684 nm) (c), respectively. The
laser power and the irradiation time were (a) 2.3 uW and 60 s, (b) 360 uW and 180 s, and (¢) 1 mW and 180 s,
respectively.  The high purity quality of the deposited Zn was confirmed by X-ray photoelectron spectroscopy, and we
observed luminescence from ZnO dots prepared by oxidizing the Zn dots fabricated by NFO-CVD [17]. In Fig. 5 (a),
the photon energy, %A@ is higher than the dissociation energy, E4, of DEZn, and is close to the absorption band edge,
Euvs, of DEZn, ie., ho>E, and ho=E, [12]. The diameter (FWHM) and height of the topographical image were

45 and 26 nm, respectively. This image has a small tail, as shown by dotted curves. This tail is a Zn layer, less than 2
nm thick, which is deposited by far-filed light leaking from the bare fiber probe. This deposition is possible because
DEZn absorbs a small amount of light with %@ =3.18 eV. The very high peak in the image suggests that the ONF
enhances the photodissociation rate at this photon energy, because the ONF intensity rapidly increases near the apex of
the fiber probe. In Fig.5 (b), the photon energy still exceeds the dissociation energy of DEZn, but it is lower than the
absorption band of DEZn, i.e, E, >ho>E, [12]. The diameter and height of the image were 50 nm and 24 nm,

respectively. While some high intensity far-field light leaked from the bare fiber probe, it did not deposit a Zn layer,



so there is no foot at the base of the peak. This confirmed that the photodissociation of DEZn and Zn deposition only
occurred with an ONF of hw=254e¢V. InFig5 (c), hw<E , and e < E, - Even with such low photon energy,
we succeeded in depositing of Zn dots. The topographical image showed a diameter and height of 40 nm and 2.5 nm,
respectively. Experimental results in Fig. 5 demonstrate that the photodissociation process using nonresonant ONF,
which is based on the nonadiabatic photochemical process that violates the Franck-Condon principle.

(2)325nm (b)488nm (c)684nm

‘m
Fig.5. Shear-force topographical images after NFO-CVD at wavelengths of A = 325 (a), 488 (b), and 684 (c) nm.

The scanning area are 450x450 nm. The observed laser output power and the irradiation time for deposition were
2.3 uW and 60 s (a), 360 uW and 180 s (b), and 1 mW and 180 s (c).

In order to discuss this novel photodissociation process quantitatively, we examine the relationship between the
photon-flux, 7, and the deposition rate of Zn, R, in Fig. 6. For hrw=3.81eV (@), R is proportional to /. For
hiw=2.54 ¢V (M) and 1.81 eV(A), higher-order dependencies appear and are fitted by the third-order function

R=a-1+b-I*+c-I’. The respective values of a,,, b, , and c,, are a,, =5.0x10"°, b, =0, and
C =0 for hw=3.81eV; a,,=4.1x10", b, =2.1x107, and c,,, =1.5x10" for hw=2.54¢V ;
a4 =0, by =42x107, and ¢, =3.0x10"* for hw=1.81eV. The fitting results are shown by a solid,

a broken, and a dotted curve in Fig.6. These fitting values are used to investigate the physical origin of nonresonant
NFO-CVD below.
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Fig.6. The optical power (photon-flux: / ) dependency of the rate R of Zn
deposition. The dotted, solid, and broken curves fit the results using

R=a-I+b-I*+c¢-I’



3. EXCITON-PHONON POLARITON MODEL

Although we used the bear fiber probe, whose optical field broadens more than 200-nm diameter (FWHM), the Zn
dots are deposited directly under the apex of the fiber probe. Any existing photochemical process for optical far field,
e.g., Raman process, two-photon absorption, and so on, cannot explain our experimental results. Here, we propose the
unique model for ONF in order to explain them.

Figure 7 shows the potential curves of an electron in a DEZn molecular orbital drawn as a function of the inter-
nuclear distance of the C-Zn bond, which is involved in photodissociation [12]. The relevant energy levels of the
molecular vibration mode are indicated by the horizontal broken lines in each potential curve. When a far-field light is
used, photo-absorption (indicated by the white arrow in this figure) triggers the dissociation of DEZn [11]. By
contrast, when a nonresonant optical near field is used, there are three possible origins of photodissociation, as we have
already proposed [10]. They are (1) the multiple photon absorption process, (2) a multiple step transition process via
the intermediate energy level induced by the fiber probe, and (3) the multiple step transition via an excited state of the
molecular vibration mode. Possibility (1) is negligible, because the optical power density in the experiment was less
than 10 kW/cm?, which is too low for multiple photon absorption. Possibility (2) is also negligible, because NFO-
CVD was observed for the light in the ultra-violet ~ near-infra red region, although DEZn lacks relevant energy levels
for such a broad region. As a result, our experimental results strongly supported possibility (3), i.e., that the physical
origin of the photodissociation caused by a nonresonant optical near field is a transition to an excited state via a
molecular vibration mode. The three multiple-step excitation processes in Fig. 7, labeled by O, @, and @,
contributed to this. Since we consider here the system strongly coupling to the vibration state, the system must be
treated as a nonadiabatic system.
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Fig.7. Potential curves of an electron in DEZn molecular orbitals. The
relevant energy levels of the molecular vibration modes are indicated by the
horizontal broken lines.

To evaluate these contributions, we propose an exciton-phonon polariton model. In the exciton-phonon polariton
model, the ONF excite the molecular vibration mode due to the steep spatial gradient of the ONF. Figure 8 illustrates
schematics the excitation of the molecular vibration mode by ONF and exciton-phonon polariton schematically. For



an optical far field, the field intensity is uniform in a neutral molecule smaller than the wavelength. Only the electrons
in the molecule respond to the electric field with the same phase and intensity. Therefore, an optical far field cannot
excite the molecular vibration. By contrast, the field intensity is not uniform in a molecule for an ONF with a steep
spatial gradient. The electrons respond non-uniformly, and the molecular vibration modes are excited because the
molecular orbital changes and the molecule is polarized as a result of this non-uniform response of the electrons, as
shown in Fig. 8(a). We propose the exciton-phonon polariton model to quantify this excitation process. The exciton-
phonon polariton is a quasi-particle, which is an exciton polariton trailing the phonon (lattice vibration) generated by the
steep spatial gradient of its optical filed, as shown in Fig. 8(b). The exciton-phonon polariton model is formulated
below.
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Fig.8. Schematic explanations of the excitation of molecular vibration mode
by the optical near field (a) and the exciton phonon polariton (b).
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The optical near field generated on the nanometric probe tip [18] is described in terms of the following model
Hamiltonian:
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where the creation (annihilation) operators for a photon, an exciton, a renormalized phonon, and an exciton polariton are
denoted as ] (a,), b} (b,), c)(c), and p'(p ) respectively, and their respective frequencies are w , w®,Q , and o™

The photon-exciton coupling, exciton-phonon coupling, and exciton polariton-phonon coupling are designated
., M(p—q), and M'(p—q), respectively. The first line of this description expresses the Hamiltonian for a photon-

exciton interacting system and is transformed into the exciton-polariton representation in the third line, while the second
line represents the Hamiltonian for a phonon-exciton interacting system. Note that the mode coupling and the
anharmonic coupling of phonons are considered a renormalized phonon; therefore, multiple phonons can interact with
an exciton or an exciton polariton simultaneously.

If the mean field approximation of exciton polaritons near the probe tip is

(Bl )=(By)=I,(w,)V,

using the unitary transformation

! /
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we can diagonalize the Hamiltonian in the quasi-particle (the exciton-phonon polariton) representation as [19]
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Here, 7 (w,) is the intensity of an incident photon with frequency w, and momentum hk,, and V represents the

. . / .
volume to be considered. The transformation elements u}', and v, are given by

2
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where the detuning between an exciton polariton and a phonon is denoted as A =w?"' —Q _, ,and the effective coupling

=

constant is expressed as Q= 1, (Wo) v M’( p—ky). Therefore, in this model, a molecule located near the probe tip does

not absorbs simple photons but absorbs exciton-phonon polaritons whose energies are transferred to the molecule,
which excites molecular vibrations or induces electronic transitions.

We will now discuss the dissociation probability of a molecule, assuming that the deposition rate of the metal
atoms is proportional to the molecular dissociation rate. Since the experimental intensity dependence of the deposition
rate shown in Fig. 6 is up to the third order, we consider the following initial and three final states of a system consisting
of the optical near-field probe and a molecule:

|iy= |probe>®|Eg;el>®|E,.;Vib>,

| /i) =|probe) @| E,sel) ®| E,; vib),
rceond) = |probe> ® |Eex;el> ® |Eh;Vib>,
| funs) = |prObE) @| E,, s 6l) @)| E, s vib),

Ea;el>, and |Eﬁ;vib> represent the probe state, molecular electronic states with energy

where ‘ probe> s

E (a: g, ex, ex’), and molecular vibrational states with energy FE, (ﬁ =i, ab, c), respectively, as shown in Fig.7.

a

The transitions from the initial to the final states can be formulated using the conventional perturbation method for the
interaction Hamiltonian expressed in terms of exciton-phonon polaritons as

21w,
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Here, p# and ;™ are the electronic and vibrational dipole moments, respectively, and the creation (annihilation)

operators of the electronic and vibrational excitations are denoted as e (e) and ' (v), respectively. The incident
photon frequency and transformation coefficients are @, and v, (vl',) , respectively. Then transition probability of

one-, two-, and three-step excitation (labeled D, @), and @ in Fig. 7, and denoted the corresponding final states as

| S o1

mond>, and | fthird>) can be written as follows:
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where u and [, (w[)) represent the transformation coefficient and the incident light intensity, respectively. In

addition, E, (a: g, ex, ex’) and E,(8=i,a,b,c) represent the molecular electronic and vibrational energies,



respectively, as shown in Fig. 7, and +,_ is the linewidth of the vibrational states. It follows that these near-resonant
transition probabilities have the following ratio

Fecond (wp>/lf (wp> _ D (wp>/lf (wp> _h P (wp> [Vll72 [ p ]2

P, )11, (@,) Pens w0, )/ 12 (w0,) 27 ity (w0, )y L™ )
Using this ratio, we analyze the experimental intensity dependence of the deposition rate to clarify possibility (3). For
hew=2.54 ¢V, all the processes (D, @, and @) depicted in Fig. 7 are possible, because /@ > E, (even though

ho<E, ). Fitting the experimental value of P,

first

(%54) =a,.,1, (Wz_s 4) =10% events/s with reasonable values of
p™ =1 Debye, ;*=10" Debye, v, =10" eV, and ";JZ /u;2 = (.02, we obtain the following value for the ratio
P econd (w2.54)/[§ (w2.54) B (w2.54)/13 (w2.54) _n Py (w2.54) [V;z] 13

el

- 12
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which is in good agreement with the experimental values b,, /a,., ~c,,,/b,;, 107" (see Fig.6). For hw=1.81eV,
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dissociation occurs via either @ or (3 shown in Fig. 7, because 7y < E , (E.s). The ratio can be evaluated as
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which is also in good agreement with the experimental value ¢, /b ~107". For the theoretical estimation, we use

u,

the experimental value for p

> (W) ays 0y (w,5,) =107 events/s because both transitions for light with the photon
energies of 1.84 and 2.54 eV are attributed to the coupling between phonons in the probe and molecular vibrations.
The overall agreement between the theory and experimental results suggests that the exciton-phonon polariton model
provides a way to understand the physical origin of the near-field photodissociation process. For hw =3.81¢V, the
direct absorption by the electronic state is much stronger than in other cases, because the light is near resonant for
DEZn. This is why we did not observe higher-order power dependence of the deposition rate in the optical power
region that we observed.

4. APPLICATIONS OF NONADIABATIC PHOTOCHEMICAL PROCESS

According to our model, the nonadiabatic photochemical reaction is a universal phenomenon and is applicable to
many other photochemical processes. In this section we show the deposition of nanometric Zn dots by NFO-CVD
using the metal-organic gas zinc-bis(acetylacetonate) (Zn(acac),), which is not usually used for conventional optical
CVD due to its low optical activity, and demonstrated the patterning by near-field photolithography using a 672-nm
laser.

Fig.9. Shear-force topographical images after NFO-CVD using Zn(acac), at
wavelengths of A = 457nm. The scanning area are 750x750 nm. The
observed laser output power and the irradiation time for deposition were 1
mW and 15 s.



Figure 9 shows the shear-force topographical image of the sapphire substrate after NFO-CVD using optical near
fields of A=457 nm (Ar" laser). In the experiment, Zn(acac), was used as the gas source of reactant molecules.
During deposition, the partial pressure of Zn(acac), was maintained at 70 mTorr. The laser power and the irradiation
time were 1 mW and 15 s, respectively. The diameter and height of the Zn dot were 70 nm and 24 nm, respectively.
Zn(acac), is not usually used for conventional optical CVD due to its low optical activity. However, in case of NFO-
CVD, the optical near field can activate the molecule. In NFO-CVD, its deposition rate was almost the same as that of
deposition in which DEZn gas was used, although for the conventional optical CVD, we carried out that DEZn has a
deposition rate of more than 1000 times higher that of Zn(acac),, We consider that the physical origin of the
photodissociation of Zn(acac), is also the nonadiabatic photochemical process by ONF.
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Fig.10. (a) The schematic configuration of the used photo-mask and the Si-
substrate spin-coated with the photoresist (OFPR-800) at the exposure
process. (b) The cross-sectional distribution of the optical energy at the
contact plane between the photo-mask and the photoresist calculated by
FDTD. (c) AFM images of photoresist by g and i lines of Hg lamp after
development. (d) The spatial gradient of the cross-sectional distribution of the
optical energy (Fig.1(b)). (e) AFM images of photoresist by 672-nm laser
after development.



