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Abstract—We examine autonomous optical excitation transfer in
mixtures of different-sized quantum dots networked via optical
near-fields at the nanometer scale. We theoretically and
experimentally demonstrate optical excitation transfer via the
network of optical near-field interactions among quantum dots.
The topology-dependent efficiency of excitation transfer is also
investigated. The results of our analysis of autonomous and
energy-efficient light—-matter interactions at the nanoscale, called
nanophotonics, will provide useful insights into the design of
robust and energy-efficient information and communications
systems and networks.

Index Terms—nanophotonics, nanometer-scale systems,
nanostructures, network in the nanometer-scale, new generation
network, optical excitation transfer, optical near-fields

L INTRODUCTION

PTICS is expected to play a crucial role in enhancing
system performance to handle the continuously growing
amount of digital data and new requirements demanded by
industry and society [1]. However, there are some
fundamental difficulties impeding the adoption of optical
technologies in information processing and communication
systems [2-6]. One problem is the poor integrability of optical
devices in systems due to the diffraction limit of light. This is
because the optical wavelength used in a given system is
typically around 1 pm, which is about 100 times larger than
the gate width of present silicon VLSI hardware.
Nanophotonics, on the other hand, which is based on local
interactions between nanometer-scale materials via optical
near-fields, is not restricted by conventional diffraction of
light, allowing ultrahigh-density integration [2-4]. Optical
excitation transfer between quantum dots (QDs) via optical
near-field interactions will be one of the most important
mechanisms in realizing novel devices and systems [2,3,7,8].
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Moreover, qualitatively novel features that are unavailable in
conventional optics and electronics are enabled by such
optical excitation transfer [9,10].

In this paper, we demonstrate optical excitation transfer in a
mixture composed of different-sized (larger and smaller) QDs
networked via optical near-fields in their vicinities. We
theoretically demonstrate an optimal mixture of two different-
sized QDs concerning the optical near-field interaction
network based on a density matrix formalism, which agrees
well with experimental results obtained using CdSe/ZnS QD
mixtures with diameters of 2.0 nm and 2.8 nm. In addition, we
theoretically examine the topology-dependent efficiency of
optical excitation transfer, which also clearly exhibits
autonomous, energy-efficient networking behavior occurring
at the nanometer scale.

This paper is organized as follows. In Section II, we
describe the physical fundamentals of optical excitation
transfer between QDs. In Section III, we discuss a network of
optical near-field interactions and analyze the mixture-
dependent optical excitation transfer theoretically and
experimentally. In Section IV, we investigate the topology-
dependency of the excitation transfer. In Section V, we discuss
what we can learn from these physical principles and
phenomena physically existing at the nanometer scale and
their implications for information and communications
applications, as well as information networking.

II.  OPTICAL EXCITATION TRANSFER VIA OPTICAL NEAR-
FIELD INTERACTIONS BETWEEN QUANTUM DOTS

In this section, we first briefly review the fundamental
principles of optical excitation transfer involving optical near-
field interactions [2,3]. Conventionally, the interaction
Hamiltonian between an electron and an electric field is given
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Fig. 1. (a) Optical excitation transfer from smaller quantum dot (QDyg) to
larger one (QD,) via optical near-field interactions. (b) Multiple quantum dot
system composed of multiple smaller QDs and one larger QD. (c-f) Example
systems.

by

= [y (*) iy (7) » D(F)dr M
where i is the dipole moment, f() and (¥) are
respectively creation and annihilation operators of the electron

at ¥, and 5(7) is the operator of electric flux density. In

usual light-matter interactions, the operator 5(;) is a constant

since the electric field of propagating light is considered to be
constant on the nanometer scale. Therefore, one can derive
optical selection rules by calculating a transfer matrix of an
electric dipole. As a consequence, in the case of cubic QDs,
for instance, transitions to states described by quantum
numbers containing an even number are prohibited [2]. In the
case of optical near-field interactions, on the other hand, due
to the steep electric field of optical near-fields in the vicinity
of nanometer-scale matter, an optical transition that violates
conventional optical selection rules is allowed [2,3].

Optical excitations in nanostructures, such as QDs, can be
transferred to neighboring ones via optical near-field
interactions [8-10]. For instance, assume that two cubic QDs
whose side lengths are a and /2,4, which are called QDg and
QD,, respectively, are located close to each other, as shown in
Fig. 1(a). Suppose that the energy eigenvalues for the
quantized exciton energy level specified by quantum numbers
(n,,n,.n.) in the QD with side length a (QDy) are given by
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where Ejp is the energy of the bulk exciton, and M is the
effective mass of the exciton. According to (2), there exists a
resonance between the level of quantum number (1,1,1) in
QDg and that of quantum number (2,1,1) in QD;. There is an
optical near-field interaction, which is denoted by Uy, due to
the steep electric field in the vicinity of QDsg. It is known that
the inter-dot optical near-field interaction is given by a
Yukawa-type potential [2]. Therefore, excitons in QDg can
move to the (2,1,1)-level in QD;. Note that such a transfer is
prohibited for propagating light since the (2,1,1)-level in QD,,
contains an even number. In QD;, the exciton sees a sublevel
energy relaxation, denoted by 7, which is faster than the near-
field interaction, and so the exciton goes to the (1,1,1)-level in
QDL.

