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Abstract Nanophotonics has been extensively studied with the aim of unveiling and
exploiting light-matter interactions that occur at a scale below the diffraction limit of
light. From the viewpoint of information, novel architectures, novel design and analy-
sis principles, and even novel computing paradigms should be considered so that we
can fully benefit from the potential of nanophotonics for various applications. In this
chapter, we first present some fundamental and emergent attributes associated with
optical excitation transfer mediated by optical near-field interactions. Toward achiev-
ing a computing paradigm that surpasses the classical von Neumann architecture,
we describe stochastic solution searching, which exploits the spatiotemporal dynam-
ics of optical excitation transfer. Second, we show information security applications
based on near-field applications, together with their theoretical and experimental
foundations. Finally, we present a stochastic analysis of light-assisted self-organized
material formation in order to gain a deeper understanding of the underlying physics.
We consider that a common feature across all of these demonstrations is the extraction
of “intelligent” functions and behaviors from an information-based standpoint—an
idea represented by the title of this chapter, “nanointelligence”.

M. Naruse (B)

Photonic Network Research Institute, National Institute of Information and Communications
Technology, 4-2-1 Nukui-kita, Koganei, Tokyo 184-8795, Japan
e-mail: naruse@nict.go.jp

N. Tate · M. Ohtsu
Department of Electrical Engineering and Information Systems and Nanophotonics Research
Center, Graduate School of Engineering, The University of Tokyo, 2-11-16 Yayoi,
Bunkyo-ku, Tokyo 113-8656, Japan

M. Aono
Earth-Life Science Institute, Tokyo Institute of Technology, 201202 Ookayama,
Meguro-ku, Tokyo 152-8550, Japan
e-mail: masashi.aono@elsi.jp

M. Naruse (ed.), Nanophotonic Information Physics, 1
Nano-Optics and Nanophotonics, DOI: 10.1007/978-3-642-40224-1_1,
© Springer-Verlag Berlin Heidelberg 2014



2 M. Naruse et al.

1.1 Introduction

Light plays a crucial role in information devices and systems in a range of fields, for
example, communication, information processing, imaging, and displays. There is
no doubt that the superior physical attributes of light constitute the foundations of
the benefits for which we are greatly indebted today. At the same time, however, ever
increasing quantitative demands, such as the massive amount of digital information
carried on networks, necessitate further advancements in optics and photonics. In
addition, there has also been a surge in demand for qualitatively novel technologies,
such as energy saving [1], mobile and ubiquitous devices [2], solid-state lighting
and displays, healthcare and welfare, and safety and security [3, 4], to name a few.
Conventional optics and photonics, however, suffer from difficulties in resolving
these quantitative and qualitative challenges due to their fundamental limitations,
principally, the diffraction limit of light [5].

Nanophotonics, which makes use of interactions between light and matter at a
scale below the wavelength of light, has advanced remarkably [6, 7]. An optical
near-field, which is localized in the vicinity of nanostructured matter, is free of
the diffraction effects imposed on propagating light, in a sense breaking through
the diffraction limit, which allows the physical extent of light itself to be reduced
[8, 9]. Furthermore, the nature of photons on the nanometer scale, including higher-
order atom–light interactions [10], has led to the discovery of unique phenomena
observed only on the nanoscale, revealing a physical picture of “dressed photons”, or
photons dressed by material excitations [11, 12]. Thus, not only does nanophotonics
possess the ability to break through the diffraction limit, but it also allows physical
processes that are unachievable conventionally, such as dipole-forbidden transitions.
These novel optical near-field processes have led to various devices that have been
experimentally demonstrated recently, including light concentration [13], infrared-
to-visible light conversion [14], silicon light emission [15, 16], solar cells [17], and
so forth. The rapid progress of experimental technologies has been a driving force
behind the advances in nanophotonics; ultrafast spectroscopy for nanostructures [18],
and size- and position-controlled quantum nanostructures, such as InAs [19], ZnO
[20], and shape-engineered nanostructures [21–23], among others.

From the viewpoint of information or system design, on the other hand, there
are many unresolved, important basic issues in nanophotonics. For example, system
architectures, basic structures for achieving versatile functions, modeling, design, and
analysis principles and methods that inherit the physical principles of nanophotonics
should be developed. This chapter sheds light on some system-level fundamentals and
insights in nanophotonics, with particular focus on achieving “intelligent” functions,
what we summarize as the concept called “nanointelligence”.

It should be emphasized that replacing or competing with conventional comput-
ing and information technologies is not necessarily the primary motivation. What
should be pursued is to exploit and maximize the potential of the unique physical
attributes inherent in nanophotonics. Nanophotonic security, discussed in Sect. 1.3,
is one example application where accessibility via light is essential, and optical
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near-field processes provide unique solutions [3]. Furthermore, insights gained in
the modeling and analysis of nanophotonics are applicable to a wide range of appli-
cations besides computing or information processing. They can also contribute to
design and analysis in energy applications [24] and nanofabrication [25]. Dwyer et al.
have been developing a nano-optical computer architecture for medical and health-
care applications based on resonant energy transfer made possible by DNA-based
self-assembly [26, 27]. Catrysse et al. have investigated nanostructures for imag-
ing applications [28], where light–matter interactions are essentially and inevitably
present, and the unique nanophotonic solutions offered are valuable. Furthermore,
system-oriented approaches are beneficial in investigating material formation. Sto-
chastic modeling and analysis in optical-near-field-assisted nanofabrication, which
will be dealt with in Sect. 1.4, are typical examples. In more general contexts, deal-
ing with light and matter in a nonequilibrium open system [29] would provide new
knowledge in nanophotonics too, as in other fields. Self-organized criticality [30],
observed in some nanophotonic experiments [31, 32], is a natural emergent property
thanks to the inclusion of energy flow in addition to elemental near-field interactions.

Summing up all of these related aspects, that is to say, a system-oriented approach,
or an approach toward realizing intelligent functions, this chapter reviews nanopho-
tonics from an information physics approach, in particular, by examining the three
aspects described below.

Optical Excitation Transfer to Go Beyond the von Neumann Architecture
In Sect. 1.2, we deal with localized optical excitation transfer. Conventionally, prop-
agating light is assumed to interact with nanostructured matter in a spatially uniform
manner—a principle referred to as the long-wavelength approximation—from which
state transition rules are derived, including dipole-forbidden transitions. However,
such an approximation is not valid in the case of a localized optical near-field in
the vicinity of nanostructured matter; the inhomogeneity of localized light makes
even conventionally dipole-forbidden transitions allowable [5]. We will first review
some basic and unique attributes of optical excitation transfer from space-, time-,
and energy-related perspectives, followed by a stochastic solution search, which will
pave the way to a new computing paradigm beyond von Neumann architecture.

Nanophotonics for Security
Section 1.3 deals with security applications of nanophotonics. Optics has been
applied in a variety of security applications [4]. However, since the fundamental
physical principle usually involves optical far-fields, diffraction of light causes severe
difficulties in device scaling and system integration, for example. Nanophotonics can
break through the diffraction limit of conventional light and can provide additional
functions, such as adding hidden information that is only retrievable via optical near-
fields. Section 1.3 first characterizes one fundamental security feature via a rigorous
nano-optical theory based on an angular-spectrum representation of electromagnetic
fields on the nanoscale. Its applications to information hiding and authentication
functions based on shape-engineering of nanostructures are demonstrated. The study
will contribute to tamper-resistant hardware based on unique nano-optical physical
processes available on the nanoscale.
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Fig. 1.1 Overall concept of the discussion presented in this chapter

Stochastic Modeling of Near-Field Processes for Intelligent Material Formation
Nanofabrication involving optical near-field processes has demonstrated nanopar-
ticle size regulation [33], nanoparticle array formation [34], the appearance of
interesting photosensitivity [17], atomic-scale surface flattening [35], etc., where
self-organizing, or “intelligent”, behavior emerges by introducing light in material
formation. Section 1.4 concerns stochastic modeling of material formation involving
optical near-field processes that reproduce phenomenological characteristics consis-
tent with the experimental observations, in order to gain a deeper understanding of
the underlying physical mechanisms and to enable optimization of future devices.

The above concept is schematically shown in Fig. 1.1. Section 1.5 summarizes
this chapter and discusses some future prospects.

1.2 Optical Excitation Transfer to go Beyond
the von Neumann Architecture

In this section, we discuss optical excitation transfer involving optical near-field inter-
actions. In the literature, dipole–dipole interactions, such as Förster resonant energy
transfer, are typically referred to in explaining energy transfer from smaller quantum
dots (QDs) to larger ones [36, 37]. However, it should be noted that such modeling
based on point dipoles does not allow optical transitions to dipole-forbidden energy
sublevels. Also, recent experimental observations in light harvesting antenna indicate
the inaccuracy of dipole-based modeling [38–40]. On the other hand, as discussed
below, the localized nature of optical near-fields frees us from conventional optical
selection rules, meaning that optical excitations could excite QDs to energy levels
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that are conventionally electric-dipole forbidden. Section 1.2.1 reviews the theoret-
ical formalisms of optical excitation transfer. Section 1.2.2 examines some basic
and unique attributes provided by optical excitation transfer from space-, time-, and
energy-related perspectives. Section 1.2.3 discusses stochastic solution searching,
paving the way to a new computing paradigm beyond the classical von Neumann
architecture.

1.2.1 Fundamentals

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

Ĥint = −
∫

d3r
∑

i, j=e, h

ψ̂†
i (r)er • E(r)ψ̂ j (r), (1.1)

where e represents the electron charge, ψ̂†
i (r) and ψ̂ j (r) are respectively creation

and annihilation operators of either an electron (i, j = e) or a hole (i, j = h) at
position r, and E(r) is the electric field [24]. In usual light–matter interactions, E(r)
is a constant since the electric field of propagating light is homogeneous on the
nanometer scale. Therefore, we can derive optical selection rules by calculating the
dipole transition matrix elements. As a consequence, in the case of spherical quantum
dots, for instance, only transitions to states specified by l = m = 0 are allowed,
where l and m are the orbital angular momentum quantum number and magnetic
quantum number, respectively. In the case of optical near-field interactions, on the
other hand, due to the large spatial inhomogeneity of the localized optical near-fields
at the surface of nano-scale material, an optical transition that violates conventional
optical selection rules is allowed. Detailed theory can be found in [12].