Figure 10(a) shows the schematic configuration of the used photo-mask and the Si-substrate spin-coated with the
photoresist (OFPR-800) at the exposure process in contact mode. We adjusted the gap between the photo-mask and
photoresist to become as narrow as possible. Figures 10(c) and (e) show the atomic force microscope images of the
photoresist surface after development by g and i lines of Hg lamp and 672-nm laser, respectively. Figures 10(b) and
(d) show the cross-sectional distribution of the optical energy and its spatial gradient at the contact plane between the
photo-mask and the photoresist calculated by the finite difference time domain (FDTD) Method. By g and i lines, the
conventional exposure process forms the corrugation whose size corresponds to the optical intensity distribution
generated by the photo-mask pattern, i.e., lines and spaces 1um (Figs. 10(b) and (c)), because the used photoresist is
active to the g and i lines. The 672-nm laser also developed the corrugation pattern on the photoresist though this
photoresist must be inactive to the 672-nm light. The width and depth of the groove in the corrugation pattern were
200nm and 25nm, respectively. The period (lines and spaces) of the corrugation by the 672-nm laser is different from
that by g and i lines and is a half that. This result can be explained by our proposed nonadiabatic photochemical
process. The exposure process cannot occur by direct irradiation of 672-nm light. However, the optical near field
causes the exposure process due to the nonadiabatic photochemical reaction. This unique photochemical reaction is
induced by the steep spatial gradient of the optical energy. Since the optical near field is strongly generated at around
the edges of the Cr-mask, the spatial gradient of the optical energy is large at the edges as shown in Fig. 10(d). Such
spatial gradient of the optical energy increases in the coupling between photons and molecules of photoresist. Thus
our proposed photochemical process, which was mentioned in Sec.3. must be applied. The developed pattern by the
672-nm laser agrees well with the distribution of the gradient (Figs. 10(d) and (e)). This agreement confirms the
nonadiabatic photochemical process occurs due to the steep spatial gradient of the optical energy. This novel process
for photolithography is one of the promising techniques for nanofabrication, because it does not require the expensive
vacuum UV light source and optics for the nano-photolithography.

5. CONCLUSION

In conclusion, we demonstrated NFO-CVD of nanometric Zn dots based on the photodissociation of gas-phase
diethylzinc using an optical near field under nonresonant conditions. To clarify the physical origin of this process, the
optical power and photon energy dependencies of the deposition rates were measured. =~ We explain the dependencies
using multiple-step excitation process via the molecular vibration mode and the exciton-phonon polariton model. In
this model, the enhanced coupling between the optical field and molecular vibration originates from the steep spatial
gradient of the optical power of the optical near field. Such a nonadiabatic photochemical process violates the Franck-
Condon principle, and it can be applied to other photochemical phenomena. The process involved in the
photochemical reaction based on an optical near field reported here will open new method in nanotechnology. As
applicable examples of this nonadiabatic photochemical reaction, we demonstrated the deposition of nanometric Zn dots
by NFO-CVD using the metal-organic gas zinc-bis(acetylacetonate) (Zn(acac)2), which is not usually used for
conventional optical CVD due to its low optical activity, and the patterning by the near-field photolithography using a
672-nm laser. The experimental results of the near-field photolithography also strongly support the nonadiabatic
photochemical process and the exciton-phonon polariton model.
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Nanophotonics: Devices, fabrications, and systems

M. Ohtsu*
Interdisciplinary Graduate School of Science and Technology,
Tokyo Institute of Technology

The word “nanophotonics” was proposed by Ohtsu in 1994. Nanophotonics is not to
realize nanometer-sized optical science and technology but to realize “novel functions
and phenomena originated from the localized nature of optical near fields”". These
novel functions and phenomena are possible by noting that the nanometric system is
buried in a macroscopic heat bath. Energy non-conservation can be observed in the
nanometric system due to energy exchange between the two systems. Further, higher
order effects, e.g., magnetic dipole or electric quardrupole transitions are not neglected
due to localized nature of optical near fields. True nature of nanophotonics is to utilize
these “novel functions and phenomena originated from the localized nature of optical
near fields”, which is impossible by propagating lights.

Based on the consideration mentioned above, nanophotonics is defined as “the
technology for fabricating and operating nanophotonic devices by using the optical near
field as signal carrier and small numbers of nanoparticles as device materials”. The
essential features of these devices are their novel functions and phenomena. In addition,
their sizes are far smaller than the diffraction limit of light.

Recent progress of our research is reviewed. They are; (1) nanophotonic devices
(optical switches?, etc.) and optical input/output terminals, (2) nanophotonic fabrication
(size-and position-controlled photochemical vapor deposition and non-adiabatic process,
etc.), and (3) future prospect to realize nanophotonic systems ( optical fiber

communications, optical memory, photon computing, etc.).

1) M. Ohtsu et al., IEEE J. Selected Topics in Quantum Electron., 8, 839-862 (2002).
2) T. Kawazoe, et al., Appl. Phys. Lett., 82, 2957-2959 (2003).
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Fabrication of 20-nm Zn nanocrystallites by the selective photodissociation of
adsorption-phase diethylzinc using a near-field optical chemical vapor deposition

J. Lim,” T. Yatsui,” and M. Ohtsu ¥

? Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, Kanagawa, Japan.

® Ohtsu Localized Photon Project, ERATO, Japan Science and Technology Corporation, Tokyo, Japan.

Future optical transmission system require ultrahigh integration of photonic devices. To
meet this requirement, we have proposed nanophototnic integrated circuits that consist
of nanometer-scale dots. To fabricate this, nanometer-scale dots must be deposited on
a substrate with nanometer-scale controllability in size and position. To achieve this
level of controllability, we demonstrated the feasibility of nanometer-scale chemical
vapor deposition (CVD) using optical near-field techniques. However, conventional
photo-CVD uses a light source that resonates the absorption band of metalorganic (MO)
vapor and has a photon energy that exceeds the dissociation energy. Thus, it utilizes a
two-step process; gas-phase photodissociation and subsequent adsorption. However,
we found that the dissociated MO molecules migrate on the substrate before adsorption,
which limits the minimum lateral size of deposited dots. To overcome this difficulty,
we demonstrate here a deposition of Zn dots using the selective photodissociation of
adsorption-phase diethylzinc (DEZn) with a nonresonant optical near field, where the
photon energy is lower than that of the absorption band edge of gas-phase DEZn and
higher than that of the absorption edge of adsorption-phase DEZn.

Since the absorption band edge energy (E) of the gas-phase DEZn was 4.6 eV,
we used He-Cd laser light (E = 3.81 eV) as the light source; it is nonresonant to
gas-phase DEZn. Using a sharpened UV fiber probe, we achieved selective
dissociation of adsorbed DEZn, as a results, we successfully fabricated 20-nm Zn dots
with 75-nm separation on (0001) sapphire substrate.  Furthermore, since the
nonresonant propagating light that leaked from the probe did not dissociate the
gas-phase DEZn, the atomic-level sapphire steps around the deposited dots were clearly
observed after the deposition. Since high-quality ZnO nanocrystallites can be obtained
by oxidizing Zn nuclei, this technique could be used to produce high-quality ZnO

nanocrystallites, which is promising material for nanophotonic devices.
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Observation of an optical near-field energy transfer between closely spaced

Zn0/ZnMgO multiple-quantum-well nanorods for nanophotonic devices.
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For future optical transmission systems, we have proposed nanometer-scale photonic devices.
These devices consist of nanometer-scale dots, and an optical near-field is used as the signal carrier.
ZnO nanocrystallites is a promising material for realizing these devices at room-temperature, due to
its large exciton binding energy. To confirm the promising optical properties of ZnO
nanocrystallites, we measured the photoluminescence (PL) spectra using an optical near-field
microscope. In this measurement, we found anti-correlation features in PL spectra between closely
spaced ZnO/ZnMgO multiple-quantum-well (MQW) nanorods, which we attributed to optical
near-field energy transfer from one nanorod to the other.

We used the MQW nanorods which consist of ten periods of 3-nm ZnO/6-nm ZnMgO as
samples. These were grown on the ends of ZnO nanorods with a 40-nm mean diameter. In the
near-field PL spectra at 15 K, several sharp peaks were observed. The number of the sharp peaks and
their energy values (E;: 3.420 eV, E,: 3.426 ¢V, E;: 3.436 eV) in each spectrum showed strong
position dependence. To investigate their origins, we measured spatial distribution of PL intensity for
individual ZnO/ZnMgO MQW nanorods with a spatial resolution of 50 nm. The outstanding feature
was the anti-correlation in the PL intensity of E; (I;) and I,; I; was suppressed while I, was enhanced
in one nanorod, and I; was enhanced while I, were suppressed in a closely adjacent nanorod.
Furthermore, since the degree of the anti-correlation was larger for more closely spaced pair of
nanorods, such an anti-correlation feature is due to energy transfer phenomena induced by optical
near field between two resonant energy levels in a ZnO/ZnMgO MQW and its adjacent ZnO/ZnMgO
MQW. This phenomenon can be used to realize nanophotonic devices, such as the switching

mechanism confirmed by the authors in CuCl quantum cubes.
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Nanophotonics; for size- and position- controlled
nanofabrication by optical near fields

Takashi Yatsui® # and Motoichi Ohtsu®-2
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ABSTRACT

This paper reviews the recent progress of application of interactions between optical near-fields and nanoscale
material. Ultrahigh integration of photonic matrix switching devices is necessary to increase data transmission rates and
capacity of future optical transmission system. To support this increase, we proposed and demonstrated the feasibility of
nanometer-scale optical chemical vapor deposition using optical near-field techniques, which enables the fabrication of
nanometer-scale structures. By the use of an UV optical near field we demonstrated the fabrication of various materials,
including metals (Al and Zn) and semiconductors (ZnO and GaN) with nanometer-scal e shapes. Novel near-field effect
of the optical chemical vapor deposition was also demonstrated using a nonresonant light, i.e., using visible light.
Furthermore, we report that optical near-field desorption can dramatically regulate the growth of Zn nanoparticles during
optical chemical vapor deposition. The trade off between the deposition and desorption alowed the fabrication of a
single 15 nm Zn dot, while regulating its size and position. The possibilities of applying such a near-field desorption to
other deposition technique without the fiber probe were aso demonstrated, which enables mass-production of
nanometric structures.

Topic Category: Nanophotonics, Optical near field, Nanofabrication.

Optical transmission systems require increased
integration of photonic switching devices. To support o I'
this increase, it is estimated that the size of photonic
matrix switching devices should be reduced to less than - — — f‘
100 nm by the year 2015. To redlize this, we have _;l,_,,e'%' 4 \
proposed nanometer-scale photonic devices and their |-|T rrrr F. W
integration (i.e., integrated nanophotonic devices, see Fig. e
1).! These devices consist of nanometer-scale dots, and
an optical near field is used as the signal carrier (see Fig.
2). As a representative device, a nanophotonic switch
can be realized by controlling the dipole forbidden
optical energy transfer among resonant energy states in
nanometer-scale quantum dots via an optical near field.?
It is composed of sub-100-nm scale dots and wires, and
their size and position must be controlled on a nanometer

-------- Hirw s s

Fig. 1 Integrated nanophotonic devices

scale to fabricate the device.

. ) ) ) In order to redlize this level of controllability, we
Emal : yatsii@ohtsuis.gojp proposed and demonstrated near-field optical chemical
Tel. +81-42-788-6030; Fax +81-42-788-6031 vapor deposition (NFO-CVD, see Fig, 3), which enables
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Light PD Nanophotonic
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terminal

Fig. 2 Single cell of integrated nanophotonic
devices.

the fabrication of nanometer-scale structures, while
precisely controlling their size and position.>® In this
process, resonant photons excite metal-organic (MO)
molecules from the ground state to the excited electronic
state and the excited molecules relax to the dissociation
channel, and then the dissociated metal atoms adsorb to
the substrate® Due to the photochemica reaction
between the reactant molecules and the optica near field
generated at the tip of an optical fiber probe, NFO-CVD
is applicable to various materials, including metals,

Near-field &)
o o

Fig. 3 Schematics of NFO- CVD.

Sharpened UV fiber probe

semiconductors, and insulators with various shapes [see
Figs. 4(8), (b), and (c)]. By changing the reactant
molecules during deposition, nanometric Zn and Al dots
were successively deposited on a sapphire substrate with
high precision (see Fig. 4(d)).”

For photodissociation, the far-field light must
resonate the reacting molecular gasses in order to excite
molecules from the ground state to excited electronic
state. The Frank-Condon principle claims that this
resonance is essential for excitation. The conventional
MO gas source for optical CVD has the excited electron
state in the ultraviolet region. For NFO-CV D, however,

(@)

A &

e, 4,25 nm

Fig. 4 Shear-force images of deposited Al dots (a),
Zn dots (b), Zn looped shape (c), and Zn and Al
dots (d). () Photoluminescence image of single
deposited ZnO dot.

photodissociation can take place under nonresonant
conditions, i.e., using visible light, due to the inherent
properties of optical near-fields.® Since the optical near
field has a very large spatial gradient with a nanometric
decay length, it can interact with the polarization of
molecule. As a result of this interaction, atoms in the
molecule can be trandated directory.