In Sections III and IV, we apply these theoretical arguments
to systems composed of multiple quantum dots and investigate
their impact on fundamental features of optical excitation
transfer occurring at the nanometer scale.

Fig. 2. Example of the system modeling based on a density matrix
formalism. (a) Parameterizations for inter-dot near-field interactions,
radiative relaxations, and non-radiative relaxations in the S2-L1 system. (b)
Schematic representation of state transitions in the S2-L1 system.



III.  NETWORK OF OPTICAL NEAR-FIELD INTERACTIONS

Here we consider a quantum dot system shown in Fig. 1(b),
where multiple smaller dots (denoted by S;) can be coupled
with one larger dot, denoted by L. We also assume inter-dot
interactions between adjacent smaller quantum dots; that is, (i)
S; interacts with S;; (i=1,...,N-1) and (ii) Sy interacts with S,
where N is the number of smaller QDs. For instance the
system shown in Fig. 1(c) consists of two smaller QDs and
one larger QD, denoted by S2-L1. Similarly, S3-L1, S4-L1,
S5-L1 systems are composed of three, four, and five smaller
QDs in addition to one large QD, which are respectively
shown in Figs. 1(d), (e), and (f).

Now, what is of interest is to maximize the flow of
excitations from the smaller dots to the larger one. We deal
with this problem theoretically based on a density matrix
formalism. In the case of the S2-L1 system, composed of two
smaller QDs and one larger QD, the inter-dot interactions
between the smaller dots and the larger one are denoted by

U, » and that between the smaller dots is denoted by /  , as

schematically shown in Fig. 2(a). The radiations from S, S,,
and L are respectively represented by the relaxation constants
75 75 » and y . We suppose that the system initially has two

excitations S; and S,. With such an initial state, we can prepare
a total of eleven bases where zero, one, or two excitation(s)
occupy the energy levels; the state transitions are
schematically shown in Fig. 2(b). In the numerical calculation,
we assume [, = 200 ps and Ugs, = 100 ps as typical

parameter values. Following the same procedure, we also
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Fig. 3. (a) Optimal ratio of the number of smaller QDs to larger ones so that
the optical excitation transfer is the most efficiently induced. (b) Schematic
diagram of the experimental demonstration.

derive quantum master equations for the S3-L1, S4-L1, and
S5-L1 systems with initial states in which all smaller quantum
dots have excitations. Finally, we can calculate the population
of the lower level of QD,, the time integral of which we
regard as the output signal.

We compare the output signal as a function of the ratio of
the number of smaller dots to the larger one assuming that the
total number of QDs, regardless of their sizes (smaller or
larger), in a give unit area is the same. As shown in the circles
in Fig. 3(a), the most efficient transfer is obtained when the
ratio of the number of smaller dots to the larger one is 4. That
is, increasing the number of smaller quantum dots does not
necessarily contribute to increased output signals. Because of
the limited radiation lifetime of QD;, not all of the initial
excitations can be successfully transferred to QD due to the
state filling of the lower level of QD;. Therefore, part of the
input populations must be decayed at QDg, which results in
loss in the transfer from the smaller QDs to the larger one
when there are too many excitations in the smaller QDs
surrounding one larger QD.

Such an optimal mixture of smaller and larger QDs was
experimentally demonstrated by using two kinds of CdSe/ZnS
core/shell quantum dots whose diameters were 2.0 nm and 2.8
nm [11,12]. The quantum dots were dispersed in a matrix
composed of toluene and ultraviolet curable resin and were
coated on the surface of a silicon photodiode (Hamamatsu
Photonics K.K., Si Photodiode S2368). As schematically
shown in Fig. 3(b), half of the surface of the photodiode was
spin-coated with an ultraviolet-curable resin containing a
mixture of quantum dots, which was then cured by ultraviolet
radiation, whereas the other half of the surface was coated
with the same resin without the quantum dot mixture. Input
light was selectively radiated onto each area to evaluate the
difference in the generated photocurrent. The increase of the
induced photocurrent via the QD-coated area with input light
wavelengths between 340 nm and 360 nm is shown by the
squares in Fig. 3(b). We attribute such an increase to the
optical excitation transfer through which the input light
wavelength is red-shifted to wavelengths where the
photodetector is more sensitive. The maximum increase was
obtained when the ratio of the number of smaller QDs to
larger ones was 3:1. This agrees with the theoretical optimal
ratio discussed above.