Here we assume two spherical quantum dots whose radii are RS and RL, which
we call QDS and QDL , respectively, as shown in Fig. 1.2a. The energy eigenvalues
of states specified by quantum numbers (n, l) are given by

Enl = Eg + Eex + �2α2
nl

2MR2 (n = 1, 2, 3, · · · ) , (1.2)

where Eg is the band gap energy of the bulk semiconductor, Eex is the exciton
binding energy in the bulk system, M is the effective mass of the exciton, and αnl are
determined from the boundary conditions, for example, as αn0 = nπ,α11 = 4.49.
According to (1.2), there exists a resonance between the level of quantum number
(1, 0) in QDS and that of quantum number (1, 1) in QDL if RL/RS = 4.49/π ≈ 1.43.
Note that the (1, 1)-level in QDL is a dipole-forbidden energy level. However, an
optical near-field, denoted by USL2 in Fig. 1.2a, allows this level to be populated due
to the steep electric field in the vicinity of QDS . Therefore, an exciton in the (1, 0)-
level in QDS could be transferred to the (1, 1)-level in QDL . In QDL , the excitation
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Fig. 1.2 a Optical excitation transfer from a smaller quantum dot (QDS) to a larger one (QDL )
mediated by optical near-field interactions. Note that transition to the energy level L2 in QDL is
conventionally dipole-forbidden.The energy dissipation occurring at QDL , or the relaxation from
L2 to L1, guarantees unidirectionality. b State filling induced at the lower energy level in the larger
dot results in different flows of optical excitation

undergoes intersublevel energy relaxation due to exciton–phonon coupling, denoted
by Γ , which is faster than the near-field interaction [41, 42], and the excitation
relaxes to the (1, 0)-level, from where it radiatively decays. Also, since the radiation
lifetime of quantum dots is inversely proportional to their volume [43], finally we
find unidirectional optical excitation transfer from QDS to QDL .

We first introduce quantum mechanical modeling of the total system based on
a density matrix formalism. There are in total eight states where either zero, one,
or two excitation(s) can sit in the energy levels S, L1, and L2 in the system. The
interactions between QDS and QDL are denoted by USL, and the radiative relaxation
rates from S and L1 are respectively given by γS and γL. The model Hamiltonian of
the coupled two-dot system is given by

H = �

(
ΩS USL
USL ΩL

)
(1.3)

where �USL is the optical near-field interaction, and �ΩS and �ΩL respectively refer
to the eigenenergies of QDS and QDL . The behavior of optical excitation transfer is
obtained by solving the equation of motion, given by the Liouville equation [44]

ρ̇(t) = − i

�
[H, ρ(t)] − NΓ ρ(t) − ρ(t)NΓ , (1.4)

where ρ is the density operator, and NΓ is a diagonal matrix whose diagonal elements
are γS/2 and Γ/2.

If necessary, we can explicitly include an external Hamiltonian Hext representing
the interaction between the external input light at frequency ωext and the quantum
dot system; this is given by
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Hext (t) = gate(t) ×
[(

exp(i(�S − ωext )S† + exp(−i(�S − ωext )S
)

+
(

exp(i(�L1 − ωext ))L†
1 + exp(−i(�L1 − ωext ))L1

)]
, (1.5)

where gate(t) specifies the duration and the amplitude of the external input light,
and S†(S) and L†(L) represents creation (annihilation) operators regarding the
(1, 0)-levels in QDS and QDL , respectively. If control light occupies the energy level
L1, namely, state filling is induced at the lower energy level in the larger dot, optical
excitation generated at QDS goes back and forth in the resonant energy level (nuta-
tion), resulting in radiation from QDS (Fig. 1.2b). The following section describes
some of the emergent characteristics.

1.2.2 Space-, Time-, and Energy-Related Basic Functions

1.2.2.1 Global Summation Based on Optical Excitation Transfer:
A Space-Domain Related Fundamental

The global summation, or data gathering, denoted by
∑N

i=1 xi , where xi represents
N binary bits, is an important basic function in a wide range of electrical and
optical devices and systems, such as optical code-division multiplexing (OCDM)
[45], optical correlators [46], and content addressable memory (CAM) LSI chips
[47, 48], among others. In known optical methods, wave propagation in free-space or
in waveguides, using focusing lenses or fiber couplers, for example, is well-matched
with such a data gathering scheme because the physical nature of propagating light
is inherently suitable for the collection or distribution of information. However, the
achievable level of integration of these methods is restricted due to the diffraction
limit of light. In nanophotonics, on the other hand, the near-field interaction is inher-
ently physically local.

The global data gathering mechanism, or summation, is realized based on the uni-
directional energy flow via an optical near-field, as schematically shown in Fig. 1.3a,
where surrounding excitations are transferred towards a quantum dot QDC located
at the center through optical near-field interactions [13, 49]. The lowest energy level
in each quantum dot is coupled to a free photon bath to sweep out the excitation
radiatively. The output signal is proportional to the lowest energy level in QDC .

An experiment was performed to verify the nanoscale summation using CuCl
quantum dots in an NaCl matrix, which has also been employed for demonstrating
nanophotonic switches [50] and optical nano-fountains [13]. A quantum dot arrange-
ment in which three small QDs (QD1 to QD3) surround a large QD at the center
(QDC ) was chosen. Here, at most three light beams with different wavelengths, 325,
376, and 381.3 nm, are radiated to excite the respective quantum dots QD1 to QD3,
having sizes of 1, 3.1, and 4.1 nm. The excited excitons are transferred to QDC , and
their radiation is observed by using a near-field fiber probe tip. Notice the output
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Fig. 1.3 a Architecture for global summation by optical excitation transfer. b Output signal intensity
in frequency domain and c space-domain distribution

signal intensity at a photon energy level of 3.225 eV in Fig. 1.3b, which corresponds
to a wavelength of 384 nm, or a QDC size of 5.9 nm. The ratio of the intensities is
approximately 1:2:3, depending on the number of excited QDs in the vicinity, as
observed in Fig. 1.3b. The spatial intensity distribution was measured by scanning
the fiber probe, as shown in Fig. 1.3c, where the energy is converged at the center.
Hence, this architecture works as a summation mechanism that counts the number
of input channels, based on exciton energy transfer via optical near-field interac-
tions. Also, recently, stacked InAs quantum dots have been used to demonstrate
room-temperature optical excitation transfer [51].

1.2.2.2 Optical Pulsation Based on Optical Excitation Transfer:
A Time-Domain Related Fundamental

Generating an optical pulse train is one of the most important functionalities required
for optical systems. Conventional principles of optical pulse generation are typically
based on optical energy build-up in a cavity whose size is much larger than the
optical wavelength; thus, the volume and the energy efficiency of the entire system
have serious limitations. For nanophotonic applications, novel principles should be
developed on the nanometer scale. In fact, Shojiguchi et al. theoretically investi-
gated the possibility of generating superradiance in N two-level systems interacting
with optical near-fields [52]. This approach, however, requires precise control of
the initial states, which is not straightforward to implement. Here, we theoretically
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demonstrate an optical pulsation method based on optical near-field interactions
pumped by continuous-wave (CW) light irradiation [53]. With an architecture com-
posed of two subsystems each of which involves excitation transfer based on optical
near-field interactions, we observe pulsation in the populations based on a model
system using a density matrix formalism. The details are described in [53].

As discussed in Sect. 1.2.1, when the lower level of QDL is populated by an
external input, the optical excitation occurring in QDS cannot be transferred to QDL

because the lower energy level in QDL is populated, which is called the state filling
effect. Putting it another way, the population of the (1, 0)-level in QDS is changed by
the external input applied to L1 in QDL . Optical pulsation based on optical excitation
transfer comes from the idea that the externally applied change induced in L1 can
be provided in a self-induced manner by S1 with a certain timing delay. If QDS is
irradiated with continuous input light, such a change should repeat with a certain
period; that is, a pulsed signal should result.

We consider two quantum dot systems, each of which consists of one smaller
and one larger QD, as shown in Fig. 1.4a. One system, called System 1 hereafter, is
represented by one smaller dot (QDC ) and one larger dot (QDG). A CW input is
provided to the upper level of QDC . The optical near-field interaction between QDC

and QDG is denoted by UCG. Another system, called System 2, provides a delay
time by multiple use of smaller and larger dots, as already experimentally realized
in reference [54]. However, modeling the delay caused by multiple QDs makes the
discussion of pulsation mechanisms unnecessarily complicated; thus, we assume an
arbitrary delay time applied to the input signal of System 2, denoted by �, followed
by the last two quantum dots in the delay system, namely, a smaller QD (QDA) and a
larger QD (QDB), as indicated in Fig. 1.4a. Here, QDA accepts radiation from QDC

in System 1; that is, the change of the states in QDC is transferred to QDA. The
optical near-field interaction between QDA and QDB is denoted by UAB. The output
from QDB then influences the lower energy level of QDG .

We described the details of the above modeling based on a density matrix
formalism. For example, regarding System 1, there are in total three energy lev-
els (namely, C1 in QDC , and G1 and G2 in QDG). The radiative relaxation rates
from C1 and G1 are respectively given by γC and γG . Then we rigorously derived
the quantum master equations for System 1 and System 2, respectively [53].