In order to confirm that the deposited dots are Zn, we
fabricated UV-emitting ZnO dots by oxidizing Zn
immediately after deposition. Laser anneadling was
employed for this oxidization. The deposited Zn dot was
irradiated with a pulse of ArF excimer-laser in a high-
pressure oxygen environment. To evauate the optical
properties of the oxidized dot, the photoluminescence
(PL) intensity distribution was measured using an
illumination and collection mode (IC-mode) near-field
optical microscope. Figure 4(e) shows the PL intensity
distribution of the oxidized dot integrated for the
wavelength region longer than 360 nm. The low
collection efficiency due to the IC-mode configuration
did not establish the spectrum. However, in the case of a
ZnO thin film deposited using the same CVD process,
except the optica near-field was replaced by the far-field
light, we found that the PL intensity of the spontaneous
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emission from the free exciton was ten times greater than
that of the deep-level green emission. From this result,
we concluded that the luminescence in this figure
originated from spontaneous emission from the free
exciton in ZnO nano-dot. This is the first observation of
PL from a single deposited ZnO nanocrystallite.®

In order to realize further controllability in size, we
studied dependence of nanoparticle formation on photon
energy used for the NFO-CVD. As the light source for
the photodissociation of diethylzinc (DEZn), a He-Cd
laser [photon energy E, = 3.81 eV] was used. Thisisa
resonant light because its photon energy exceeds the
band edge energy of DEZn. Figure 5(a) shows
topographical image of Zn deposited on a (0001)
sapphire substrate by NFO-CVD.

In order to control the size distribution, we
introduced Ar* (E, = 2.54 eV) or He-Ne (E, = 1.96 eV)
lasers, in addition to the He-Cd laser. Their photon
energies are lower than the absorption band edge energy
of DEZn, i.e., they are nonresonant light sources for the
dissociation of DEZn. Figures 5(b) and 5(c) show
topographical images of Zn deposited by NFO-CVD
with irradiation at E, = 3.81 and 2.54 eV and at E, = 3.81

Fig. 4 Bird's-eye views of shear-force topographical
images of Zn deposited by NFO-CVD with (a) E, =
3.8l eV, (b) E;=3.81and 2.54 eV, and (c) E, = 3.81
and 1.96 eV, respectively.

and 1.96 eV, respectively. The respective FWHMs were
60, 30, and 15 nm; i.e., alower photon energy gave rise
to smaller particles.

The dependency of fabricated size on the photon
energy is due to plasmon resonance of optical absorption
in a metal nanoparticle,®™ which strongly depends on
particle size. This can induce the desorption of the
deposited metal nanoparticles® As the deposition of
metal nanoparticles proceeds in the presence of light, the
growth of the particles is affected by a trade off between
deposition and desorption, which determines their size,
and depends on the photon energy.

These results suggest that the additiona light
controls the size of the dots and reduces the size
fluctuation, i.e., size regulation is realized. Furthermore,
the position can be controlled accurately by controlling
the position of the fiber probe used to generate the
opticd near field. The experimental results and the
suggested mechanisms described above show the
potential advantages of this technique in improving the
regulation of size and position of deposited nanodots.
Furthermore, since our deposition method is based on a
photodissociation reaction, it could be widely used for
nanofabrication of the other material for example GaN,
GaAs, and so on.

In order to realize mass-production of nanometric
structures, we will aso discuss possibilities of applying
such anear-field desorption to other deposition technique,
which does not use fiber probe..
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Fabrication of 20-nm Zn nanocrystallites by the selective photodissociation of adsorbed

diethylzinc molecules using a near-field optical chemical vapor deposition

J. Lim,” T. Yatsui,” and M. Ohtsu "
Y nterdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, Kanagawa
226-8502, Japan.
® SORST, Japan Science and Technology Agency, Tokyo 194-0004, Japan.

Future optical transmission systems require ultrahigh integration of photonic devices. To meet this
requirement, we have proposed nanophototnic integrated circuits that consist of nanometer-scale dots."
To fabricate them, nanometer-scale dots must be deposited on a substrate with nanometer-scale
controllability in size and position. To achieve this level of controllability, we demonstrated the feasibility
of nanometer-scale chemical vapor deposition (CVD) using optical near-field techniques. Conventional
photo-CVD uses a light source that resonates the absorption band of metalorganic (MO) vapor and has a
photon energy that exceeds the dissociation energy. Thus, it utilizes a two-step process; gas-phase
photodissociation and subsequent adsorption. However, we found that the dissociated MO molecules
migrate on the substrate before adsorption, which limits the minimum lateral size of deposited dots.

To overcome this difficulty, we demonstrate here the deposition of Zn nanocrystallites using the
selective photodissociation of adsorbed diethylzinc (DEZn) molecules with a nonresonant optical near
field, where the photon energy is lower than that of the absorption band edge of gas-phase DEZn
molecules and higher than that of the absorption edge of adsorbed DEZn molecules. %

Since the absorption band edge energy (E.) of the gas-phase DEZn
moleculars was 4.6 eV, we used He-Cd laser light (E;;=3.81eV) as the
light source; it is nonresonant to gas-phase DEZn molecules. Note
that the photon energy remained higher than the dissociation energy
of DEZn (2.26 eV).

Using a sharpened UV fiber probe, we achieved selective L. giizghire -~
dissociation of adsorbed DEZn, as a results, we successfully ey —

fabricated 20-nm Zn dots with 65-nm separation on a sapphire
substrate with high controllability in size and position (see Fig.1).
Furthermore, since the nonresonant propagating light that leaked

Fig.1: Shear-force image of Zn

nanocrystallites on sapphire substrate

from the probe did not dissociate the gas-phase DEZn molecules, the atomically steps of sapphire
substrate (step height = 0.3nm) around the deposited nanocrystallites were clearly observed after the
deposition.  Since high-quality ZnO nanocrystallites can be obtained by oxidizing Zn nuclei, this
technique could be used to produce high-quality ZnO nanocrystallites, which is a promising material for
nanophotonic devices.
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Photolithography using a visible light based on the
nonadiabatic near-field photochemical reaction
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The spatial locality of the optical near field leads to novel physical phenomena such as
optically forbidden energy transfer [1] and giant second harmonic generation. Previously, we
found another novel phenomenon, i.e., the photodissociation of metal organic molecules using a
nonresonant optical near field with photon energy lower than the energy gap of the electronic
state of the molecule [2]. This unique photochemical reaction seems to violate the
Franck-Condon principle. We succeeded to explain the photodissociation by the
exciton-phonon polariton model and nonadiabatic process based on the spatial locality of the
optical near field [3]. In this presentation, we report the application of this nonadiabatic
near-field photochemical reaction to the photolithography.

Figures 1 (a) and (b) show the atomic force
microscope images of the photoresist (OFPR-800) surface
after development for UV light source and 672nm laser,
respectively. The schematic drawings are the used
photo-mask. Although this photoresist is not active to the
672nm light, the patterns developed on the photoresist and
the ditches, fabricated on the photoresist for 672 nm, were
250 nm wide and 25 nm deep. This result can be explained
by the optical near-field effect. For UV light the exposure
process occurs conventionally and the exposed area
correspond to the photo-mask pattern (Fig.1(a)). Since the
photoresist has no photosensitivity for 672 nm light source.
Therefore, the exposure process cannot occur by direct
irradiation of 672 nm light. However, the optical near field
enhances the photosensitivity and causes the exposure
process using the nonresonant photochemical reaction by the
optical near field. Since the optical near field is strongly
generated at around the edge of the photo-mask pattern, the
fabricated ditches were limited at narrow areas along the
edges of the photo-mask pattern, whose spaces are a half of
the photo-mask pattern (Fig.1(b)).

This novel process for photolithography is one of
the promising techniques for nanofabrication, because this
technique enables conventional systems without using the
expensive vacuum UV light source and optics for the
nanophotolithography.

Cr Mask
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Exciton Dynamics in a Quantum Dot System and
Local Manipulation by Optical Near Fields
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Much attention has been paid to the miniaturization of photonic devices, and near-field
optical approaches have been actively investigated theoretically and experimentally [1]. In
this paper, we examine exciton dynamics in a three-quantum dot system driven by an optical
near field [2,3], as schematically shown in Fig. 1, and experimentally demonstrate a switching
operation [4] as well as a theoretical proposal of logic gates and a state selection from
entangled states prepared by the optical near field [5].

Figure 2 shows an experimental result of a nanophotonic switch using three CuCl
quantum dots (switching time ~ 100 ps with a repetition of 80 MHz), which is consistent with
the theoretical estimation. As an extension of this kind of switch, we can show AND- and
XOR-gates by considering temporal evolution of excitons prepared in quantum dots by an
optical near field probe.
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Fig. 1: A three-quantum dot system Fig. 2: Nano-switch operation using CuCl quantum dots
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Optical fiber transmission systems require increased
integration of photonic devices because data transmission rate is
required as high as 40T bit/s by the year 2015. To support this
increase, it is estimated that the size of photonic device should be
reduced to a sub-wavelength scale. To meet this requirement, we
have succeeded in the nanophotonic switching operation by
optical near-field energy transfer'').

The polarization is one of the important degree of freedom
for optical near field and brings additional functions to the
optical devices. We consider these advantages to utilize the
polarization are equivalent for the nanophotonic devices. This
presentation reports the fabrication of an Au/Fe/Au/Fe-layer
coated fiber probe and the experimental result of the polarization
control of optical near field.

We fabricated the Au/Fe/Au/Fe (10nm/ 2nm/ 80nm/ 100nm)
coated fiber probe as shown in Fig.1". The magneto-optical
effect of the fiber probe is increased by an Au/Fe/Au quantum
well structure™. Figure2 shows the magnetic circular dichroism
of the fiber probe. We achieved the extinction ratio of 6.0 in the
external magnetic field of 0.22T, and the preserved extinction
ratio of 5.5 after removing the external magnetic field by the
favor of the magnetized layer.

The Au/Fe/Au/Fe coated fiber probe also has large Faraday
effect. We achieved the Faraday rotation angle of 70 degree in
the external magnetic field of 0.4T, and confirmed it is preserved
even after removing the external magnetic field (Fig.3).

These experimental results show that our proposed optical
fiber probe is promising for the polarization measurement of
optical near field and nanophotonic device, such as nanophotonic
polarizer, isolator, and so on.
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Abstract:

The word “nanophotonics” was proposed by Ohtsu in 1994. Nanophotonics is defined as
“the technology for fabricating and operating nanophotonic devices by using the optical near
field as signal carrier and small numbers of nanoparticles as device materials”. Essential of
nanophotonics is not fo realize nanometer-sized optical science and technology but to
realize “novel functions and phenomena originated from the localized nature of optical near
fields” which are impossible by propagating lights. Recent progress of our research is
reviewed. They are; (1) nanophotonic devices (optical switches, etc.) and optical
input/output terminals, (2) nanophotonic fabrication (size-and position-controlled
photochemical vapor deposition and non-adiabatic process, etc.), and (3) future prospect to
realize nanophotonic systems ( optical fiber communications, optical memory, photon
computing, etc.).
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Main purpose of this invited talk is to review the
definition and true nature of nanophotonics. After the
word "nanophotonics" was proposed by Ohtsu in 1994,
the nanophotonics technical group was organized by
OITDA (Optical Industry Technology Development
Association, Japan) to discuss future direction of optical
science, technology, and industry.

Nanophotonics is not to realize nanometer-sized
optical science and technology but to realize "novel
functions and phenomena originated from the localized
nature of optical near fields" [1, 2]. These novel
functions and phenomena are possible by noting that the
nanometric system (composed of nanometric particles
and optical near field) is buried in a macroscopic heat
bath. Energy non-conservation can be observed in the
nanometric system due to energy exchange between the
two systems. Further, higher order effects, e.g., magnetic
dipole or electric quadrupole transitions are not neglected
due to localized nature of optical near fields. True nature
of nanophotonics is to utilize these "novel functions and
phenomena originated from the localized nature of
optical near fields", which is completely impossible by
propagating lights (Fig.1).

Based on the consideration mentioned above,
nanophotonics is defined as "the technology for
fabricating and operating nanophotonic devices by using
the optical near field as signal carrier and small numbers
of nanoparticles as device materials". The essential
features of these devices are their novel functions and
phenomena. In addition, their sizes are far smaller than
the diffraction limit of light. Conventional photonic
devices, e.g., quantum dot lasers, photonic crystals, and
optical MEMS do not have these features because they
use the diffraction-limited propagating light as a signal
carrier.

Nanophotonics defined above has been developed
by my research group. In this talk, their recent progress is
reviewed. They are; (1) nanophotonic devices (switches,
AND/XOR gates, delay gate, super-radiant-type pulsed

generator) and optical input/output terminals, (2)
nanophotonic fabrication (size- and position-controlled
photochemical vapor deposition and non-adiabatic
process, desorption and self-organization based on
size-dependent resonance, application of non-adiabatic
process to photo-lithography), and (3) future prospect to
realize  nanophotonic  systems  (optical  fiber
communications, optical memory, optical data processing,
and so on).
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1. Introduction

We are currently developing nanophotonic devices to
meet the requirements of optical data transmission
systems in the near future [1]. We have already
demonstrated nanophotonic switching with a 10-nm
device [2].
than the diffraction limit of light, a nanometric optical
concentration device would be advantageous, both to
increase the efficiency of operation and for coupling
nanophotonic devices with conventional photonic devices.

A perfect lens has been proposed that uses the
negative refraction feature of metal to focus light to a spot
that is tens of nanometers in size [3]. However,
efficiency is low, due to the short penetration depth of
metal. We consider a novel operating mechanism to
realize a highly efficient nanometric optical concentration
device. In this paper, we propose a new nanophotonic
device that we call the “optical nano-fountain”, which
uses optical near-field energy transfer among quantum
dots and demonstrate its operation.