IV. ToPOLOGY-DEPENDENT, AUTONOMOUS, EFFICIENT
OPTICAL EXCITATION TRANSFER

In the previous section, we observe that the amount of
optical excitation transferred from the smaller QDs to the
larger one depends on the ratio of the number of smaller and
larger QDs. This indicates that we could increase the output by
further engineering the network structure among the QDs. In
this section, by taking the S5-L1 system shown in Fig. 1(f) as
an example, we demonstrate that the output signal could be
increased when the network among the quantum dots is
adequately configured.
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Fig. 4. Eight different network topologies in the S5-L1 system where some of the interactions between QDg and QD, are degraded, or lost. (Degraded

interactions are indicated by "X")

Figure 4(a), denoted by EO0, represents the original S5-L1
system which is the same as the one shown in Fig. 1(f). Here,
assume that some of the interactions between QDg (denoted by
S to S5) and QD; are degraded, or lost, due to, for instance,
material disorder such as violation of the condition
represented by (1). There are in total eight such configurations
concerning the symmetry; for instance, when one of the five
links between QDyg and QD; is degraded, such a situation is
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Fig. 5. (a) The time evolution of the populations associated with the QDL
in systems EO, El, E2, E3, and E4 in Fig. 4. (b) Time integrated
populations for the systems in Fig. 4, where systems with certain
negligible, or essentially nonexistent links result in higher output signal
levels.

represented by the system E1 schematically shown in Fig. 4(b).
(The interaction between S and L is indicated by X.) Similarly,
when the number of degraded links is two, the system should
be represented either by the system E2 or E2' shown
respectively in Fig. 4(c) and (d).

Figure 5(a) demonstrates the time evolutions of the
populations associated with radiation from QD;. Figure 5(b)
summarizes the integrated populations as a function of the
network configurations illustrated in Fig. 4. Interestingly,
systems with degraded interactions, except the system ES
which has no valid links between QDg and QD;, exhibit a
higher output signal than the system without link errors,
namely, the system E0. For example, the system E2 exhibits
an output signal about 1.64 times higher than the system EO0.
This corresponds to the results described in Section III, where
the output is maximized when the ratio of the number of QDg
to QD, is 4, meaning that the excessively high number of
excitations in QDg connected to QD; cannot be transferred.
Thanks to the "limited" interactions between QDg and QD,,
such as in the case of the systems E2 and E2', the excitations
located in QDg have more chance to be transferred to QD;. In
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Fig. 6. Time evolutions of the populations associated with the smaller QDs
(S1 to S5) in the system E2 in Fig. 4.
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representing such an effect, Fig. 6 summarizes the evolutions
of populations associated with S; to S5 in the system E2,
where the interactions between [S, and L] and [S; and L] are
negligible, or essentially nonexistent. Note that the
populations associated with S, and S5 remain at a higher level,
indicating that the optical excitations in S, and S; are
effectively "waiting" in the smaller dots until they have the
opportunity to be transferred to QD, by way of the interactions
between smaller dots.

V. IMPLICATIONS FOR INFORMATION AND
COMMUNICATION SYSTEMS

Finally, we would like to conclude with a few remarks
about how these findings in nanometer-scale light-matter
interaction networks can be applied to information and
communications technologies (ICTs). The first point we
would like to address here is the autonomous behavior of the
optical excitations. As we could see, there is no "central
controller" in the systems, and yet, efficient transport of the
optical excitations is realized, as clearly observed in the
discussions above. Such an intrinsic, seemingly intelligent
behavior of the nanometer-scale physical system may also
provide valuable lessons for designing self-organizing,
distributed, complex ICT systems on Internet-scale. In the
wake of the current redesign efforts toward a future Internet,
novel distributed and autonomous strategies for new
generation networks (NWGN) are being considered [13] that
are able to cope with the numerous requirements the Internet
will be facing in the future. Some of these approaches are
based on biological or physical phenomena that exhibit self-*
capabilities, e.g., self-organization, self-adaptability, which
permit a flexible and autonomous management of the network
[14]. Furthermore, using distributed and autonomous network
systems helps avoiding unbalanced traffic load and energy
consumption [13], as well as reduces the dependence of the
network on single points of failure and thus leads to improving
the overall sustainability and reliability.

Closely related to this is also the second observation that the
increase in the output signal induced by degraded interactions
indicates robustness against errors occurring in the system.
This point is also of great importance for future
communication networks. Since new generation networks are
expected to accommodate a large number of heterogeneous
end devices, access technologies, network protocols/services,
and traffic characteristics, the consideration of failures or
sudden fluctuations in performance seems inevitable.
Designing robust mechanisms is, therefore, a key issue and
utilizing such an intrinsic robustness of nanophotonics, which
has the potential to provide superior robustness to errors,
while requiring less hardware redundancy than current
proposals with redundancies of the order of 10 to 100 [15],
may provide helpful guidelines and/or principles for
constructing efficient future ICT systems.

Third, it was demonstrated that a single process of optical
excitation transfer is about 10 times more energy efficient
compared with the single bit flip energy required in current
electrical devices [16]. A system-level, comprehensive

comparison of energy efficiency is an important and timely
subject that should be explored in future. These studies will be
extremely helpful for developing energy efficient strategies to
assist in handling the tremendous growth in traffic and
required processing energy anticipated in  future
communication networks [17,18].
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