We assume the following typical parameter values based on experimental obser-
vations of energy transfer observed in ZnO quantum dots [55]: inter-dot optical near-
field interactions (144 ps), sublevel relaxation (10 ps), and radiative decay times of
the smaller dot (443 ps) and the large dot (190 ps). Also, we assume 1 ns for the delay
� in System 2. Figure 1.4b demonstrates an example of the evolution of the popula-
tions involving the lower level of QDG (G1) for different CW input light amplitudes,
where optical pulsation is successfully observed with appropriate input light ampli-
tudes, as summarized by the peak-to-peak population of the pulsations shown in
Fig. 1.4c. The detailed parameter dependencies were discussed in [53], validating
the importance of optical excitation transfer.
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optical excitation transfer from QDS to QDL . b Evolution of population in the lower energy level
of QDG with different CW input light amplitudes. c Peak-to-peak population of pulsation versus
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1.2.2.3 Energy Efficiency

We now discuss the lower bound of energy dissipation required for an optical exci-
tation transfer by introducing two representative systems (System A and System B)
[56]. The first one, System A in Fig. 1.5a, consists of two closely located quantum
dots, and thus, optical excitation transfer from QDS to QDL occurs. We assume an
interaction time U−1

SL of 100 ps for System A, denoted by U−1
A = 100 ps in Fig. 1.5a.

Such an interaction time is close to that of experimentally observed optical near-field
interactions in CuCl QDs (130 ps) [50], ZnO quantum-well structures (130 ps) [20],
ZnO QDs (144 ps) [55], and CdSe QDs (135 ps) [54]. The intersublevel relaxation
time due to exciton–phonon coupling is in the 1–10 ps range [41, 42, 57], and here
we assume Γ −1 = 10 ps. In System B on the other hand (Fig. 1.5a), the two quantum
dots are intentionally located far away from each other. Therefore, the interactions
between QDS and QDL should be negligible, and thus, optical excitation transfer



1 Nanointelligence: Information Physics Fundamentals for Nanophotonics 11

(b)

S
te

ad
y 

st
at

e 
po

pu
la

tio
n 

 in
vo

lv
in

g 
 L

1

System A
(Signal)

System B
(Noise)

Energy dissipation (μeV)
10-1 100 101 102 103 104

0.0

0.2

0.4

0.6

0.8

500
1,000
10,000

U 
-1

(ps)B

(c)

Classical wired device

E
ne

rg
y 

di
ss

ip
at

io
n 

(m
eV

)

Error ratio

)2( )1((3)(4)(5)

U 
-1

(ps)B 10,000 900 800 700 600 5001,000

)7( )6( )5( )4( )3( )2( )1(

(7)

(6)

10-40 10-30 10-20 10-10 100
10-4

10-2

100

102

104

Optical excitation transfer

System A

Weak interaction

= 100 ps = 10000 psAU
-1

System B

ωext

QDS QDL QDS QDL

S
L1

L2

L1

L2S
BU
-1

100 200 300 400 500

0.002

0.006

0.010

0.014

Inter-dot distance (nm)
U

(p
s-1

)

System A

System B

(a)

ωext

Fig. 1.5 Energy efficiency of optical excitation transfer. a Yukawa-type screened potential of an
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the energy dissipation. For System B, three different cases are shown, with U−1
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and 10,000 ps, respectively indicated by, and marks. c Energy dissipation as a function of error
ratio regarding optical excitation transfer and the bit flip energy required in a CMOS logic gate.
The energy dissipation of optical excitation transfer is about 104-times lower than that in classical
electrically wired devices

from QDS to QDL should not occur; namely, the radiation from QDL should nor-
mally be zero. We assume U−1

SL = 10,000 ps for System B, denoted by U−1
B in

Fig. 1.5a, indicating effectively no interactions between the two.
One remark here is that the inter-dot interaction times of System A and System

B are related to the distances between the two quantum dots. The optical near-
field interaction between two nanoparticles is known to be expressed as a screened
potential using a Yukawa function, given by
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U = A exp(−μr)

r
, (1.6)

where r is the distance between the two [58]. In this representation, the optical near-
field is localized around nanoparticles, and its decay length is equivalent to the particle
size. Here, it should be noted that the inter-dot distance of System B indicates how
close independent functional elements can be located. In other words, the interaction
time of System B is correlated with the integration density of the total system. In order
to analyze such spatial density dependencies, we assume that the U−1

SL values of 100
and 10,000 ps respectively correspond to inter-dot distances of 50 and 500 nm. Here,
the stronger interaction (100 ps) has been assumed, as already mentioned, based on
a typical interaction time between closely spaced quantum dots. We also assume
that the interaction with negligible magnitude (10,000 ps) corresponds to a situation
where the inter-dot distance is close to the optical wavelength. Figure 1.5a shows the
Yukawa-type potential curve given by (1.6).

When we assume a longer duration of the input light, the population converges to a
steady state. When a pulse with a duration of 10 ns at the same wavelength (365 nm) is
radiated, Fig. 1.5b summarizes the steady state output populations involving energy
level L1 evaluated at t = 10 ns as a function of the energy dissipation. The intended
system behavior, that is, a higher output population in System A and a lower one in
System B, is obtained in the region where the energy dissipation is larger than around
25µeV. If we treat the population in System A as the amplitude of a “signal” and
that in System B as “noise”, the signal-to-noise ratio (SNR) can be evaluated based
on the numerical values in Fig. 1.5b. To put it another way, from the viewpoint of the
destination QD (or QDL), the signal should come from a QDS in its proximity (as in
the case of System A), not from a QDS far from QDL (as in the case of System B);
such a picture will aid in understanding the physical meaning of the SNR defined
here. Also, here we assume that the input data are coded in an external system,
and that QDS is irradiated with input light at frequency ωext . With the SNR, the
error ratio (PE ), or equivalently the bit error rate (BER), is derived by the formula
PE = (1/2)erfc(

√
SNR/2

√
2) where erfc(x) = 2/

√
π

∫ ∞
x exp(−x2)dx , called the

complementary error function [59]. The circles in Fig. 1.5c represent the energy
dissipation as a function of the error ratio assuming the photon energy used in the
above study (3.4 eV). According to [60], the minimum energy dissipation (Ed) in
classical electrically wired devices (specifically, the energy dissipation required for

a single bit flip in a CMOS logic gate) is given by Ed = kB T ln
(√

3PE/2
)

, which

is indicated by the squares in Fig. 1.5c. For example, when the error ratio is 10−6,
the minimum � in the optical excitation transfer is about 0.024 meV, whereas that of
the classical electrical device is about 303 meV; the former is about 104 times more
energy efficient than the latter.

As mentioned earlier, the performance of System B depends on the distance
between the QDs. When the interaction time of System B (U−1

B ) increases, such as
500 ps, the steady state population involving L1 is as indicated by the triangular marks
in Fig. 1.5b; the population stays higher even with increasing energy dissipation



1 Nanointelligence: Information Physics Fundamentals for Nanophotonics 13

compared with the former case of U−1
B = 10,000 ps. This means that the lower bound

of the SNR results in a poorer value. In fact, as demonstrated by the triangular marks
(1) in Fig. 1.5c, the BER cannot be smaller than around 10−4, even with increasing
energy dissipation. The lower bound of the BER decreases as the interaction time U−1

B
increases (namely, weaker inter-dot interaction), as demonstrated by the triangular
and square marks (2) to (6) in Fig. 1.5c.

Finally, here we make a few remarks regarding the discussion above. First, we
assumed arrays of identical independent circuits in the above discussion of den-
sity. Therefore, two circuits need spatial separations given by UB so that unintended
behavior does not occur. However, when two adjacent nanophotonic circuits are oper-
ated with different optical frequencies so that they can behave independently [61],
those two circuits could be located closer together, which would greatly improve the
integration density as a whole. Further analysis and design methodologies of com-
plex nanophotonic systems, as well as comparison to electronic devices, is another
topic to be pursued in future work. Second, because the energy separation in a single
destination QD is limited by its size and lies in the range of meV, the results for
energy separations in the µeV range correspond to cases where the destination dot
QDL represents a theoretical model of a coupled quantum dot system such as a pair
of quantum dots. The coupled system exhibits optical near-field interactions with
the smaller QD, followed by inter-dot electron transfer resulting in optical radiation.
In fact, Matsumoto et al. have demonstrated spin-dependent carrier transfer leading
to optical radiation between a coupled double quantum well system composed of
magnetic and nonmagnetic semiconductors [62], which can be applied to quantum
dot systems [63]. Third, a discussion of input and output interfaces is necessary. The
above discussion has focused on the lower bound of energy dissipation in the quan-
tum dots. Practical operation of real devices requires input and output interfaces,
and the minimum number of photons for a bit slot may be of concern when taking
account of noise at the receivers. In [64], Naruse et al. unified such considerations
into an evaluation model and analyzed experimental results based on stacked QDs
[19]. It was found that optical excitation transfer still exhibits around 104-times better
energy efficiency compared with electronic counterparts [64].

1.2.3 Going Beyond the von Neumann Architecture:
Stochastic Solution Searching

Another aspect of the stochastic nature inherent in nanophotonics is its application
to novel computing devices and architectures [65]. Nature-inspired architectures are
attracting significant attention in various research arenas, such computational neu-
rosciences, stochastic-based computing and noise-based logic, and spatiotemporal
computation dynamics [66], in order to benefit from the superior attributes of nature
and living systems.

Among this research, Aono et al. demonstrated “amoeba-based computing” tasks,
such as solving the constraint satisfaction problem (CSP) [66] and the traveling
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salesman problem (TSP) [67], by utilizing the spatio-temporal oscillatory dynamics
of the photoresponsive amoeboid organism Physarum combined with external opti-
cal feedback control. These demonstrations indicate that spatiotemporal stochastic
dynamics can be utilized for obtaining solutions for problems which today’s von
Neumann-architecture computers cannot deal with efficiently. In particular, it should
be noted that the optical excitation transfer between quantum nanostructures medi-
ated by optical near-field interactions is fundamentally probabilistic, as indicated by
the quantum master equations. Until energy dissipation is induced, an optical exci-
tation simultaneously interacts with all potentially transferable destination quantum
dots in the resonant energy level. Such a probabilistic behavior can be used for
solution searching and exploration. In addition, the optical energy transfer has been
shown to be 104-times more energy efficient than that of the bit-flip energy required
in conventional electrically wired devices, as discussed in Sect. 1.2.2.3 [56].