For nanophotonic devices that are smaller

2. Optical nano-fountain

Recently, we reported energy transfer among
quantum dots via an optical near field [4]. The energy
transfer occurs from a higher energy level to a lower
energy level, i.e., from smaller to larger quantum dots.
This unidirectional energy transfer can be applied to
optical concentration. Figure 1 (a) shows a schematic
explanation of the optical nano-fountain, which is
composed of many different-sized quantum dots. When
these quantum dots have resonant energy sublevels of
carriers, the energy transfer occurs via the optical near
field as illustrated by the arrows in Fig. 1(a). Light
incident to the optical nano-fountain is ultimately
concentrated at the largest quantum dot, the size of which
is the focal spot size of this device. Therefore, this
device realizes nanometric optical concentration. Since
the mechanism of the optical nano-fountain is similar to
that of the light trapping system in the photosynthesis
bacteria [5], the operation of the optical nano-fountain is a
biomimetic action. From experimental tests of
nanophotonic switch operation, It is expected that the
concentration efficiency of this device will be close to 1

7\

ptical
Near Field

Fig.1. (a) Schematic explanation of the optical nano-fountain.
(b) The luminescence intensity distribution of CuCl quantum
dots, which operate as the optical nano-fountain.

To demonstrate an optical nano-fountain, we used
CuCl cubic quantum dots embedded in a NaCl matrix.
This has an inhomogeneous size distribution and a
random arrangement of quantum dots. Therefore, in
some areas of the sample, the quantum dots are arranged
to act as an optical nano-fountain. In the experiment, we
maintained the sample temperature at 40 K, as at too low
a temperature the resonant condition becomes tight, due to
narrowing of the homogeneous linewidth, while at too
high a temperature unidirectional energy transfer is



obstructed by thermal activation of excitons in the
quantum dots. A 325-nm He-Cd laser was used as the
excitation light source.

Figure 1 (b) shows the luminescence intensity
distribution of a sample observed with an optical
near-field  spectrometer. Here, the collected
luminescence photon energy was from 3.350 eV to 3.215
eV, which corresponded to the luminescence from 2- to
10-nm quantum dots, respectively. The bright spot
surrounded by a broken circle is the focal spot of the
optical nano-fountain.

3. Discussion

Fig.2. Luminescence intensity distribution of CuCl quantum dots
of (a) 6-10, (b)4-6, (c) 2-4, and (d) 2-10 nm.

To investigate the optical energy transfer from
smaller to larger quantum dots, we show the selective
luminescence intensity distribution by size, i.e., by photon
energy, in Figs. 2(a), 2(b), and 2(c). The broken circles
show the focal spots, and the scanning areas are the same
as in Fig. 1(b). The brightness and darkness indicate the
luminescence intensity, and the normalized scales are (a)
0-0.6, (b) 0-0.2, (c) 0-0.1, and (d) O-1.
drawings of cubic quantum dots show their positions
estimated from the luminescence intensity distribution.
In Fig. 2(a), the observed quantum dots are 6 to 10 nm in
size, and only one quantum dot exists at the focal position.
In Figs. 2(b) and 2(c), the observed quantum dots are 4 to
6 nm and 2 to 4 nm, respectively, and many smaller
quantum dots exist around the focus. Figure 2(d) shows
the luminescence intensity distribution obtained as the

The schematic

total of Figs. 2(a), 2(b), and 2(c). The bright spot agrees
with the position of the largest quantum dot and the
smaller quantum dots are distributed around it. The
luminescence intensity at the bright spot is several times
stronger than that from a single isolated 10-nm quantum
dot. Conversely, the luminescence intensities of
surrounding smaller quantum dots are weaker than those
of the isolated quantum dots. This indicates that energy
is transferred from smaller quantum dots to larger
quantum dots and is concentrated at the largest quantum
dot.

This is the first demonstration of this new nanometric
optical condensation device, the optical nano-fountain.
Its optical concentration diameter was more than 100 nm
and the focal spot size was 10 nm. This device also
functions in frequency selection, based on the resonant
frequency of quantum dots. This additional function is
applied to frequency domain demultiplexing in our
proposed nanophotonic integrated circuit.

4. Summary

We proposed a new nanophotonic device, the
optical nano-fountain, which uses energy transfer among
quantum dots, and demonstrated its operation using CuCl
quantum dots embedded in a NaCl matrix. The
nanophotonic device concentrated the optical field energy
from a 100-nm area and focused it in a 10-nm spot.
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1. Introduction

For future optical transmission  systems,
nanophotonic integrate circuits [1], which are composed of
sub-100 nm scale dots, are necessary to increase data
transmission rates and capacity. As a representative device,
a nanophotonic switch can be realized by controlling the
dipole forbidden optical energy transfer among resonant
energy states in nanometer-scale quantum dots via an
optical near field [2]. To operate this, coupling them with
external conventional diffraction-limited photonic devices
is required by using a nanometer-scale optical waveguide
for far/near -field conversion. To realize this, we have
reported plasmon-polariton waveguide using a metallized
silicon wedge structure that converts far-field light to
optical near field via metallic core waveguide [3]. To
obtain  higher  efficiency @ of coupling  with
plasmon-polariton mode, we propose here a
plasmon-polariton condenser with nano-dot coupler.

2. Plasmon-Polariton condenser with nano-dot coupler

Figure 1 shows a schematic of plasmon-polariton
condenser with nano-dot coupler. The condenser consists
of several hemispheres and they are positioned on an arc,
and works as a "phased array" [4]. A nano-dot coupler
consists of chains of closely spaced metal nanoparticles.
Energy transport in the nano-dot coupler relies on
near-field coupling between plasmon-polariton modes of
neighboring particles [5]. In comparison with metallic
waveguide, the use of nano-dot coupler is expected to
realize lower energy loss due to the reduced metal content.
Furthermore, since metal nanoparticles act as a scattererer,

Nanophotonic
Condenser switch

coupler

Fig.1 Plasmon-polariton condenser with nano-dot coupler
for optical far-/near- field conversion devices.

high conversion efficiency from two-dimensional surface
plasmon-polariton (2D SPP) to plasmon-polariton mode in
a chain of metal nanoparticles is expected due to the
scattering coupling [6].

3. Experiment

As a plasmon-polariton condenser and nano-dot
coupler, carbon hemispheres were aligned by focused ion
beam (FIB) on 10-pum Si substrate. Furthermore, to excite
2D SPP mode and increase the efficiency of scattering at
metal nanoparticles, 100-nm-thick gold film was coated.

First, we checked whether the metallized carbon
columns led to efficient scattering and resultant focusing
2D SPP. The spatial distributions of optical near-field
energy were observed by the collection mode near-field
optical microscope taken at A = 785 nm and arrangement
for 2D SPP mode excitation by grating coupling. In this
set-up, 2D SPP propagate as long as 50 pm and focused by
the condenser to couple the waveguide. As a collection
probe, we used a sharpened fiber probe with thin gold
coating. Figure 2 shows the spatial distribution of optical
near field for the plasmon-polariton condenser without
nano-dot coupler. One can see that 2D SPP was focused
efficiently. And by optimizing the number of dots and the
position, we obtained focused 2D SPP as small as 400 nm
(see Fig. 2(c)).
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Fig.2 (a) Shear-force image of plasmon-polariton
condenser. (b) Intensity distribution of optical near-field of
(a). (c) Cross-sectional profiles along the dashed white line
in (b).



Next, we compared spatial distributions of optical
near field between nano-dot coupler and metallic
waveguide. They were aligned at focal point of the
plasmon-polariton condenser. As a metallic waveguide,
carbon line (instead of the carbon hemispheres chains)
was deposited by FIB between the carbon silts and coated
with 100-nm thick gold film. By introducing the chains of
closely spaced metal nanoparticles inside the slit, the
coupled plasmon-polariton mode along the nano-dot
coupler was excited efficiently (see Fig. 3(b)). In the case
of nano-dot coupler with 250-nm dots and 50-nm
separation, we found plasmon-polariton transfer along the
nano-dot coupler as long as 4 pm. The full width at half
maximum (FWHM) of the tangential cross section of Fig.
3(b) was as small as 250 nm, which is comparable to the
dot size. Since the present dot size is determined by the
resolution of deposited carbon hemispheres by FIB, the
value of FWHM of the coupled plasmon-polariton mode
can be decreased by the decreasing the dots size, which
will be realized by using electron beam lithography.
Furthermore, the energy loss of nano-dot coupler was
10-fold lower than that of metallic waveguide (see Fig.

3(e)).
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Fig. 3 (a) SEM image of plasmon-polariton condenser with
nano-dot coupler. (b) Spatial distribution of optical-near field
intensity of (a). (c) SEM image of plasmon-polariton
condenser with metallic waveguide. (d) Spatial distribution
of optical-near field intensity of (c). (¢) Curves A and B
show cross-sectional profiles through the dashed white line
in (b) and (d), respectively. Curve C shows magnified
profile of curve B.

4. Conclusions

In through our proposal, we fabricated
plasmon-polariton condenser with nano-dot coupler as
far-field and near-field converter. Efficient excitation of
plasmon-polariton mode along the chains of closely
spaced metal nanoparticles was observed. These results
confirm that it will be possible to create the optical
far-/near-field conversion devices required by future
systems.

References

[1] M. Ohtsu, K. Kobayashi, T. Kawazoe, S. Sangu, and T.
Yatsui, IEEE Journal of Selected Topics in Quantum
Electronics 8, 839 (2002).

[2] T. Kawazoe, K. Kobayashi, S. Sangu, and M. Ohtsu,
Appl. Phys. Lett. 82, 2957 (2003).

[3] Yatsui, M. Kourogi, and M. Ohtsu, Appl. Phys. Lett.
79, 4583 (2001).[4] 1. 1. Smolyaninov, D. L. Mazzoni, J.
Mait, and C. C. Davis, Phys. Rev. B 56, 1601 (1997).[5]
M. L. Brongersma, J. W. Hartmanm and Harry A. Atwater,
Phys. Rev. B 62, R16356 (2000).

[6] T. Yatsui, M. Kourogi, and M. Ohtsu, Appl. Phys. Lett.
71, 1756 (1997).



Growth control of Ga and In nanodots by photochemical reactions for applications to
group nitrides-based nanophotonic devices

T.-W.Kim?% S. Yamazaki? T. Nagira® T. Kawazoe', T. Yatsuil, and M. Ohtsu™ 2

1 Japan Science and Technology Corporation, 687-1, Tsuruma, Machida, Toky0194-0004, Japan
2| nterdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, Y okohama,
Kanagawa 226-8502, Japan

Email: twkim90@ohtsu.jst.go.jp

Abstract

We present the growth control of gallium (Ga) and indium (In) nanodots using photochemical reactions of
metallorganic regents for applications to group nitrides-based nanophotonic devices. Ga and In nanodots less
than 30 nm in the typical size on substrate via the photodissociation of Ga(CHs)s (trimethyl gallium (TMG)) and
IN(CH3); (trimethyl indium (TMI)) using 5th harmonic generation (A = 213 nm) of aNd:YAG laser pulse. In addition,
we have controlled the arrangement of the nanodots, i.e., nanodots array and nanodots square loops, by selecting

substrate material.
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Abstract—A quasi particle (exciton-phonon polariton) model, as a
simple model of an optical near-field probe, is proposed to
investigate an unresolved problem on characteristic (non-
adiabatic) mechanisms in photochemical processes. Incident
photon energy and intensity dependences of Zn deposition rates
are analyzed and good agreement between the theoretical and
experimental results is obtained. It suggests that the probe system
plays an important role in non-adiabatic transitions as well as
electronic transitions in photodissociation processes, and that the
couplings between the optical near field and molecular vibrations
are enhanced to permit a non-resonant photodissociation
inherent in the optical near field.

Keywords-molecular dissociation; probe model; quasi particles;
optical near field; characteristic mechanism; nanofabrication

I. INTRODUCTION

Photonic devices must be ultrahighly integrated in order to
fulfill the demands for an increase in communication capacity
and information processing, and thus the size of each
functional block will be so small that it is far beyond the
diffraction limit of incident light. We have studied how to
fabricate, operate, and control such nanophotonic devices, and
reported to fabricate, for example, a Zn-dot or a few dots in a
sub-50 nm, using an optical near-field method [1-3]. However,
the mechanism of the dissociation and deposition of molecules
is not clearly understood. For example, it is not known why an
incident photon with less energy than the dissociation energy
of a molecule can resolve it into composite atoms and deposit
them as a nanometric dot [2]. It is essential to understand this
process in order to fabricate nanometric dots while controlling
position and size; pairs of such dots could then be used to build
nanophotonic devices such as those that we proposed in our
previous study [1,4]. In this paper, we address this issue,
propose a simple model of an optical near-field probe, and
clarify the mechanism of the photochemical processes involved
in using such a probe, comparing the theoretical results with
Zn-dot deposition data.

The paper is organized as follows. Section II outlines our
simple model for an optical near-field probe. In Sec. III,
molecular dissociation processes using optical near field are
theoretically analyzed, and the results are compared with

Motoichi Ohtsu

Interdisciplinary Graduate School of
Science and Engineering
Tokyo Institute of Technology
4259 Nagatsuta-cho, Midori-ku, Yokohama, Japan

experimental data on the deposition rates of Zn dots. Finally
concluding remarks are presented in Sec. IV.