Here, we investigate the spatiotemporal dynamics inherent in optical excitation
transfer. Furthermore, we demonstrate that it can be utilized for solving a CSP. The
optical excitation transfer depends on the existence of resonant energy levels between
the quantum dots (QDs) or the state filling effect occurring at the destination QDs.
Such a spatial and temporal mechanism yields different evolutions of energy trans-
fer patterns combined with certain feedback mechanisms. In contrast to biological
substrates, optical energy transfer is implemented by highly-controlled engineering
means for designated structures. The operating speed of such optical near field-
mediated QD systems, which is on order of nanoseconds when we are concerned
with radiative relaxation processes, is also significantly faster than ones based on
biological organisms, which is on the order of seconds or minutes [66].

In addition, we should emphasize that the concept and the principles discussed
here are fundamentally different from those of conventional optical computing or
optical signal processing, which are limited by the abilities of propagating light. The
concept and the principles are also different from the quantum computing paradigm
where the superposition of all possible states is exploited to lead to a correct solution.
The optical near field-mediated energy transfer is a coherent process, indicating that
an optical excitation could be transferred to all possible destination QDs via a resonant
energy level, but such coherent interaction between QDs results in a unidirectional
energy transfer by means of an energy dissipation process occurring in the larger
dot. Thus, our approach paves the way to another computing paradigm in which both
coherent and dissipative processes are exploited.

Here we assume one smaller quantum dot, denoted by QDS , and four larger
quantum dots, denoted by QDL1, QDL2, QDL3, and QDL4, as shown in Fig. 1.6a. The
smaller and larger QDs are resonant with each other. Figure 1.6b shows representative
parameterizations associated with the system; for example, the (1, 0)-level in the
smaller QD is denoted by S, and the (1,1)-level in QDLi is denoted by L(U)

i . These
levels are resonant with each other and are connected by inter-dot interactions denoted
by USLi (i = 1, . . . , 4). The lower level in QDLi , namely, the (1, 0)-level, is denoted

by L(L)
i , which could be filled via the sublevel relaxation from L(U)

i denoted by ΓLi .
The radiations from the S and Li levels are respectively represented by the relaxation
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Fig. 1.6 a Architecture of the optical-energy-transfer–based system for solving constraint satisfac-
tion problem and composed of a smaller quantum dot and four larger quantum dots b and its energy
diagram. Radiation from the larger quantum dots is detected. Control light is used for inducing state
filling in the larger quantum dots. c Energy transfer probabilities calculated as time integrals of the
populations depending on the state filling of the larger dots, shown in (a). There are a total of six
different spatial arrangements of the induced state filling, excluding the symmetries. d There are a
total of 24 (=16) different combinations of binary values in the given problem. The correct solutions
are the state numbers (7) and (10), where {x1, x2, x3, x4} are respectively given by {0, 1, 0, 1} and
{1, 0, 1, 0}

constants γS and γLi. We call the inverse of those relaxation constants the radiation
lifetime in the following. We also assume that the photon radiated from the lower
level of QDLi can be separately captured by photodetectors. The channels of control

light, denoted by CLi , can induce a state filling effect at L(L)
i . Summing up, Fig. 1.6a

schematically represents the architecture of the system to be studied in this section
for solving a CSP.

In the numerical calculation, we assume U−1
SLi

= 100 ps, Γ −1
i = 10 ps, γ−1

Li = 1 ns,

and γ−1
S = 2.92 ns as a typical parameter set. If there is no state filling in the system,

an optical excitation sitting initially at S can be transferred to any one of QDL1 to
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QDL4 with the same probability, as demonstrated in Fig. 1.6c, 0, which is the time-
integral of the population involving the energy level L(L)

i . If QDL1 suffers from state
filling, on the other hand, the initial excitation at S is more likely to be transferred to
QDL2, QDL3, or QDL4, as shown in Fig. 1.6c, 1. Looking at the results more closely,
the probability of transfer to QDL3 is higher than the probabilities of transfer to QDL2
and QDL4 by considering the geometrical arrangements of the system. A detailed
discussion is found in [65]. Additionally, the energy transfer probabilities in the
presence of two-, three-, or four-state filling are summarized in Fig. 1.6c. The energy
transfer probability, given by the integral of the population divided by a constant gain
factor, is a figure-of-merit (FoM) indicating the trend of optical energy transfer from
the smaller quantum dot to the four larger ones. This energy transfer probability does
not obey the conservation law of probability, namely, the summation of the transition
probabilities to QDLi is not unity. Instead, we see that the energy transfer to QDLi

occurs if a random number generated uniformly between 0 and 1 is less than the
transition probability to QDLi .

The idea for problem solving is to control optical energy transfer by controlling
the destination QD by using control light in an adequate feedback mechanism. We
assume that photon radiation, or observation, from the energy level L(L)

i is equivalent
to a binary value xi resulting in a logical 1 level, whereas no observation of a photon
means xi = 0.

We consider the following constraint satisfaction problem as an example regarding
an array of N binary-valued variables xi (i = 1, . . . , N ). The constraint is that
xi = NOR(xi−1, xi+1) should be satisfied for all i . That is, variable xi should be
consistent with a logical NOR operation of the two neighbors. For i = 0 and N , the
constraints are respectively given by x1 = NOR(xN , x2) and xN = NOR(xN−1, x1).
We call this problem the “NOR problem” in the following. Taking account of the
nature of an individual NOR logic operation, one important inherent character is
that if xi = 1 then its two neighbors should both be zero, or xi−1 = xi+1 = 0.
Recall that a photon radiated, or observed, from the energy level L(L)

i corresponds
to a binary value xi = 1, whereas the absence of an observed photon means xi = 0.
Therefore, xi = 1 should mean that the optical energy transfer to both L(L)

i−1 and L(L)
i+1

is prohibited so that xi−1 = xi+1 = 0 is satisfied. Therefore, the feedback or control
mechanism is as follows:

[Control mechanism] If xi = 1 at cycle t , then the control light beams Ci−1 and
Ci+1 are turned on at cycle t = t+1.

In the case of N = 4, there are in total 24 optical energy transfer patterns from the
smaller dot to larger ones. In this case, variables satisfying the constraints do exist,
and they are given by {x1, x2, x3, x4} = {0, 1, 0, 1} and {1, 0, 1, 0}, which we call
“correct solutions”. Figure 1.6d schematically represent some of the possible states,
where the states (7) and (10) respectively correspond to the correct solutions.

We now make a few remarks regarding the NOR problem. One is about potential
deadlock, analogous to Dijkstra’s “dining philosophers problem”, as already argued
by Aono et al. in reference [66]. Starting with an initial state xi = 0 for all i , and
assuming a situation where optical energy is transferred to all larger QDs, we observe
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photon radiation from all energy levels L(L)
i , namely, xi = 1 for all i . Then, based on

the feedback mechanism shown above, all control light beams are turned on. If such
a feedback mechanism perfectly inhibits the optical energy transfer from the smaller
QD to the larger ones at the next step t + 1, the variables then become xi = 0 for
all i . This leads to all control light beams being turned off at t + 2. In this manner,
all variables constantly repeat a periodic switching between xi = 0 and xi = 1
in a synchronized manner. Consequently, the system can never reach the correct
solutions. However, as indicated in Fig. 1.6c, the probability of optical energy transfer
to larger dots is in fact not zero even when all larger QDs are illuminated by control
light, as shown in Fig. 1.6c, 4. Also, even for a non-illuminated destination QD, the
energy transfer probability may not be exactly unity. Such a stochastic behavior of
the optical energy transfer is a key role in solving the NOR problem. This nature is
similar to the demonstrations in amoeba-based computing [66] where fluctuations
of chaotic oscillatory behavior involving spontaneous symmetry breaking in the
amoeboid organism guarantee such a critical property.

The operating dynamics cause one pattern to change to another one in every
iteration cycle. Thanks to the stochastic nature, each trial could exhibit a different
evolution of the energy transfer patterns. In particular, the transition probability,
shown in Fig. 1.6c, affects the behavior of the transitions.

The curves in Fig. 1.7a represent the evolution of the output appearance from
QDLi , namely, the ratio of the incidence when xi = 1 among 1,000 trials evaluated
at each cycle. The curves in Fig. 1.7b characterize the ratio of the appearance of the
state that corresponds to the correct solutions: {0, 1, 0, 1} (state 7) and {1, 0, 1, 0}
(state 10). When we closely examine the evolutions of xi in Fig. 1.7a, we can see
that the pair x1 and x3 exhibit similar behavior, as do the pair x2 and x4. Also, the
former pair exhibit larger values, whereas the latter pair exhibit smaller values, and
vice versa. This corresponds to the fact that correct solutions are likely to be reached
as the iteration cycle increases.

Such a tendency is more clearly represented when we evaluate the time-averages
of the characteristics in Fig. 1.7a, b. Figure 1.7c shows the evolutions of the ratio of
the incidences when xi = 1, and Fig. 1.7d shows the ratios of State (7) and State
(10) averaged over every 5 cycles. We can clearly observe a similar tendency to
the one described above. Also, we should emphasize that, thanks to the probabilis-
tic nature of the system, the states of correct solutions appear in an interchangeable
manner. This is a clear indication of the fact that the probabilistic nature of the system
autonomously seeks the solutions that satisfy the constraints of the NOR problem;
the state-dependent probability of energy transfer plays a critical role in this. In
other words, it should be emphasized that a non-local correlation is manifested in
the evolution of xi ; for instance, when the system is in State (7), {0, 1, 0, 1}, the
probabilities of energy transfer to QDL1 and QDL3 are equally comparably low (due
to state filling), whereas those to QDL2 and QDL4 are equally comparably high, indi-
cating that the probability of the energy transfer to an individual QDLi has inherent
spatial patterns or non-local correlations. At the same time, the energy transfer to
each QDLi is indeed probabilistic; therefore, the energy transfer probability to, for
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Fig. 1.7 a The evolution of the ratio of the output appearance from QDLi , or xi = 1, and b the
ratios of the states corresponding to the correct solutions with the initial state of {x1, x2, x3, x4} =
{0, 0, 0, 0}. c, d Time-averaged traces of (a) and (b), respectively. e The evolution of the ratio of
the output appearance from QDLi , or xi = 1, and f the ratios of the states corresponding to correct
solutions with the initial state {x1, x2, x3, x4} = {0, 1, 0, 1}

instance, QDL1 is not zero even in State (7), and thus, the state could transition from
State (7) to State (10), and vice versa. In fact, starting with the initial condition of
State (7), the ratio of the output appearance from QDL1 and the ratio of the correct
solutions evolve as shown in Fig. 1.7e, f, where States (7) and (10) occur equally in
the steady state at around 20 time cycles.

We make two final remarks to conclude this section. The first is about the
relevance to a satisfiability problem (SAT). In the case of N = 4, solving the NOR
problem demonstrated above is equivalent to solving the following satisfiability prob-
lem instance given in a conjunctive normal form:
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f (x1, x2, x3, x4) = (¬x1 ∨ ¬x2) ∧ (¬x1 ∨ ¬x4) ∧ (¬x2 ∨ ¬x3)

∧ (¬x3 ∨ ¬x4) ∧ (x1 ∨ x2 ∨ x3) ∧ (x1 ∨ x2 ∨ x4)

∧ (x1 ∨ x3 ∨ x4) ∧ (x2 ∨ x3 ∨ x4). (1.7)

Since the maximum number of literals in clauses in (1.7) is three, this is an instance
of a so-called 3SAT problem [68]. We have already reported that such a SAT problem
could be dealt with by variants of our optical-near-field–mediated systems [69]. SAT
is an important nondeterministic polynomial-time complete (NP-complete) prob-
lem, indicating that no fast algorithm has been found yet [68]. We consider that
nanophotonic principles could potentially provide a new way to solve such com-
putationally demanding problems. In addition, Kim et al. have succeed in applying
optical excitation transfer to decision making applications, giving better performance
than conventional approaches [70].

The second remark is about the implementation of optical energy transfer for
such stochastic computing applications. As mentioned in the introduction, rapid
advancements have been made recently in nanomaterials for optical energy transfer
[19, 20, 26, 51, 57]. Among various technologies, for example, Akahane et al.
successfully demonstrated energy transfer in multi-stacked InAs QDs, where layer-
by-layer QD size control has been accomplished [51]. Adequate QD size control
also allows optical coupling between optical far-fields and optically-allowed energy
levels in a quantum dot mixture, which could help to solve the interfacing issues of
the system.

1.3 Nanophotonics for Security

The security aspects of optics have been studied extensively [4], and some of them
have been commercialized, such as in optical document security [71]. However,
since all of the existing optical security principles and technologies are based on
optical far-fields, or propagating light, such as Fourier optics [46], they suffer from
associated limitations, such as the difficulty of miniaturizing devices and systems
beyond dimensions limited by the diffraction of light [8], leading also to the difficulty
in applying them to tamper-resistant hardware in embedded systems etc.

On the other hand, nanophotonics, which utilizes light and matter interactions at
scales below the wavelength of light, has recently attracted attention [11]. In addition
to the ability to break through the diffraction limit of light, we can also make use
of the unique physical processes in nanophotonics, such as optical energy transfer
via optical near-field interactions, as discussed in Sect. 1.2. For example, from a
security standpoint, the tamper resistance of optical excitation transfer has been
demonstrated [72].

At the same time, for tamper-resistant hardware, we can make use of electromag-
netic fields in the subwavelength regime, in other words, near-field optics or nano-
optics [8]. In particular, technologies allowing shape-engineering of nanostructures,
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such as electron beam lithography, are stable and reliable technologies for imple-
menting systems and devices. We have demonstrated a “hierarchical hologram” that
works in both optical far-fields and near-fields, the former being associated with
conventional holographic images, and the latter being associated with the optical
intensity distribution originating from a nanometric structure embedded in the holo-
gram, which is accessible only via optical near-fields [22, 73, 74]. In other words,
information hiding can be realized by using optical near-fields and nanofabrica-
tion technologies. Also, authentication functions can be implemented by using two
shape-engineered nanostructures and their associated optical near-fields [21, 75].
In this system, the two nanostructures respectively work as a lock and key, where
authenticity is guaranteed by the nanoscale-precision shapes of the structures.

As described above, the physical principles of nano-optics will contribute to novel
security means. However, from a security perspective, more-solid theoretical foun-
dations and performance evaluations are necessary. In this section, we present a
fundamental theory of nano-optics based on a rigorous treatment and evaluate its
associated performance. We then characterize particular examples of nano-optical
security means based on this theoretical foundation. These investigations will lead to
enriched tamper-resistant hardware utilizing nano-optical processes, such as phys-
ical unclonable functions (PUFs) or security technologies in embedded systems in
general.

1.3.1 Theoretical Foundation

Optical near-fields are the localized, non-propagating components of electromagnetic
fields in the vicinity of materials [8]. We need to locate certain kinds of reader to
induce interactions between the material under study and the reader. In order to
characterize the structure of the system, we denote the entities of the system as
follows. Let the material under study, or the device, be denoted by D, and the reader
by R. The output signal is written as v = g(D, R).

One of the characteristic consequences of nano-optical systems is that the output
signal depends sensitively on both D and R, which is represented by the function
g(D, R). Such physically inherent properties of nano-optics are well-matched with
the architecture of tamper-resistant hardware. In order to theoretically represent the
fundamental characters, we describe the system as follows. The device D is repre-
sented by a point dipole located a distance X away from the origin, and the reader R is
located a distance Z away from the origin, as shown in Fig. 1.8a. The R-dependence
of the output signal is regarded as being equivalent to the Z -dependence.

Here, we employ the angular spectrum representation of electromagnetic fields,
in which the electromagnetic fields are represented as a superposition of evanescent
waves with different decay lengths and corresponding spatial frequencies [76–78].
As well as giving a rigorous analytical treatment of near-field components in the
subwavelength regime, this picture can explicitly include the D- and Z -dependences
as follows.
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Fig. 1.8 Fundamental system model for nano-optical security. a A point dipole (D) and an evalua-
tion point (Z) represent the device under study (D) and the reader (R), respectively. b, c The output
signal is evaluated by the angular spectrum, which is the near-field component of the electromag-
netic field in the subwavelength regime. Differences in Z and X are respectively shown in (b) and
(c). d, e Correlation coefficient of the output signal as a function of minute differences in Z and X .
A tiny difference strongly affects the output signal, which is a manifestation of the ability of nano-
optics for tamper-resistant hardware, offering functions like anticounterfeiting, authentication, etc.

Suppose that there is an electric dipole, D = d(cos ϕ, 0), on the xz plane oscillating
at frequency K , as shown in Fig. 1.8a. The velocity of light is taken as unity. Now,
consider the electric field of radiation observed at a position displaced from the dipole
by R = (r|| cos φ, Z). The angular spectrum representation of the z-component of
the optical near-field is given by

Ez(R) =
(

i K 3

4πε0

) ∞∫

1

ds||
s||
sz

fz(s||, D, R), (1.8)
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where

fz(s||, D, R) = ds||
√

s2|| − 1 cos(ϕ − φ)J1
(
Kr||s||

)
exp

(
−K Z

√
s2|| − 1

)
. (1.9)

Here, s|| is the spatial frequency of an evanescent wave propagating parallel to the x
axis, and Jn(x) represents Bessel functions of the first kind. The term fz(s||, D, R)

is called the angular spectrum of the electric field. We consider that fz(s||, D, R) is
equivalent to the signal v = g(D, R) characterized in the system model. In the case
of the system model shown in Fig. 1.8a, the parameters are given by ϕ = 0, r|| = X ,
and φ = π. Note that X and Z can be effectively considered to be given in units of
wavelength.

The solid curve in Fig. 1.8b shows the angular spectrum when X = 1/20 and
Z = 1/20. This corresponds to an authentic device D and an authentic reader R.
Differences of the reader R are equivalent to differences of Z ; for instance, when Z
is shifted by distance �Z = −1/100 the angular spectrum is given by the dotted
curve in Fig. 1.8b. Similarly, when �Z = 1/100, the angular spectrum is given by
the dashed curve in Fig. 1.8b. As shown by the changes of the curve in Fig. 1.8b, the
slight difference with respect to Z results in a different output signal from the system.
In order to quantitatively evaluate the Z -dependence, the correlation coefficient of
the angular spectrum is calculated as a function of �Z as summarized in Fig. 1.8d.
If we determine that an authentic signal should yield a correlation coefficient larger
than 0.9, �Z should be between −1/37 and 1/34, which would be an extremely small
absolute value in real dimensions. This indicates that nano-optics provides an evident
reader-dependence. Similarly, by considering the position of the dipole as the identity
of the device, a different position of the dipole provides a different angular spectrum.
The solid, dotted, and dashed curves in Fig. 1.8c respectively indicate the angular
spectra when �X is given by 0,−1/100, and +1/100. The correlation coefficient
is evaluated as shown in Fig. 1.8e; it is larger than 0.9 when �X is between −1/77
and 1/91, indicating that the output signal is sensitive to subtle differences of the
device D.