II. MODEL

We propose a quasi particle (exciton-phonon polariton)
model as a simple model of an optical near-field probe, in order
to investigate the physical mechanisms of the chemical vapor
deposition using optical near field (NFO-CVD). The optical
near field generated on the nanometric probe tip, which is a
highly mixed state with material excitation rather than the
propagating light field [5], is described in terms of the
following model Hamiltonian:

H= Zh wpa;ap +w;xb;bp +T
V4
+Zhﬂpc;cp + Z{th (p — q)b;bq [cp,q + c;,p ] + h.c.}
P p.q
= ZﬁwZOlB;Bp —i—ZﬁQpc;cp
P P

+ > {ihM' (p—q)B}B, [c, , +c) | +hel,

Pq

Pp r7p

iQC (

a'b —a b+)

)

where the creation (annihilation) operators for a photon, an
exciton, a renormalized phonon, and an exciton polariton are

denoted asa’ (a,), b (b,), c! (c), and B} (B,), respectively, and

their frequencies are w,, w;X, Q,, and wﬁ"', respectively.
Each coupling between a photon and an exciton, a phonon and

an exciton, and an exciton polariton and a phonon is designated
as ., M (p — q) , andM/(p — q) , respectively. The first line

of this description expresses the Hamiltonian for a photon-
exciton interacting system and is transformed into the exciton-
polariton representation as shown in the third line [6], while the
second line represents the Hamiltonian for a phonon-exciton
interacting system. Note that the mode-mode couplings or the
anharmonic couplings of phonons are taken into account as a
renormalized phonon; therefore, multiple phonons in the
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original representation can interact with an exciton or an
exciton polariton simultaneously.

Assuming the mean field approximation of exciton
polaritons near the probe tip as

(BL)=(B,)=1s(w)7. 2

and using the unitary transformation as

-/ !/
[”’p u, ][@—)p] 3)
N AR >

u, v, &),
we can diagonalize the Hamiltonian in the exciton-phonon
polariton representation as [7]

B

P

c

p—ko

H=> h""B'B +Y hQclc,
P P
+ {1, (@ ) VM (p—k,)(Ble, o, +B,el, )}

= hw(p)gls,.
’ )

Here the creation (annihilation) operator for an exciton-phonon
polariton and the frequency are denoted as 5; (5 p) and
w(p), respectively. In addition, I, (w,) is the intensity of an
incident photon with frequency w, and momentum hk,, and

V' represents the volume to be considered. The transformation
coefficients ) and v, are given by

1 A 1 A
2 S S SN PR S E)
2| A +(20) 2| AT+ (20)

where the detuning between an exciton polariton and a phonon
is denoted asA = wi"' —Q and the effective coupling

O =1, (w,)VM'(p—k,).
Therefore, in this model, a molecule located near the probe tip
does not absorb simple photons but absorbs exciton-phonon
polaritons whose energies are transferred to the molecule,
which excite molecular vibrations or induce electronic
transitions.

p=ko?

constant is expressed as

We now discuss the dissociation probability of a molecule,
postulating that the deposition rate of the metal atoms is
proportional to the molecular dissociation rate. Since the
experimental intensity dependence of the deposition rate is up
to the third order [8], we consider multiple-step transitions via
vibrational levels in the electronic ground state. For the
purpose, the following initial and three final states of a system

consisting of the optical near-field probe and a molecule are
prepared:

&——Triplet state

energy (2.26eV')

Potential energy

Diissociation

Inter-nuclear distance

Figure 1. Potential energy of a diethylzinc molecule as a function of inter-
nuclear distance. The solid curves depict the electronic ground state and three
excited states while the dashed lines denote the vibrational levels. Three
labeled transitions marked by th arrows are considered for the dissociation of
the molecules.

|i) =|probe) ®| E,;el) | E,; vib),

| fiw) = |probe) @| E,;el) @| E,; vib),
Jocena) = | PrObE) ®| E, s0l) ®| E, 5 vib),
| fia) =| Probe) ®| E, ;el) ®| E,; vib),

(6)

where |pr0be>, |Ea;el>, and |E3;vib> represent a probe state,
molecular electronic and vibrational states with energy
E, (a =g, ex, ex’) and E,(B=i, a,b,c),respectively, as
shown in Fig. 1. The transitions from the initial to the final
states can be formulated using the conventional perturbation
method of the interaction Hamiltonian expressed in terms of
the exciton-phonon polaritons as

H, = _{NCI (e—l—eT)—i-u““Cl (v—i—v*)}

S e -

(N

Here p® and p™ are the electronic and vibrational dipole
moments, respectively, and the creation (annihilation)
operators of the electronic and vibrational excitations are

denoted as e'(e) and v'(v), respectively. Transition
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probability of one-, two-, and three-step excitation (labeled @,
@, and @ in Fig. 1) can be written as follows;

P (0,) = 2| o | |

(27‘()2 2 ®
= vivézuéz (u"”“l) (hwp )IO (wp),

P (91) = S s | )

o s o ) 1, 1)

h ho(p)—(E, —E,+iv,)|
9

Fiira (w[,) - Z%Kf‘hi’d i>|2

(27‘_)4 viv;wuéz (Mcl )4 (unucl )2 (hwp )3 103 (Wp)
o hw(p) = (B, — E,+iv, )| |iw(p)—(E.. — B, +iv,)
(10)

H int

2

where v, and~, are the transformation coefficient from a

photon to an exciton polariton and the linewidth of a
vibrational level, respectively. The lower polariton frequency is

represented as w ( p) . Note that the energy locally transferred to

a molecule is conserved, while the momentum is not
conserved.

III. RESULT

It follows from (8) to (10) that the near-resonant transition
probabilities have the following ratio

ljsecond (wp) _ Rhird (wp)

Poe(w,)  Prws(w,)

h R‘ust (wp)
2w ”yi

, , (11

Y
/2

u,

el

nucl

"

Using this ratio (11) and experimental deposition data for Zn
dots dissociated from diethylzinc molecules, we analyze the
intensity dependence of the deposition rate to clarify the origin
of the near-field photochemical processes, i.e., the multiple-
step transition via an excited state of a molecular vibrational
mode. As a test case, two cases are examined: (i) the incident
photon energy, 2.54 eV, corresponding to the wavelength of
A =488 nm, is larger than the dissociation energy of a diethyl
zinc (DEZn) molecule, 2.26 eV, but much smaller than the
energies of the electronic excited states, and (ii) the incident
photon energy, 1.81 eV, corresponding to the wavelength of
A=684 nm, is smaller than both the dissociation and

electronic excitation energies required. In the first case, all the
processes (1,2, and @) depicted in Fig. 1 are possibly
allowed. Fitting £,

rst

(wyg) to one experimental value shown

in Fig. 2 as P,

first

(Wygs ) = Auge]y (wygg ) =107 events/s with
reasonable values of u™" =1 Debye, u? =107 Debye,
v, =107 eV, and v’ / u’ =0.2, we obtain the following

ratio

Psccond (w488) })third (w488 )

P (wzass ) Bocona (Wzass )

2
_ N B (w488)["//»2][ p ] ~107"

2 12 nucl
2,

(12)

u,

which is in good agreement with the experimental values [8§]
bygg [ Aags ™ Cagg [bags ~ 107 . Here the experimental deposition

rate R is fitted as R=a,/,(w,)+b1] (w,)+c ], (w,),
(shown in Fig. 2), and it is assumed to be proportional to the
transition probability as a, o< By (w, ), b, Py (w, ), and
¢, X Py (w, ). In the second case, the dissociation occurs via

either the @ or @ process shown in Fig. 1. The ratio can be
evaluated as

- 12 nucl

})second (w684 ) 27T Fern u

P

P (('%84) . i P (‘%84)[",’;2 ][ ,Uel ]2 ~1075, (13)

which is also in good agreement with the experimental value
Csa/Pesa =107 . For the theoretical estimation, we have used

Deposition rate (atoms/sec)

10 100 1000

Photon flux x10" (photons/sec)

Figure 2. Zn deposition rate as a functin of photon flux. Experimental data
for photon energy 2.54 eV and 1.81 eV are represented by the rectangles and
circles, respectively. The solid and dashed curves fit the results using the
formula (see text).
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the same experimental value as P (weg) ™ @yl (wygs) =107

events/s because both transitions are attributed to the coupling
between phonons in the probe and molecular vibrations. The
overall agreement between the theory and experimental results
suggests that the exciton-phonon polariton model provides a
possible way to understand the physical origin of the near-
field photodissociation processes; the probe effect or the
enhanced coupling between the optical near field and
molecular vibration originates from the steep spatial gradient
of the optical near field, and it cannot be described by the
conventional perturbation method of the propagating light
field-matter and the electron-phonon interactions.

IV. CONCLUSION

To clarify the physical origin of the NFO-CVD of
nanometric Zn dots based on the photodissociation process of
gas-phase diethylzinc under non-resonant conditions, we
theoretically investigated incident photon energy and intensity
dependence of the deposition rates. We analyzed the
dependence, using multiple-step excitation process via the
molecular vibrational levels as well as the exciton-phonon
polariton model of an optical near-field probe proposed here.
The overall agreement between the theory and experimental
results was obtained. The enhanced coupling between the
optical near field and the molecular vibration originates from
the steep spatial gradient of the field. Such a non-adiabatic
photochemical process can be applied to other near-field
phenomena, and will be open up a new way in nanoscale
science and technology.
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Abstract— We investigate the population dynamics in a three
quantum-dot system coupled via an optical near field, which
consists of a coherent operation part and an output part. We
analytically show that a resonance condition between the two
parts depends on initial excitation in the coherent operation
part. Using this feature, AND- and XOR-gate operations are
demonstrated in the case of symmetrically arranged quantum
dots. We also evaluate the effects of asymmetric arrangement on
these operations, and show that the coherence plays an important
role in an asymmetric system.

I. INTRODUCTION

Conventional optical devices have been restricted in minia-
turization and functional operations due to the diffraction limit
of light. Nanophotonics, in which an optical near field instead
of the far-field light plays important roles for signal input,
output, and control, enables us to access nanometric elements
individually in such a device far beyond the diffraction limit,
and to bring about novel device technologies.

Together with development in nanofabrication techniques,
one should consider a design for a nanophotonic device
system. So far, we have proposed a nanophotonic switch which
consists of a few quantum dots with discretized energy levels
for resonant optical near-field coupling and with non-radiative
relaxation to guarantee unidirectional signal transfer [1]. A
characteristic feature in such a system is to use both of the
coherent and incoherent process. As a typical example, in
this paper, we consider a three quantum-dot system which is
clearly separated into the coherent operation part and (inco-
herent) output part, and evaluate the characteristic dynamics
for device operations.

Figure 1 is an illustration of the three quantum-dot system.
Two identical quantum dots (QD-A and B) are resonantly
coupled with each other via optical near-field interaction.
The dynamics of a pair of quantum dots has been already
investigated by various researchers [2], [3]. The energy transfer
between two quantum dots is expressed as a Forster process
[4], and nutation of excitation occurs in the strongly coupled
or resonant energy levels. We call this coherently coupled
two quantum-dot system a coherent operation part. By using
an optical near field, initial excitation in each quantum dot

Motoichi Ohtsu
Interdisciplinary Graduate School
of Science and Engineering
Tokyo Institute of Technology
4259 Nagatsuta-cho, Midori-ku, Yokohama
Kanagawa, 226-8502 Japan
Email: ohtsu@ae.titech.ac.jp

can be prepared independently because of the spatially high
resolution. The coherent operation part makes certain excita-
tion modes depending on the initial excitations. We briefly
expect that specified excitation modes can be attracted if an
energy level of the QD-C is set to resonantly couple to such
excitation modes. The third quantum dot is named an output
part, which involves non-radiative relaxation process due to
exciton-phonon interaction in order to guarantee unidirectional
energy or signal transfer.

For this system, we evaluate the dynamics of exciton pop-
ulation by using the density matrix formalism. This problem
can be analytically solved in the case of a three quantum-
dot system with symmetric arrangement, and we show in
Sec. II that logical operations of AND- and XOR-gates can be
achieved by adjusting energy configuration in the system. We
also investigate the effects of asymmetric arrangement numer-
ically, and discuss interesting aspects regarding to quantum
states in the coherent operation part in Sec. IIl. Finally, the
concluding remarks are presented in Sec. VL.

Optical
OD—A7
near-field
| | coupling
Input A N A non-radiative

......... relaxation
1 e

Output

QD-C

Input B

Output part
Coherent
operation part

Fig. 1. A three quantum-dot system coupled via an optical near field.
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II. POPULATION DYNAMICS AND FUNCTIONAL
OPERATIONS

Here, we restrict our discussion to a symmetric system. A
model Hamiltonian for this system is given by

2
Hy = hQATA+ hQBTB+ 1) Q0,CIC;,  (la)
i=1
Hiw = WU(ATB + BT A)
+hU"(BTCy + CIB + CIA + ATCy),  (1b)
where creation and annihilation operators of an exciton in
the QD-A, B, and C are described as (AT, 4), (BT, B),
and (C’;r ,Ci), respectively, and the subscripts ¢ = 1 and 2
correspond to the lower and higher energy levels. The optical
near-field interaction is denoted as U between the QD-A and
B (coherent operation part) and U’ between the QD-B and
C or QD-A and C (output part). Equation of motion for the
density operator is represented in Born-Markov approximation
as
pt) =

—[Ho + Hine, p(8)] + 5 |26 Cap(t)C1Cy

~CIC1CiCap(t) - ﬁ(t)égéléiéz} ; (2)
where non-radiative relaxation is denoted as I'. Radiative
relaxation due to the coupling between excitons and free
photons is omitted because the time scale of the optical near-
field interaction and the exciton-phonon interaction is much
faster than the spontaneous emission lifetime which is in the
order of a few ns.