1.3.2 Hierarchical Hologram for Information Hiding
and its Theoretical Fundamentals

Holography, which generates natural three-dimensional images, is one of the most
common anti-counterfeiting techniques [71]. In a volume hologram, the surface
is ingeniously formed into microscopic periodic structures that diffract incident
light in specific directions. Generally, these microscopic structures are recog-
nized as being difficult to duplicate; therefore, holograms have been widely used
in the anti-counterfeiting of bank notes, credit cards, etc. However, conventional
anti-counterfeiting methods based on the physical appearance of holograms are
nowadays not completely secure [79]. Nano-optical solutions would provide higher
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Fig. 1.9 Hierarchical hologram. Experimental demonstrations and theoretical foundations. a Hier-
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in its near-fields ((d, ii) and dashed curve in (e)). f These results explain the evident polarization
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anti-counterfeiting capability and could potentially enable other applications, such
as artifact-metric systems [80].

A hierarchical hologram works in both optical far-fields and near-fields, the
former being associated with conventional holographic images (Fig. 1.9a, i), and
the latter being associated with the optical intensity distribution originating from
a nanometric structure (Fig. 1.9a, ii) that is accessible only via optical near-fields
(Fig. 1.9a, iii). In principle, a structural change occurring at the subwavelength scale
does not affect the optical response function, which is dominated by propagating
light. Therefore, the visual aspect of the hologram is not affected by such a small
structural change on the surface. Additional data can thus be written by engineering
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structural changes in the subwavelength regime so that they are only accessible via
optical near-field interactions, without having any influence on the optical response
obtained via the conventional far-field light. As indicated in Fig. 1.9a, i, we can
observe a three-dimensional image of the earth reconstructed from the device. More
specifically, the device was based on the design of Virtuagram®, developed by Dai
Nippon Printing Co., Ltd., Japan, which is a high-definition computer-generated
hologram composed of binary-level one-dimensional modulated gratings, as shown
in the scanning electron microscope (SEM) image in Fig. 1.9a, ii. Within the device,
we slightly modified the shape of the original structure of the hologram so that
the nanostructural change was accessible only via optical near-field interactions. As
shown in Fig. 1.9a, ii, square- or rectangle-shaped structures, whose associated opti-
cal near-fields correspond to the additional or hidden information, were embedded
in the original hologram structures. The unit size of the nanostructures ranged from
40 to 160 nm.

The original hologram structure is basically composed of one-dimensional grat-
ings; that is, the structure is topologically connected along the vertical direction.
The embedded nanostructure for the hidden information destroys such a connected
topology of the original gratings.

From a security standpoint, we should mention two points. One is that counter-
feiting such an intricate nanostructure would be technologically very difficult, if not
impossible, since realizing the minimum feature size—40 nm in the device shown
in Fig. 1.9a [22]—would require the attackers to have high-quality nanofabrication
facilities. The other is that such a topologically disconnected structure exhibits strong
polarization dependence. The input light induces oscillating surface charge distrib-
utions due to the coupling between the light and electrons in the metal. Note that
the original 1D grid structures span along the vertical direction. The y-polarized
input light induces surface charges along the vertical grids. Since the grid structure
continuously exists along the y-direction, there is no chance for the charges to be con-
centrated. However, in the area of the embedded square-shaped nanostructure, we can
find structural discontinuity in the grid; this results in higher charge concentrations
at the edges of the embedded nanostructure. On the other hand, the x-polarized input
light sees structural discontinuity along the horizontal direction due to the vertical
grid structures, as well as in the areas of the embedded nanostructures. It turns out
that charge concentration occurs not only in the edges of the embedded nanostruc-
tures but also at other horizontal edges of the environmental grid structures. When a
square-shaped nanostructure is isolated in a uniform plane, both x- and y-polarized
input light have equal effects on the nanostructures. The nanostructures embedded
in holograms could exploit these polarization dependences.

In the experimental demonstration, near-field intensity distributions were detected
using a near-field optical microscope operated in an illumination-collection mode
with an optical fiber tip having a radius of curvature of 5 nm. The observation distance
between the tip of the probe and the sample device was set at less than 50 nm. The
light source used was a laser diode (LD) with an operating wavelength of 785 nm, and
scattered light was detected by a photomultiplier tube (PMT). We examined near-
field images in the vicinity of nanostructures that were embedded in the hologram and
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nanostructures that were not embedded in the hologram using a linearly polarized
radiation source with its polarization rotated from 0◦ to 180◦ at 20◦ intervals. In
the case of nanostructures embedded in the hologram, clear polarization dependence
was observed. To quantitatively evaluate the polarization dependence, we adopted
a figure-of-merit, what we call recognizability, for the observed near-field images,
which represents the difference of the near-field intensity compared with that of
neighboring areas. More specifically, let the horizontal intensity profile along the
dashed line in Fig. 1.9b, which crosses the area of the nanostructure, be denoted by
I (x), where xrepresents the horizontal position. Also, let the average intensity along
the vertical direction at the horizontal position x within a range of 2.5 µm be denoted
by 〈I (x)〉env, which indicates the environmental signal distribution. When a higher
intensity is obtained selectively from the area of the nanostructure, the difference
between I (x) and 〈I (x)〉env should be large. On the other hand, if the intensity
distribution is uniform along the vertical direction, the difference between I (x) and
〈I (x)〉env should be small. Thus, the difference between I (x) and 〈I (x)〉env indicates
the recognizability of the nanostructures. With respect to the polarization angle θ, we
evaluate the recognizability R(θ) as R(θ) = ∑

x |I (x) − 〈I (x)〉env|. The square and
circular marks in Fig. 1.9c respectively show R(θ) based on the near-field images
of isolated nanostructures and those embedded in the hologram. Clear polarization
dependency is observed in the case of the nanostructures embedded in the hologram.

Here, we theoretically deal with the above properties of a hierarchical holo-
gram using the theoretical elements presented in Sect. 1.3.1. As mentioned earlier,
x-polarized input light sees structural discontinuity along the horizontal direction due
to the vertical grid structures, as well as in the areas of the embedded nanostructures.
We represent such a situation by a 5 × 5 array of dipoles arranged in the xy plane, as
shown in Fig. 1.9d, and assume that the dipole located at the center corresponds to
the nanostructure implemented for the information hidden within the hologram. We
consider the electromagnetic field in the vicinity of the embedded nanostructure at
the position R in Fig. 1.9d, i.

The angular spectrum is calculated by summing up all contributions from the 5×5
dipoles at the point R, as shown by the solid curve in Fig. 1.9e, which oscillates as
a function of spatial frequency, indicating that the field is not strongly localized at
point R. On the other hand, when the y-polarized input light is irradiated, the charge
concentration occurs only at the embedded nanostructure, which is represented by
Fig. 1.9d, ii. The corresponding angular spectrum at point R is given by the dashed
curve in Fig. 1.9e. It exhibits a peak value at a certain spatial frequency, meaning
that the higher intensity electric field is localized at point R. Such a difference is one
theoretically predicted behavior that is observed experimentally. By calculating the
integrals of the angular spectrum with respect to x- and y-polarized input light, which
respectively represent the near-field intensities given by Ix and Iy , the ratio of the
two, Iy /Ix , results in a value of about 4. In the case of isolated nanostructures, since
both x- and y-polarized light components induce the same responses, and the cor-
responding ratio is unity, as summarized in Fig. 1.9f, these theoretical investigations
are consistent with the experimental observations shown in Fig. 1.9c.
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1.3.3 Shape-Engineered Nanostructures for Authentication
Functions

In this section, we demonstrate that two metal nanostructures, called Shape D and
Shape R, can be designed to exhibit far-field radiation only when their shapes are
appropriately configured and when they are closely stacked [21, 75]. Such function-
ality is useful in ensuring authentication or certification, where a system should work
only when the two nanostructures match, just like a lock and key. We explain the
operating principle by observing the induced electric currents and their associated
optical near-fields based on the theoretical elements presented in Sect. 1.3.1.

We have previously proposed a theoretical scheme that is useful for examining
the relation between the shapes of nanostructures and the resulting light polarization
in their optical near-field and far-field [81]. In that study, the geometry of a given
nanostructure can be understood in terms of two factors, “individual element” and
“layout”, where the former represents the shapes of individual elements, and the latter
their spatial arrangement. There are two important physical aspects in analyzing their
corresponding optical responses. One is that input light induces electric currents
within individual elements of the metal nanostructure. The other is optical near-
fields between those individual elements. We can understand those two processes in
a unified manner as vectorial elements in the system [81].

Shape D and Shape R were designed as rectangular units aligned on an xy-plane at
constant intervals horizontally (along the x-axis) and vertically (along the y-axis), as
respectively shown in Fig. 1.10a, b. When we irradiate Shape D with x-polarized light,
surface charges are concentrated at the horizontal edges of each of the rectangular
units. The relative phase difference of the oscillating charges between the horizontal
edges is π, which is schematically represented by + and − marks in Fig. 1.10a.
Now, consider the y-component of the far-field radiation from Shape D, which is
associated with the charge distributions induced in the rectangle. When we draw
arrows from the + marks to the − marks along the y-axis, we find that adjacent
arrows are always directed oppositely, indicating that the y-component of the far-
field radiation is externally small. In other words, Shape D behaves as a quadrupole
regarding the y-component of the far-field radiation. It should also be noted that
near-field components exist in the vicinity of the units in Shape D. With this fact in
mind, we put the other metal nanostructure, Shape R, on top of Shape D. Through the
optical near-fields in the vicinity of Shape D, surface charges are induced on Shape R.
What should be noted here is that the arrows connecting the + and − marks along the
y-axis are now aligned in the same direction, and so the y-component of the far-field
radiation appears; that is, the stacked structure of Shape D and Shape R behaves as a
dipole (Fig. 1.10c). Also, Shape D and Shape R need to be closely located to invoke
such effects since the optical near-field interactions between Shape D and Shape R
are critical. In other words, far-field radiation appears only when Shape D and Shape
R are correctly stacked.

We fabricated structures consisting of (i) Shape D only, (ii) Shape R only, and
(iii) Shape D and Shape R stacked. Although the stacked structure should ideally
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Fig. 1.10 Authentication, or lock and key, based on nano-optics. a Shape D, b Shape R, and c stacked
structure of Shapes D and R. d Experimental demonstration of the lock and key matching, where
a strong output signal appears only when Shape R matches Shape D. e Lower output signals when
non-authentic keys are stacked on top of the lock. f An application of authentication based on
nano-optics. Shape D on a mobile phone and Shape R on a certified battery

be formed by combining the individual single layer structures, in the experiment,
the stacked structure was integrated in a single sample as a solid two-layer struc-
ture to avoid the experimental difficulty in precisely aligning the individual struc-
tures mechanically. The fabrication process was detailed in [21]. The lower side in
Fig. 1.10d also shows SEM images of fabricated samples of (i), (ii), and (iii). The
performance was evaluated in terms of the polarization conversion efficiency by
radiating x-polarized light on each of the areas (i), (ii), and (iii) and measuring the
intensity of the y-component in the transmitted light. The light source was a laser
diode with an operating wavelength of 690 nm. Two sets of polarizers (extinction
ratio 10−6) were used to extract the x-component for the input light and to extract
the y-component in the transmitted light. The intensity was measured by a lock-in
controlled photodiode. Figure 1.10d shows the polarization conversion efficiency as
a function of the position on the sample, where it exhibited a larger value specifically
in the areas where the stacked structure of Shapes D and R was located, which agrees
well with the theoretically predicted results.
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From the theoretical standpoint presented in Sect. 1.3.1, what is important to
obtain y-polarized output light is to locate an appropriately-designed Shape R on
top of Shape D with high alignment accuracy so that coherently phased dipoles are
induced in Shape R. As the theoretical results in Sect. 1.3.1 suggest, high-precision
control and alignment is essential to induce the output light.

In Fig. 1.10e, we consider the output signals when we place differently-shaped
structures on top of Shape D, instead of Shape R. That is, we intentionally put
non-authentic keys on top of the lock. The far-field output light is evaluated by finite-
difference time-domain (FDTD) electromagnetic simulations. The designs of Shape
D and Shape R consist of arrays of gold rectangular units; each unit has a length
of 500 nm, and a width and a height of 100 nm. As the material, we assumed the
Drude model of gold with a refractive index of 0.16 and an extinction ratio of 3.8
at a wavelength of 688 nm. With Shape R′ and Shape R′′, which are respectively
represented in the insets of Fig. 1.10e, as well as with the lock-only and key-only
shapes, the output signals do not appear, as shown from the fourth to the fifth row in
Fig. 1.10e, since the condition necessary for far-field radiation is not satisfied with
those shapes; namely, the correct key is necessary to unlock the lock.

Such functionality is useful, as mentioned in the beginning of this section, in
ensuring hardware authentication, where a system should work only when the two
nanostructures match. This would provide novel applications in the authentication of
ubiquitous devices. For instance, the explosion of non-certified batteries is a serious
issue in mobile devices [82]; the nano-optical lock-and-key principles and technolo-
gies described here could mitigate this problem by locating Shape D on the mobile
phone and a corresponding Shape R on a certified battery, as schematically shown
in Fig. 1.10f.

1.4 Stochastic Modeling of Near-Field Processes
for Intelligent Material Formation

Precision control of the geometrical features of materials on the nanometer scale,
such as their sizes and positions, are important factors in obtaining the intended
functionalities of nanophotonic devices and systems in which multiple nanostruc-
tures interact via optical near-fields [11], and also for plasmonic devices [83]. For
example, the sizes of QDs should be well-controlled to ensure that the quantized
energy levels between adjacent QDs are resonant, to facilitate efficient optical near-
field interactions [24]. Arrays of nanoparticles are important in various applications,
such as nanophotonic devices [11], optical far-field to near-field converters, plas-
monic light transmission lines [84], etc.

To satisfy such requirements, light-assisted, self-organized nanostructure fabri-
cation principles and techniques have been developed [33, 34]. One example is
the sol-gel synthesis of ZnO quantum dots (QDs) using photo-induced desorption,
which yields QDs with reduced variations in diameter [33]. Another example of
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light-assisted nanostructure fabrication is metal sputtering with light irradiation,
which produces self-organized, size- and position-controlled metal nanoparticle
chains [34]. In addition to the superior ability in regulating the geometries of nanos-
tructures, these light-assisted, self-organized fabrication techniques have relatively
simple experimental setups and have superior production throughput compared with,
for instance, scanning-based methods, such as those based on scanning architectures
[85, 86].

The physical mechanisms behind light-assisted nanostructure formation have been
attributed to material desorption [33, 87, 88] or plasmon resonance between light
and matter. However, stochastic physical processes are also present, as observed in
the experimental data discussed below. Also, we consider that a stochastic approach
is indispensable for taking account of the emergence of ordered structures and for
the purpose of obtaining intended structures; in other words, for achieving “nanoin-
telligence” in material production.

In light of this background, we approach light-assisted nanofabrication from
a stochastic standpoint. Taking account of light-assisted processes, we build sto-
chastic models that reproduce tendencies consistent with experimental observations.
Through such considerations, we obtain critical insights into order formation on the
nanometer scale, which will contribute to the design of nanophotonic devices and
systems.

1.4.1 Light-Assisted Size-Regulation of Nanoparticles

First, we characterize the light-assisted, self-organized ZnO quantum dot formation,
which was experimentally demonstrated in reference [33], with a stochastic approach.
We first briefly review the experimental observations. In making ZnO QDs, synthetic
methods using liquid solutions are advantageous because of their need for simple
facilities and their high productivity [89] compared with other techniques [90, 91].
In conventional sol-gel methods [89], however, the size of the QDs varies by as much
as 25 %. Liu et al. demonstrated a light-assisted sol-gel method that reduced the QD
diameter variations [33]. When light with a photon energy higher than the bandgap
energy is radiated during the ZnO QD formation process, electron–hole pairs could
trigger an oxidation–reduction reaction in the QDs, causing the ZnO atoms depositing
on the QD surface to be desorbed. In addition, such desorption is induced with a high
probability when the formed QDs reach a particular diameter. This light-dependent
QD size regulation has also been reported in other material systems, such as CdSe
[87] and Si [88].

The insets in Fig. 1.11a, b respectively show transmission electron microscope
(TEM) images of fabricated ZnO QDs without and with continuous-wave (CW)
light illumination at a wavelength of 325 nm with a power density of 8 mW cm−3

[33]. Figures 1.11a, b respectively summarize the incidence rate of nanoparticles as
a function of their diameter, whose variations decreased from 23 to 18 % with light
irradiation. In particular, note that the diameter distributions are different between
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Fig. 1.11 Incidence patterns of the diameters of fabricated ZnO quantum dots (QDs) formed by
a sol-gel method a without light irradiation and b with light irradiation. Insets in (a) and (b) are
transmission electron microscope images of QDs without and with light irradiation, respectively.
c, d Incidence patterns of the size distribution generated with the proposed stochastic model. The
patterns are consistent with the experimental observations in (a) and (b). e A stochastic model of
light-assisted nanoparticle formation. The growth of the QD is characterized with a one-dimensional
pile-up model. The success of the piling depends on probability p. f The effect of light irradiation
is modeled by a decrease in the probability p beyond a certain pile height, which corresponds to
the diameter of the nanoparticle in the experiment
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these two cases. Without light illumination (Fig. 1.11a), it exhibits behavior similar
to a normal distribution. In contrast, with light irradiation, the distribution is skewed;
in particular, the incidences at larger diameters decreased (Fig. 1.11b). We investigate
this different behavior by means of stochastic modeling.

First, in the absence of light illumination, we represent the formation process
with a statistical pile-up model, as schematically shown in Fig. 1.11e. An elemental
material that constitutes a nanoparticle is represented by a square-shaped block. Such
blocks are grown, or stacked one on another, with a piling success probability p;
accordingly, the piling fails with a probability of 1 − p. In other words, if we let the
height of the pile at step t be s(t), the piling probability is given by

{
P [s(t + 1) = s(t) + 1|s(t)] = p
P [s(t + 1) = s(t)|s(t)] = 1 − p.

(1.10)

Since this is equivalent to a random walk with drift, after repeating this process with
an initial condition s(0) = 0, the resultant heights of the piles exhibit a normal
distribution, as shown in Fig. 1.11c. Specifically, the statistics shown in Fig. 1.11c
were obtained by repeating 10,000 steps for 100,000 different trials.

On the other hand, we model the effect of light irradiation in the formation process
in the stochastic model as follows. As described above, since the material desorption
is likely to be induced at a particular nanoparticle diameter, we consider that the
piling success rate p is a function of the diameter, namely the height of the pile.
For simplicity, we consider that p, which represents the deposition success proba-
bility, decreases linearly beyond a certain total pile height, as schematically shown
in Fig. 1.11f. In other words, the material desorption is more likely to be induced
beyond a certain pile size due to the resonant effect mentioned above. That is, the
probability p in (1.10) is replaced with the following size-dependent probability:

p(s(t)) =
{

c s(t) ≤ R
c − αs(t) s(t) > R

, (1.11)

where c and α are constants. With such a stochastic model, the resultant incidence
distributions of the piles are skewed or reduced at larger sizes. In the calculated
results shown in Fig. 1.11d, we assume c = 1/2 and α = 1/250. The numerical
results obtained through the statistical modeling are consistent with the experimental
observations.

1.4.2 Light-Assisted Nanoparticle Array Formation

Yatsui et al. demonstrated self-organized formation of an ultralong array of nanopar-
ticles based on near-field optical desorption (Fig. 1.12a, b) [34]. We first briefly
describe the experimental observations. With conventional radio-frequency (RF)
sputtering, aluminum was deposited on a glass substrate. A 100 nm-wide and
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Fig. 1.12 An array of uniform-diameter, uniform-separation Al nanoparticles is self-organized
along a groove, with a 2.33 eV light irradiation and b 2.62 eV light irradiation. c A stochastic model
of the nanoparticle array formation. One-dimensional array in which an elemental block could be
deposited at position x . (i)–(iv) Rules for successful deposition at a randomly chosen position x .
(i) When the position belongs to one of the clusters, the cluster is maintained. (ii) Deposition is
inhibited next to a cluster whose size is larger than Bth1. (iii) Deposition is inhibited at a position
where the block sees clusters at both the left- and right-hand sides and when the total size of both
clusters is larger than Bth2. (iv) In other cases, deposition at the position succeeds

30 nm-deep groove was formed in the substrate. Also, the substrate was illuminated
with light linearly polarized perpendicularly to the direction of the groove during
the RF sputtering. Thanks to the well-defined edge of the groove, a strong optical
near-field was generated in its vicinity.