From the symmetry of the system, the following bases are
suitable for describing the dynamics by using the smallest
number of the density matrix elements:

|S1) = (JA*BC,Cy) + |AB*C1C)) V2, (3a)
|A1) = (JA*BC1Ca) — [AB*C1Ch))/V2,  (3b)
|Pl) = |ABC,C3), |P) = |ABCICy), (3¢)

when an exciton exists in the three quantum-dot system, which
we call one-exciton states. The asterisk A* denotes the exciton
level in the QD-A. Similarly, two-exciton states mean that two
excitons stay in the system. The suitable bases for the two-
exciton states without occupation of the lower energy level in
the QD-C are expressed as

55) = (|A*BCIC3) + |[AB*C1C3)) V2, (4a)

|45) = (JA*BCIC3) = [AB*C1C3) V2, (4b)

|Py) = [A"B*C1Cy), (40)
and with occupation of the lower energy level as

|82) = (|A"BC{Cy) + |[AB*C(2)) V2, (Sa)

|42) = (|A*BC{Cy) = |[AB*C{C2) V2, (5b)

|P2) = [ABCTC3), (5¢)

where |S) and | A) represent symmetric and asymmetric states
in the coherent operation part, respectively, and the subscripts

1 and 2 on the left hand sides in (3), (4), and (5) denote the
one- and two-exciton states. Applying the bases of (3) and (4)
to (2) and substituting (1), the density matrix elements for the
symmetric system read the following simultaneous differential
equations:

psy.s: (t) = iV2U' (ps, pi(t) — ppy s, (1)), (6a)
ps,,p(t) = [i(AQ = U) = T'/2]ps, pi(t)
+iV2U (ps, s, (t) = ppr.pi(t),  (6b)
ppys (t) = [—i(AQ = U) =T/2lpp; 5, (1)
—ivV2U' (ps, s, (t) — ppr,pi (1), (60)
pprp(t) = —iV2U (ps, pi(t) — pp1.s, (1))
—Lpp; P (1), (6d)
ppy,p (t) = Lppr pi (1), (6e)
and
psy,s,(t) = iV2U' (psy py(t) — pry sy (1)
~Dpsy s (1), (7a)
psy.py(t) = [—i(AQ+U) = T'/2]pgy py(t)
+iV2U' (psy 5, (t) = ppypy(t),  (7b)
pry,sy(t) = [i(AQ +U) —T'/2lpp; sy (1)
—i\/iUl(Psg,s’( ) —ppypy(t),  (Tc)
ppypy(t) = —iV2U' (psy py(t) — ppysy (1), (7d)

where the density matrix element («|p(t)|5) is abbreviated as
Pa,p(t), and the energy difference Qc, — Q is replaced by
AQ. The equations of motion for the bases of (5) are not
shown, but are similarly derived. Although the other matrix
elements relating to the asymmetric states |A) also appear in
the equations of motion, they are decoupled from the above
equations and do not affect the population dynamics in the
case of a symmetric system. Note that the states |S7) and | Py)
or |S5) and |Pj) are coherently coupled with each other as
seen in (6) and (7). Moreover, in comparison of the dynamics
between the one- and two-exciton states, the energy difference
in (6) and (7) differently contributes as AQ) — U and AQ+U.
These terms determine the resonance conditions between the
coherent operation part and the output part, which enables us
to selectively pick out the information of either the one-exciton
states or two-exciton states, i.e., the information about initial
excitations in the coherent operation part. Therefore, logical
operations are expected even in this simple system.

The analytic solutions of (6) and (7) can be readily obtained
on the basis of the Laplace transformation. The results are
plotted in Fig. 2 by using typical parameters for CuCl quantum
cubes and our estimated optical near-field interactions [3].
Figure 2(a) shows the temporal evolution of the output pop-
ulation pp, p, (t) for three typical energy differences A} =
—U, 0, and U in the case of the one-exciton state. We fine
that the energy transfer is observed most efficiently at the
condition AQ) = U, where the population can reach a half
of the maximum value. The reason is as follows; the coherent
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Fig. 2. Temporal evolution of output populations in the cases of (a) one-
exciton state and (b) two-exciton state. The solid, dashed, and dotted curves
represent for the energy difference AQ2 = —U, 0, and U, respectively. The
fixed parameters are set as U1 = 3.3 ps, U'~! = 20 ps, and "1 = 10

ps.

operation part couples with the output part in the one-exciton
state through the states |S1) and |P;). However, when we use
the initial condition as the only one quantum dot is excited, the
state |\S7) is not fully excited. In other words, the state |A;)
which decouples with the state |P;) in the symmetric system
is simultaneously excited, and the population remains in the
state |A;) without temporally evolving. On the other hand,
in the case of the two-exciton states (Fig. 2(b)), the energy
transfer occurs under the resonance condition A = —U, and
the population can reach a unit value because the initial state
is independent of the state |A5).

We summarize the results in Table I. When we set the
energy difference as A{) = —U, this system operates as an
AND-gate. In contrast, for AQ) = U, it provides an XOR-
like-gate operation. The value 0.5 means that the signal can
be detected in the probability 1/2 against the initial excitation
of the QD-A or B. In this stage, we proposed to realize
the functional operations inherent in nanophotonic devices by
assembling coherent and incoherent process.

III. EFFECTS OF ASYMMETRY ON POPULATION DYNAMICS

To consider the dynamics in an asymmetric quantum-dot
system is meaningful for fabrication of the system mentioned
above and/or to realize the other functional operations inherent

TABLE I
RELATION BETWEEN INPUT AND OUTPUT POPULATIONS

INPUT OUTPUT

A B AQ=-U | AQ=U
0 0 0 0

1 0 0 0.5

0 1 0 0.5

1 1 1 0

in nanophotonic devices. In this section, we investigate the
effects of the asymmetry by means of numerically calculation.
There are two types of asymmetry; the one originates from
energy difference between the QD-A and B, and the other from
the arrangement of three quantum dots. For simplicity, we pay
our attention to only the effects of the latter one on temporal
evolution of the excitation. In this case, the density matrix
elements related to the asymmetric states |A;) can be coupled
to the states |.S;) and | P;). Comparing to (6) and (7), the optical
near-field interaction U’ is replaced by the average value U’ =
(Usc+Uca)/2 in the asymmetrically arranged quantum-dot
system, and the additional terms related to difference of the
coupling strength AU’ = (Upc—Ucga)/2 appear, where Upc
and Uc 4 represent the coupling between the QD-B and C, and
the QD-A and C, respectively. In order to examine the effects
of the arrangement, the average coupling strength U’ is fixed
so that the energy transfer between the coherent operation part
and the output part maintains the same time evolution as the
symmetric system. Here, an asymmetry factor is defined by the
ratio of AU’ to U’. This factor varies from 0 (the symmetric
system) to 1 (the maximumly asymmetric system).

Figure 3 is the plot of temporal evolution for the energy
difference AQ2 = —U (an AND-gate) with and without the
asymmetric arrangement. In the case of the one-exciton states
(Fig. 3(a)), the asymmetric arrangement strongly affects the
dynamics. This is caused that the resonant condition between
the states |S1) and |P;) is opposite to that between the states
|A1) and |P;). Therefore, the one-exciton states, which are
off-resonant in the symmetric system, is quite sensitive to the
asymmetric arrangement. In contrast, the effect of asymmetric
arrangement is not observed in the two-exciton state. (See
Fig. 3(b)) Similarly, in the case of an XOR-gate (AQ2 = U),
the two-exciton states correspond to the off-resonant states,
and the excitation leaks the output energy level in the QD-C
as the asymmetry factor becomes large, which is shown in
Fig. 4(b). Consequently, the XOR-operation is reversed in the
large asymmetric system, and the difference of the functional
operations between AQ2 = —U and U disappears.

Finally, we discuss application of an asymmetric system
to inherent nanophotonic functions. As mentioned above, the
effect of asymmetry is based on the coupling to the states
|A;). In other words, populations of the states |.S;) and |A;)
can be taken out selectively by adjusting the arrangement
of some quantum dots. Note that both states are expressed
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Fig. 3. Temporal evolution of output populations where the energy difference
is set as AQ = —U. Top and bottom figures are in the cases of (a) one-
exciton state and (b) two-exciton state, respectively. The solid, dashed, and
dotted curves represent for the asymmetry factor AU’ /U’ = 0, 0.1, and 1,
respectively. In the bottom figure (b), the solid and dashed curves are almost
identical.

by superposition of eigenstates in isolated quantum dots.
Therefore, the system constructed by only three quantum dots
operates not only to choose some information depending on
initially prepared excitations but also to do that reflecting the
initial quantum state in the coherent operation part. From this
point of view, information processing related to the coherence
of the states may be developed by using such nanophotonics
devices.

IV. CONCLUSION

In this paper, we have proposed inherent nanophotonic
operations by using a three quantum-dot system. Such a
system consists of a coherent operation part and an output
part, and the excited states in the coherent operation part
can be read out selectively by adjusting the energy level in
an output quantum dot. First, we have obtained analytical
solutions of the population dynamics in a symmetric system,
and predicted that the system operates as an AND-gate at the
energy difference being set as AQ2 = —U and an XOR-gate for
AQ = U. Then, we have numerically investigated the effects
of asymmetric arrangement of the quantum dots. Although
the asymmetric arrangement decreases the signal to noise
ratio in the AND- and XOR-gates operations, it gives us a
possibility to manipulate the information about quantum states

1.0r (a) 4
0.8} E

Population

0 20 40 60

80 100120 14
Time (ps)
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. /
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Fig. 4. Temporal evolution of output populations where the energy difference
is set as AQ2 = U. Top and bottom figures are in the cases of (a) one-
exciton state and (b) two-exciton state, respectively. The solid, dashed, and
dotted curves represent for the asymmetry factor AU’/U’ = 0, 0.1, and 1,
respectively.

or coherence. In conclusion, we have proposed the functional
operations by using a near-field optically coupled quantum-dot
system as well as characteristic device operations inherent in
nanophotonics including the coherent and incoherent process.
Such a system can open up a novel way to nanoscale science
and technology.
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Abstract— We demonstrated an atom funnel using blue-detuned
near-field light. Cold Rb atoms generated by a magneto-optical
trap (MOT) were introduced into the funnel and the output
atoms were counted by an accumulative MOT detection system.
The number of cold Rb atoms outputted from a 200-pm exit hole
was maximal at a blue detuning of 1.2 GHz under Sisyphus
cooling. The flux intensity was estimated to be 10° atoms/cm’s. To
increase the flux intensity up to 10’ atoms/cm’s, we made an
atom funnel with a 2-pm exit hole.

Keywords-component; atom funnel; cold atomic beam; dipole
force; Sisyphus cooling

L INTRODUCTION

Motion of atoms can be controlled by resonant forces of
light. Indeed, reflection [1], deflection [2], diffraction [3],
trapping [4] and cooling [5] of atoms have been demonstrated.
Moreover, patterning of periodical micro/nano-structure has
been conducted by channeling atoms with standing waves [6--
8]. However, the conventional atom-optical methods using
propagative light cannot precisely control atoms due to
diffraction effects, so that it is difficult to make a nanostructure
of an arbitrary shape including single dots. To manipulate
atoms with high spatial accuracy beyond the diffraction limit,
we use near-field light. Since near-field light decays as a
Yukawa function, it exerts a strong dipole force on atoms.

We are developing a couple of near-field optical devices
using the dipole force. One is a slit-type atom deflector that
controls direction of atomic motion, where near-field light is
induced in an edge of a 100-nm-wide slit [9]. The other is a
single-atom trap using a sharpened fiber probe, where an atom
is trapped near the nanometric tip by balance of a repulsive
dipole force from blue-detuned near-field light with an
attractive van der Waals force from a dielectric surface [10].
These techniques are used for optical nanofabrication and
studies of quantum-mechanical phenomena relative to optical
near field. For instance, they can be applied to atom-by-atom
deposition [10] and detail study of interactions between atom
and near-field light in a mesoscopic scale. We can also conduct
non-demolition measurement of near-field light by using the
atom-deflection method [10].

The above atom manipulation uses nanometric near-field
light. Consequently, many atoms must come into the near-field
region very slowly for the effective dipole interaction. If the
near-field light is localized in a 10-nm region, the atomic flux
density of 10"* s'em™ and the atomic speed of less than 1 m/s
(equals 100 pK in terms of temperature) are required. In order

to generate such cold atoms, we have developed an atom
funnel composed of blue-detuned near-field light (evanescent
light) [11].

pumping beam

—

hollow optics

Q
cold atoms N

blue-detuned
hollow beam

000000000 0°

[o]
cold atomic beam

Figure 1. Sketch of a near-field optical funnel.

Figure 1 schematically shows the atom funnel. Cold atoms
are first produced by a magneto-optical trap (MOT) [4] inside a
reverse triangular hollow optics with a small exit hole at the
bottom, and then released from MOT. A blue-detuned hollow
light beam shone upward induces evanescent light on the inner-
wall surface via total-internal reflection. The atoms that
divergently fall by gravity are reflected every approaching the
inner-wall surface by a repulsive dipole force from the
evanescent light. Note that alkali-metal atoms such as Rb are
regarded as the A-type three-level system composed of two
hyperfine ground states and an excited state. When the light
frequency is blue-detuned with respect to both ground states,
the reflection potential for the lower ground state is higher than
that for the upper ground state, since the light-shift energy is
inversely proportional to the frequency detuning. If the atom in
the lower ground state is transferred to the upper ground state
in reflection, it loses the kinetic energy by the amount of
potential difference. The energy-loss process is repeated
(Sisyphus cooling [12, 13]) by returning the reflected atom to
the lower ground state with an additional weak pumping light
shone downward. Due to the Sisyphus cooling, atoms are
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collected at the bottom and go out of the exit hole. Multi-
loading of cold atoms from MOT forms a cold atomic beam
with high flux intensity.

There are some advantages of the atom funnel, compared to
the conventional methods using far-field light [14--16]. First,
the Sisyphus cooling induced by near-field light compensates
heating of atoms by gravity. Second, the small exit hole
increases the flux intensity. Third, the fixed output of a cold
atomic beam is controllable, so that the funnel can supply cold
atoms to a point aimed at. Thus, the near-field optical funnel is
a convenient source of a cold atomic beam for precise
manipulation.

In our previous work [17], we observed multireflection of
cold Rb atoms inside the funnel and estimated the optimum
frequency detuning and excitation-light beam diameter from
measurements of the reflection efficiency. In this paper, we
report the first observation of cold atoms outputted from the
funnel. Here, we detected atoms using an accumulative MOT
system [18]. The number of funneled atoms was a function of
the frequency detuning.

II.  EXPERIMENT

Figure 2 shows an experimental setup with a double MOT
configuration. The upper MOT generates cold *'Rb atoms
inside the funnel, while the lower MOT placed 25 cm below
collects the output atoms. A reverse triangular hollow optics,
hereafter we call funnel prism, is shown in Fig. 3. It consists of
three quartz glass plates combined at right angle each other.
Each plate has a 15-mm-long and 3-mm-thick side, and the
refractive index n = 1.45 for the Rb resonant wavelength of 780
nm. The funnel prism is placed on the glass tube in a vacuum
chamber. The bottom corner is ground flat and a triangular hole
with a side of 320 wm is made in the center.

Three orthogonal pairs of counterpropagating circularly-
polarized (6" - ©) laser beams for the upper MOT is applied
through each plate of the funnel prism. The intensity and
diameter of each cooling beam are 7 mW/cm® and 1 cm,
respectively. The cooling beams are red-detuned by 10 MHz
with respect to the 5S;,, F = 2 -- 5P;5, F = 3 transition.
Repumping laser beams tuned to the 5S,, F=1 -- 5P3,, F =2
transition are superimposed over the cooling beams to transfer
’Rb atoms to the 5S;,, F = 2 upper ground state. The intensity
and diameter of each repumping beam are 5 mW/cm?® and 1 cm,
respectively. Vapor of Rb atoms is introduced into the upper
chamber under a background pressure of 10 torr. A pair of
anti-Helmholtz coils generates a quadrupole magnetic field
with a gradient of 10 G/cm and spatially modulates the atomic
Zeeman sublevels. The upper MOT produces a bright cloud of
cold ¥Rb atoms. After 2 s, polarization gradient cooling [19] is
conducted by turning off the magnetic field and stepwise
changing the red-detuning to 80 MHz during 10 ms, so that the
¥’Rb atoms are cooled down to the mean temperature of 9 pK.
Then, they are released from the upper MOT by turning off all
laser beams.

After release, the bottom of the funnel prism is illuminated
by a Ti:ALLOs laser beam with a power of 110 mW and the
waist (full width of 1/e> maximum) of 4 mm. Here, for

simplicity, we use a Gaussian beam instead of a hollow beam.
In addition, for Sisyphus cooling, a 7-uW/cm” pumping laser
beam, which is red-detuned by 10 MHz with respect to the
5Syp, F = 2 -- 5P3;, F = 2 transition, is shone downward to
transfer *'Rb atoms to the 5S,,, F = 1 lower ground state. In
order to avoid influence of the pumping beam on the output
atoms from the funnel, we introduce it along a thalweg of the
funnel prism. After illuminating with the excitation and
pumping beams for 1 s, the generation of cold *’Rb atoms by
the upper MOT begins again. The generation and funneling of
cold atoms are repeated 50 times.

pumping beam

funnel prism

5 mm cold atoms
ggf ﬁl(%{? eam@ % anti-Helmbholtz coils
for MOT
excitation beam
cold atomic beam
25 cm|

detection MOT

CCD

Figure 2. Experimental setup for a near-field optical funnel.

Exit hole: 200um
Figure 3. Photograph of a funnel prism.

’Rb atoms coming out of the exit hole are caPtured by the
lower MOT under a background pressure of 10™'" torr. Since
the lower MOT is separated from the upper MOT by the
hollow optics and the glass tube, it detects only the output
atoms without background atoms. The cooling and repumping
beams of the lower MOT have the same diameters of 2 cm so
that all atoms coming through the connection tube can enter the
capture region of the lower MOT. The intensity of each beam
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is 1 mW/cm”. The cooling beams are red-detuned by 17 MHz
with respect to the 5S;,, F = 2 -- 5P3,, F = 3 transition. The
other conditions of the lower MOT are the same as those of the
upper MOT. The capture efficiency is 0.6 and *’Rb atoms are
trapped for 270 s [18]. Consequently, the lower MOT can
accumulate the output *’Rb atoms over funneling of the 50
times.

The number of trapped atoms is estimated from the
intensity of resonant fluorescence measured with a charge-
coupled device (CCD) camera. Figure 4 shows the result as a
function of the frequency detuning measured with respect to
the 5S;,, F =1 -- 5P55,, F = 0 transition. Note that some atoms
escape the funnel prism straightforward without reflection.
Then, in order to estimate the net number of funneled atoms,
we subtract the number obtained without the pumping beam
(no Sisyphus-cooling case) from that obtained with it
(Sisyphus-cooling case). As you see, the number of funneled
atoms is maximal at the blue detuning of +1.2 GHz, at which
the funneled atoms occupy 50 % of the total outputted atoms.
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Figure 4. Number of funneled atoms plotted as a function of the frequency
detuning of the excitation light beam.

II. DISCUSSION

The dipole force has a dispersion character with respect to
an atomic resonant frequency [20]. It becomes attractive in the
red-detuning region, while repulsive in the blue-detuning
region. The maximum value of the reflection potential depends
on the light intensity and the frequency detuning. Figure 4
shows the detuning dependence in the atomic funnel. Bounce
to the area without near-field light and adherence to the inner-
wall surface result in the loss of atoms.

A cold atomic beam is generated by multiloading from the
upper MOT. In order to estimate the flux intensity, we first
average the number of outputted atoms obtained at the blue
detuning of +1.2 GHz over accumulation time of 50 s, and
then divide the averaged value by the area of the exit hole. As a
result, we get a flux intensity of 10° atom/cm’s. On the other
hand, according to the Monte-Carlo simulations we made, the

flux intensity reaches 4 X 10" atom/cm’s for a 200-um exit
hole [17]. For the small flux intensity in our experiment, we
consider three reasons. First, the number of trapped atoms in
the upper MOT is smaller than that we expect (10° atoms in a
popular MOT) in the numerical simulations by two orders of
magnitude. It may influence of the funnel prism. The center of
the upper MOT is only 3 mm away from each glass plate.
Second, the power of the excitation laser beam is weaker than
that we assume by an order of magnitude. Third, we did not use
a hollow light beam in the experiment. It led to heating on
atoms due to scattering of the excitation laser beam. If the
hollow light beam can be used, the light power will be
increased. The experiment with a hollow excitation beam is
now in progress. The hollow light beam also works as a guide
of outputted atoms, in which atoms are confined by the
repulsive dipole force [21].

IV.  SUMMARY aND FUTURE

We conducted experiments of the atom funnel supported by
blue-detuned evanescent light and observed cold Rb atoms
outputted from the funnel with an MOT detection system. The
flux intensity is estimated to be 10° atom/cm’s.

For atom manipulation using 10 nm-sized near-field light,
the flux intensity of more than 10'> atom/cm’s is required. To
increase the flux density, we are going to perform experiments
using a hollow excitation light beam. In addition, we have
made a new funnel prism with a 2-um exit hole by
photolithography and anisotropic chemical etching of a silicon-
on-insulator substrate [22], and drilling with a focused ion
beam. In this case, the flux intensity and the mean temperature
are estimated to be 6 X 10" atom/cm”s and 20 UK, respectively.
Such a cold atomic beam will be used for precise control using
near-field light.
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Abstract—In near-field optical chemical vapor
deposition (NFO-CVD), photodissociation can take place under
nonresonant conditions, i.e., with visible light, due to the inherent
properties of the optical near field. We succeeded the deposition
of the nanometric Zn dots 70 nm wide and 24 nm high by NFO-
CVD using the metal-organic gas Zn(acac),, which is not usually
used for conventional optical CVD due to its low optical activity.
This technique makes it possible to use various light and gas
sources to deposit a variety of nanometric materials. This
peculiar photochemical reaction of an optical near field is not
limited to optical CVD, but can be applied to general
photochemical reactions. We  demonstrate near-field
photolithography using a 532 nm laser. The pattern fabricated
on photoresist was 150 nm wide and 25 nm deep.

Keywords;Near-field optical CVD, Photo-chemical reaction,
Photolithograph

L INTRODUCTION

Optical near-fields have been applied to high-resolution
optical microscopy, high-density optical memory, atom
manipulation, and so on [1]. The spatial locality also leads to
novel physical phenomena such as optically forbidden energy
transfer [2] and giant second harmonic generation. These
phenomena occur because optical near fields do not obey
some of the physical principles of the optical far fields. We
have studied the application of optical near field to
nanostructure fabrication, by applying the novel properties of
optical near field to photochemical reactions, and have
demonstrated the feasibility of chemical vapor deposition
(CVD) of Zn dots using optical near-field techniques [6-8].
We have used the high spatial resolution capability of optical
near fields to deposit Zn wires 20 nm wide [3] and Zn dots 25
nm in size [4].

Conventional optical CVD utilizes a two-step process:
photodissociation and adsorption. For photodissociation, far-
field light must resonate the reacting molecular gasses in order
to excite molecules from the ground state to an excited
electronic state. The Franck-Condon principle holds that this
resonance is essential for excitation. The excited molecules
then relax to the dissociation channel, and the dissociated Zn
atoms adsorb to the substrate surface. For near-field optical

Motoich Ohtsu

Tokyo Institute of Technology
4259 Nagatsuta-cho, Midori-ku,
Yokohama, Kanagawa 226-8502, Japan

CVD (NFO-CVD), however, photodissociation can take place
under nonresonant conditions, due to the inherent properties of
optical near fields. Recently, we succeeded in the
photodissociation of metal organic molecules and the
deposition of Zn dots using a nonresonant optical near field
with a photon energy lower than the energy gap of the
electronic state of the molecule [5]. This photochemical
reaction is one of the unique phenomena that originate from the
steep spatial gradient of the optical near field. In addition to
optical CVD, these phenomena can be applied to many other
photochemical nanotechnologies. In this paper, we report the
deposition of nanometric Zn dots by NFO-CVD using the
metal-organic  gas  diethylzinc (DEZn) and zinc-
bis(acetylacetonate) (Zn(acac),), which is not usually used for
conventional optical CVD due to its low optical activity, and
demonstrated the patterning by near-field photolithography
using a 532 nm laser.

II.  PHOTODISOCIATION PROCESS

Figure 1 shows the potential curves of an electron in a
DEZn molecular orbital drawn as a function of the inter-
nuclear distance of the C-Zn bond, which is involved in
photodissociation [6]. The relevant energy levels of the
molecular vibration mode are indicated by the horizontal
broken lines in each potential curve. When a far-field light is
used, photo-absorption (indicated by the white arrow in this
figure) triggers the dissociation of DEZn. By contrast, when a
nonresonant optical near field is used, there are three possible
origins of photodissociation, as we have already proposed [5].
They are (1) the multiple photon absorption process, (2) a
multiple step transition process via the intermediate energy
level induced by the fiber probe, and (3) the multiple step
transition via an excited state of the molecular vibration mode.
Possibility (1) is negligible, because the optical power density
in the experiment was less than 10 kW/cm®, which is too low
for multiple photon absorption.  Possibility (2) is also
negligible, because NFO-CVD was observed for the light in the
ultra-violet ~ near-infra red region, although DEZn lacks
relevant energy levels for such a broad region. As a result, our
experimental results strongly supported possibility (3), i.e., that
the physical origin of the photodissociation caused by a
nonresonant optical near field is a transition to an excited state
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Fig. 1. Potential curves of an electron in DEZn molecular
orbitals. The relevant energy levels of the molecular
vibration modes are indicated by the horizontal lines.

via a molecular vibration mode. The multiple-step excitation
processes in Fig. 1, indicated by the arrows (Nonresonant
Process) contributed to this. To evaluate these contributions,
we proposed an exciton-phonon polariton model. In this
model, a light field in a nanometric structure can donate
coherent phonons directly to a molecule, and the molecular
vibration mode is excited by the coherent phonons. Multi-step
excitation via the molecular vibration modes can make the
nonresonant  photodissociation possible. The detailed
discussion of this model is presented by co-author Kobayashi
in the paper_ID 17689.

III. NONRESONANT NFO-CVD

For NFO-CVD, the used fiber probe was high-throughput,
single taper UV fiber probe that was fabricated by pulling and
etching a pure silica core fiber [1], the cone angle and apex
diameter were 30 degrees and less than 30 nm, respectively.
To investigate deposition by nonresonant far-field light and an
optical near field simultaneously, a fiber probe without an
opaque metal coating, i.e., a bare fiber probe, was used for
deposition. An optical far field was generated by light leaking
through the circumference of the fiber probe, while the optical
near field was generated at the apex. The separation between
the fiber probe and the sapphire substrate was regulated to
within a few nanometers using a shear-force technique [1].
The optical power from the fiber probe was measured with a
photo-diode placed behind the sapphire substrate. The size of
the Zn dots deposited was measured with a shear-force
microscope using the fiber probe used for deposition. Ultra-
high purity argon (Ar) was used as the buffer gas and DEZn as
the gas source of reactant molecules. A He-Cd laser (A=325
nm) was used as the light source, that was nearly resonant with
the absorption band edge of DEZn. Ar" (A=488 nm) and diode
(A=684 nm) lasers were used as nonresonant light sources.
During deposition, the partial pressure of DEZn and the total
pressure in the chamber were maintained at 100 mTorr and 3
Torr, respectively. The chamber and substrate were kept at
room temperature.