A metallic nanoparticle has strong optical absorption because of plasmon reso-
nance that depends strongly on the particle size [92–94]. This can induce desorption
of a deposited metallic material when it reaches the resonant diameter [95, 96]. It turns
out that, as the deposition of the metallic material proceeds, the growth is governed
by a tradeoff between deposition and desorption, which determines the particle diam-
eter, depending on the photon energy of the incident light. Consequently, an array of
metallic nanoparticles is aligned along the groove. While radiating continuous-wave
(CW) light with a photon energy of 2.33 eV (wavelength: 532 nm) during the deposi-
tion of aluminum, 99.6 nm-diameter, 27.9 nm-separation nanoparticles were formed
in a region as long as 100 µm (Fig. 1.12a).

As described above, the origin of the size regulation of the nanoparticles was
attributed to the resonance between the nanoparticles and the illuminated light,
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similarly to the case discussed in Sect. 1.4.1. At the same time, we consider that
although this physical mechanism indeed plays a crucial role, it is not enough to
explain the formation of the uniformly formed array structure. To explain such an
observation, we need to extend the stochastic model described in Sect. 1.4.1 as fol-
lows.

In the modeling, we assume a one-dimensional horizontal system that mimics
the groove on the substrate; it consists of an array of N pixels identified by an
index i ranging from 1 to N . An elemental material to be deposited onto the system,
experimentally by the RF sputtering described above, is schematically represented
by a square-shaped block (Fig. 1.12c). The initial condition is a flat structure without
any blocks.

At every iteration cycle, the position at which a block arrives, denoted by x , is
randomly chosen. We determine the success of the deposition at x by the following
rules. We denote the occupation by a block at position x of the groove by S(x);
S(x) = 1 when a block occupies a position x, and S(x) = 0 when there is no block
at position x . Also, we use the term “cluster” to mean multiple blocks consecutively
located along the groove. We also call a single, isolated block in the system a “cluster”.

1. When the randomly chosen position x belongs to one of the cluster(s), namely,
S(x) = 1, we maintain S(x) = 1 (Fig. 1.12c, i).

2. Even if S(x) = 0, when the chosen position x belongs to a “neighbor” of a cluster
with a size greater than a particular number Bth1, the deposition is inhibited. That
is, we maintain S(x) = 0 (Deposition is inhibited.) (Fig. 1.12c, ii).

3. Even if S(x) = 0, when the chosen position x has blocks at both its left and right
sides and the total number of connected blocks is greater than Bth2, the deposition
is inhibited. That is, we maintain S(x) = 0 (Fig. 1.12c, iii).

4. In other cases, the deposition at position x succeeds; namely, S(x) = 1
(Fig. 1.12c, iv).

The rules (ii) and (iii) correspond to the physical effect of the resonance between
the material and the light illumination that facilitates desorption of the particle.
The optical near-field intensity in the vicinity of a nanostructure follows a Yukawa
function (1.6). Therefore, the optical near-fields promote material desorption, or
in effect, inhibit material deposition, beyond a certain size of nanoparticles, which
is characterized as rule (ii) above. Also, even when a single cluster size is small,
meaning that the corresponding near-fields are small, when several such clusters are
located in close proximity, a material desorption effect should be induced overall.
Such an effect is represented as rule (iii) above. One remark here is that we do not
pile more than two blocks at a single position x ; that is to say, S(x) takes binary
values only, since our concern is how the clusters are formed in the 1D system.

Figure 1.13a shows the results of a numerical demonstration assuming a 1D array
with N = 1,000. As statistical values in the simulations, we evaluated the incidence
of the cluster size and the center-to-center interval between two neighboring clusters.
Figure 1.13a summarizes the evolution of these two values at t = 1,000 and t =
100,000. In the numerical calculations, for the threshold values in rules (ii) and (iii),
we assumed Bth1 = 8 and Bth2 = 12, respectively. We clearly observed that the
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Fig. 1.13 a Evolution of the cluster size and the cluster interval based on a stochastic model.
Both the size and the interval converge to incidence patterns that exhibit maxima at a particular
value, which reproduced the experimentally observed size- and separation-controlled formation of
a nanoparticle array. The interval of the nanoparticles is greater with higher photon energy. By
modifying rule (ii) of the stochastic model, the cluster interval increases, which is consistent with
the experimental observations. b Evolution of the number of elements in the stochastic model. After
cycle t = 3,000, the number of elements is stable, meaning that the system is getting into a steady
state in a self-organized manner

size and the interval converged to representative values, which is consistent with
the experimental observations shown in Fig. 1.12a. Furthermore, we evaluate the
total number of elemental blocks contained in the system as a function of elapsed
time in the stochastic simulation. As shown in Fig. 1.13b it converges to a constant
value beyond around 3000 iteration cycles, which is another indication that a self-
organized process emerges based on optical near-field processes. Since the present
modeling includes some parameters, this does not strictly exhibit so-called self-
organized criticality [30]. However, we consider that the convergence to a uniformly
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sized, uniformly separated 1D pattern is indeed a kind of self-organized critical
phenomenon.

Moreover, as reported in reference [34], a similar experiment was conducted
with a higher photon energy of 2.62 eV (473 nm) and an optical power of 100 mW,
which resulted in the formation of 84.2 nm-diameter, 48.6 nm-separation nanoparti-
cles (Fig. 1.12b). As summarized in the experimental results indicated in Fig. 1.13a,
the diameter is slightly reduced and the nanoparticle distance is enlarged compared
with the previous case of lower photon energy (2.33 eV (532 nm)). The reduced diam-
eter of the nanoparticles is attributed to the fact that the higher photon energy leads
to desorption at smaller diameters [33, 92]. The larger separation between adjacent
nanoparticles is, however, not obviously explained.

We presume that a stronger light–matter resonance is induced at a higher photon
energy, which more strongly induces material desorption, or inhibits the deposition
of materials, in the neighboring clusters. We can take account of this effect by mod-
ifying the stochastic model described above. Instead of blocking the deposition at
the neighboring positions by rule (ii), we consider that distant neighbors are also
inhibited:

(ii′) Even if S(x) = 0, when x sees a cluster with a size greater than a particular
number Bth1, within an area (a) between x − 3 and x − 1 or (b) between x + 1 and
x + 3, the deposition is inhibited. That is, we maintain S(x) = 0.

While preserving Bth1 and Bth2 values with the previous example, the cluster
size statistics evolve as shown in Fig. 1.13a. At the iteration cycles t = 1,000 and
100,000, the incidences of single-sized clusters are large. This is due to the strict
inhibition rule (ii′) above, which reduces the chance of clusters growing. Treating
such a single-sized cluster as an artifact, or a virtually ignorable element, in the
system, we evaluate the cluster-to-cluster interval except for single-sized clusters.
The cluster interval converges to a maximum of 10, as shown in Fig. 1.13a, which
is larger than the previous case, which converged to 8. This is consistent with the
experimental observations.

Such a stochastic modeling has also been applied in analyzing the morphologyof a
solar cell that exhibits photosensitivity below the bandgap energy made by an optical
near-field assisted method [31].

Furthermore, mathematical modeling helped to unveil the mechanisms of light-
assisted surface flattening [35]. More specifically, a two-dimensional hierarchical
surface roughness measure taking account of the hierarchical property of optical
near-fields was developed and was found to be useful in a demonstration of light-
assisted surface processing [99]. As such, system-oriented research will contribute
to realizing “nanointelligence” in material applications.

1.5 Conclusion and Future Prospect

In this chapter, we have discussed nanophotonics from the standpoint of informa-
tion, toward achieving intelligent functions, or what we call “nanointelligence”. In
particular, we highlighted optical excitation transfer involving optical near-field
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interactions keeping an eye on the possibility of going beyond von Neumann’
computing. Nanophotonic security is also presented both theoretically and exper-
imentally. Finally, stochastic modeling, as well as its contribution to material appli-
cations, was discussed.

Finally, we make a few remarks on the future prospects of research and develop-
ment in nanophotonics from an information physics, or system-level viewpoint. We
consider that future research and development will be roughly grouped into three
categories. The first category concerns further investigation of basic and emergent
properties in nanophotonics. For example, scalability and suitable information rep-
resentations for nanophotonic systems should be further investigated in the future.
The second category involves design-related concerns. This chapter mainly exploited
optical energy transfer and multipole attributes offered by near-field interactions. The
degrees-of-freedom available on the nanoscale, however, are in fact much more abun-
dant and should be thoroughly investigated; these include magnetic field, electron
spin, and so on. For instance, magnet-chiral effects [97], energy transfer in diluted
magnet semiconductors [62], etc. suggest the importance of including a discussion
of spin in the treatment of optical near-fields. In addition, morphology in nanoscale
material enables interesting functions, such as light emission from indirect-type semi-
conductors (e.g., silicon) [15]. It has been suggested that coherent coupling between
phonons and optical near-fields lies behind such phenomena [98]. Rigorous theoret-
ical schemes, including ones that offer systematic design frameworks for realizing
versatile materials and functionalities, should be investigated. The third category
concerns applications; socially and industrially important applications will be pur-
sued in the future [6, 7], and “intelligent” attributes will be one area where the work
described in this chapter will contribute.

Finally, we hope that this chapter will contribute to stimulating research in the
cross-disciplinary areas of nanophotonics, information, and materials, from funda-
mental principles to practical applications.
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