Figure 2 shows the shear-force topographical images of the
sapphire substrate after NFO-CVD using optical near fields of
A=325 nm (a), A=488 nm (b), and A=684 nm (c). The laser

Fig. 2. Shear-force topographical images after NFO-
CVD at wavelengths of A = 325 (a), 488 (b), and 684 (c)
nm. The scanning area are 450 X 450 nm. The observed
laser output power and the irradiation time for
deposition were 2.3 pW and 60 s (a), 360 pW and 180 s
(b), and 1 mW and 180 s (c).

power and the irradiation time were (a) 2.3 pW and 60 s, (b)
360 uW and 180 s, and (c) 1 mW and 180 s, respectively.
While the previous work using conventional CVD with a far-
field light has claimed that a Zn film cannot be grown using
nonresonant light (A>300 nm) [7], we observed the deposition
of Zn dots on the substrate just below the apex of the fiber
probe using NFO-CVD, even with nonresonant light. The
chemical composition of the deposited material was confirmed
by X-ray photoelectron spectroscopy; Zn was the principal
ingredient. In Addition, we observed luminescence from
nanometric ZnO dots, which were prepared by oxidizing the Zn
dots fabricated by NFO-CVD. This experimental result
implies that the purity of the Zn was high.

In Fig. 2 (a), the photon energy at A=325nm is higher than
the dissociation energy of DEZn, and is close to the absorption
band edge of DEZn. The diameter (full width at half maximum
(FWHM)) and height of the topographical image were 45 and
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26 nm, respectively. This image has a wide based, as shown
by dotted curves. This base is a Zn layer, less than 2 nm thick,
which is deposited by far-filed light leaking from the bare fiber
probe. This deposition is possible because DEZn absorbs a
small amount of light with A=325 nm. The very high peak in
the image suggests that the optical near field enhances the
photodissociation rate at this photon energy, because the
optical near-field intensity rapidly increases near the apex of
the fiber probe.

In Fig.2 (b), the photon energy still exceeds the dissociation
energy of DEZn, but it is lower than the absorption edge of
DEZn. The diameter and height of the image were 50 nm and
24 nm, respectively. While some high intensity far-field light
leaked from the bare fiber probe, it did not deposit a Zn layer,
so there is no foot at the base of the peak. This confirmed that
the photodissociation of DEZn and Zn deposition only
occurred with an optical near field of A=488nm.

In Fig.2 (c), even with such low photon energy at A=684
nm, we succeeded in depositing of Zn dots. The topographical
image showed a diameter and height of 40 nm and 2.5 nm,
respectively. Experimental results in Fig. 2 demonstrate that
the photodissociation process using a nonresonant optical near
field violates the Franck-Condon principle.

IV.  NFO-CVD OF ZN(ACAC), AND PHOTOLITHOGRAPHY

Figure 3 shows the shear-force topographical image of the
sapphire substrate after NFO-CVD using optical near fields of
A=457 nm (Ar" laser). In the experiment, Zn(acac), was used
as the gas source of reactant molecules. During deposition, the
partial pressure of Zn(acac), was maintained at 70 mTorr. The
laser power and the irradiation time were 1 mW and 15 s,
respectively. The diameter and height of the Zn dot were 70 nm
and 24 nm, respectively. Zn(acac), is not usually used for
conventional optical CVD due to its low optical activity.
However, in case of NFO-CVD, the optical near field can
activate the molecule. In NFO-CVD, its deposition rate was

24nm

70nm
—_— —

Fig. 3. Shear-force topographical images after NFO-
CVD using Zn(acac), at wavelengths of A =457nm. The
scanning area are 750 X 750 nm. The observed laser
output power and the irradiation time for deposition
were | mW and 15 s.

almost the same as that of deposition in which DEZn gas was
used. For the conventional optical CVD, we carried out that
DEZn has a deposition rate 1000 times higher than that of
Zn(acac);. We suppose that the physical origin of the
photodissociation of Zn(acac), is same as it for DEZn in NFO-
CVD.

This peculiar photochemical reaction of an optical near
field is not limited to optical CVD, but can be applied to
general photochemical reactions. We applied it to the
photolithography.

50nm

(b),
/f

in 1

d)

Fig. 4.
images of the photoresist after development for UV light
source and 532nm laser, respectively. (c) and (d) show
the schematic drawings of the exposure process in the
UV and 532nm cases, respectively.

(a) and (b) show atomic force microscope

Figure 4 (a) and (b) show the atomic force microscope
images of the photoresist (OFPR-800) surface after
development for UV light source and 532nm laser,
respectively.  Although we used same photo-mask for them,
the patterns developed on the photoresist were different each
other. The ditch, fabricated on the photoresist for 532 nm, was
150 nm wide and 25 nm deep. We consider this result can be
explained by the optical near-field effect. Figure 4 (c) and (d)
show the schematic drawings of the exposure process using the
UV and 532nm light source, respectively. For UV light the
exposure process is conventional. For 532nm light source,
although the photosensitivity is lower than it for UV light, the
optical near field enhances the photosensitivity and
photochemical reaction due to the same origins as the NFO-
CVD. It can be readily supposed that the optical near field is
strongly generated at around the edge of the mask pattern.
Thus, the ditches were fabricated along the edges of the photo-
mask pattern, as shown in Fig. 4(d).

V. CONCLUTION

In conclusion, we demonstrated NFO-CVD of nanometric
Zn dots based on the photodissociation of gas-phase DEZn and
Zn(acac), using an optical near field under nonresonant
conditions. The physical origin of the nonresonant optical
CVD can be explained the multiple-step excitation process via
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the molecular vibration mode and the exciton-phonon polariton
model. In this model, the enhanced coupling between the
optical field and molecular vibration originates from the steep
spatial gradient of the optical power of the optical near field.
Such a non-adiabatic photochemical process violates the
Franck-Condon principle, and it can be applied to other
photochemical phenomena. We demonstrated the near-field
photolithography using 532nm light source, and confirmed the
optical near field enhances the photosensitivity of the
photoresist. The process involved in the photochemical
reaction based on an optical near field reported here will open
new method in nanotechnology.
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Abstract—The optical properties of ZnO/ZnMgO multiple-
quantum-well (MQW) nanorods were investigated by the optical
near-field technique. Using a thin metal coated UV fiber probe,
we performed spatially- and spectrally-resolved
photoluminescence imaging of individual ZnO/ZnMgO MQW
with a spatial resolution of 40 nm. Furthermore, we observed an
anti-correlation feature in the PL intensity distributions. This is
attributed to an optical near-field energy transfer in closely
spaced pairs of ZnO/ZnMgO MQW nanorods.

Zn0/ZnMgO multiple-quantum-well, nanorod, optical near
field, energy transfer

I. INTRODUCTION

For future optical transmission systems with high data
transmission rates and capacity, we have proposed nanometer-
scale photonic devices (i.e., nanophotonics devices) and a
method of integrating them [1]. These devices consist of
nanometer-scale dots, and an optical near-field is used as the
signal carrier. As a representative device, a nanophotonic
switch can be realized by controlling the dipole forbidden
optical energy transfer among resonant energy states in
nanometer-scale quantum dots via an optical near field [2]. It 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. A nanometer-scale ZnO dot is a promising
material for realizing these devices at room-temperature, due to
its large exciton binding energy (60 meV). To confirm the
promising optical properties and crystallinity of ZnO
nanocrystallites, we measured the photoluminescence (PL)
spectra using a low temperature optical near-field microscope.
In this measurement, we found anti-correlation features in PL
spectra between closely spaced ZnO/ZnMgO multiple-
quantum-well (MQW) nanorods, which we attributed to optical
near-field energy transfer.

II. ZNO/ZNMGO MQW NANORODS

We used the MQW nanorods which consist of ten periods
of 3-nm ZnO/6-nm Zn,gMg,,O as samples (a schematic

diagram of the MQW nanorods is shown in Fig. 1). These were
grown on the ends of ZnO nanorods with a 40-nm mean
diameter [3]. Using metalorganic vapor phase epitaxy
(MOVPE), ZnO and ZnysMg,,0 heterostructure were grown
epitaxially with homogeneous in-plane alignment and a c-axis
orientation on sapphire substrates without using any metal
catalysts. This growth method ensures minimal intermixing,
since no dissolution is required in a catalyst particle, and it
creates sharp interfaces.

Zn, gMg, ,0:6 nm
ZnO: 3 nm

ALO, (00 - 1)

Figure 1. Schematic of multiple-quantum-well (MQW)
nanorods consisting of 10 periods of ZnMgO/ZnO on the tips
of ZnO nanorods. SEM image of the MQW nanorods (instet)

III. NEAR-FIELD SPECTROSCOPY

We investigated the optical properties in ZnO/ZnMgO
MQW using a low-temperature scanning near-field optical
microscopy (SNOM) system in collection-mode. UV fiber
probe coated with 50-nm thick aluminum film was used for
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scanning. He-Cd laser light (A = 325 nm) was employed to
excite the ZnO nanocrystallites. The PL signal was collected by
the fiber probe and detected by a cooled charge coupled device
through a monochromator. The fiber probe was kept in close
proximity to the sample surface (~10 nm) by the shear-force
feedback technique.

In the far-field PL spectra taken at 15 K, blue-shifted PL
emission peak was observed at 3.42 eV marked as an open
square with a shoulder marked as an open triangle (solid line in
Fig. 2). The value of the blue shift was consistent with the
theoretical value of the quantum confinement effect in the ZnO
well layer [4]. Furthermore, it is noted that the emission from
well-known neutral-donor bound excitons (D, X; 3.36 eV) in
the ZnO nanorods is suppressed due to the good quality of
crystallinity in the ZnO nanorods. While, in the near-field PL
spectra obtained at 15 K, several sharp (< 10 meV) peaks were
observed in addition to the emission from Dy,X and free
exciton (3.365 eV) in the ZnO nanorods. The number of the
sharp peaks and their energy values (A;: 3.389 eV, A,: 3.402
eV, E;:3.420 eV, E;: 3.426 eV, E;: 3.436 eV) in each spectrum
showed strong position dependence.
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Figure 2. Far- and near-field PL spectra from ZnO/ZnMgO MQW nanorods.

To investigate their origins, we measured spatial
distributions of PL intensity for individual ZnO/ZnMgO MQW
nanorods the spectroscopy with a spatial resolution of 40 nm
(see Figs. 4 and 5).

PL intensity [a.u.]
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Figure 3. Monochromatic PL images of ZnO/ZnMgO MQW nanorods
obtained at photon energy of (a) 3.420 and (b) 3.426 eV. (c¢) Closed and open
squares represent cross-sectional profiles along the dashed lines in (a) and (b).
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Figure 4. Monochromatic PL images of ZnO/ZnMgO MQW nanorods
obtained at photon energy of (a) 3.420 and (b) 3.426 eV. These images are
obtained at different position from those shown in Fig. 3. (¢) Closed and open
squares represent cross-sectional profiles along the dashed lines in (a) and (b).
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Considering the energy differences among the excited
states of electron and hole in the ZnO/ZnMgO MQW, E; and
E, are originated from the ground state and excited state of
holes in ZnO/ZnMgO MQW, respectively. It is noted that
emission from E, is enhanced only in the near-field spectra,
accompanied by the emissions from A; and A..

From the above results, we consider a model in the PL
process from closely spaced pairs of ZnO/ZnMgO MQW.
Figure 5 illustrates the energy diagram of ZnO/ZnMgO MQW,
where the emission from E; is expected to be dominant. Due to
a deep potential depth to the vacuum of 4 eV [5], carrier
tunneling between the nanorods can be neglected. Although the
excited state E, is the dipole forbidden state and can not be
detected in the far-field, it can be detected by optical fiber
probe due to the near-field coupling of the probe and
Zn0/ZnMgO MQWs (denoted 7). This is supported by the
facts that I, is suppressed in the far-field spectra. Furthermore,
the emission from the ground state E; (denoted by the open
square in Fig. 2) is dominated and the emission from the
excited state E; (denoted by the open triangle in Fig. 2), while
the excited states E, and E; were enhanced in the near-field
spectra. Since A; and A, were obtained only in the close
proximity of the probe, the charge transfer rate of o is smaller
than the decay rate of E; without probe.
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Figure 5. Model for closely spaced pairs of ZnO/ZnMgO MQW nanorods.

The outstanding feature was the anti-correlation in the PL
intensity of E; (I}) and L,; I, was suppressed, while I, was
enhanced in one nanorod, and I; was enhanced, while I, were
suppressed in a closely adjacent nanorod. Furthermore, since
the degree of the anti-correlation was larger for more closely
spaced pair of nanorods, such an anti-correlation feature might
be due to the optical near-field coupling between ZnO/ZnMgO
MQW (denoted by NF in Fig. 5), ie, energy transfer
phenomena induced by optical near field between two resonant
energy levels in a ZnO/ZnMgO MQW and its adjacent
Zn0/ZnMgO MQW.

IV. CONCLUSION

We  performed spatially- and  spectrally-resolved
photoluminescence imaging of individual ZnO/ZnMgO MQW
with a spatial resolution of 40 nm. We observed an anti-
correlation feature in the PL intensity distributions, which is
attributed to an optical near-field energy transfer in closely
spaced pairs of nanorods. This phenomenon can be used to
realize nanophotonic devices, such as the switching mechanism
confirmed by the authors in CuCl quantum cubes [2].
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Nanophotonics: Size- and Position-Controlled Nanofabrication Using Optical Near Field
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Abstract This paper reviews the specific nature of nanophotonics, i.e., a novel optical nano-technology, utilizing local electromagnetic
interactions between a small number of nanometric matters and optical near field. The size- and position-controlled
fabrication of nano-scale structures is demonstrated using near-field optical chemical vapor deposition and size-dependent

optical desorption.
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