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We investigated the efficient optical excitation transfer in layered quantum dot structures by introducing a
network of optical near-field interactions. With a density-matrix-based formalization of interdot near-field
interactions, our theoretical approach allows systematic analysis of layered CdTe quantum dot systems, reveal-
ing dominant factors contributing to the efficient optical excitation transfer and demonstrating good agreement
with previous experimental observations. We also show that the efficiency of optical excitation transfer could
be further improved by optimizing the interaction network.
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I. INTRODUCTION

Optical near-field interactions on the nanometer scale
have been studied intensively both theoretically and experi-
mentally because of their potential impact in a wide range of
applications. One of their unique enabling functions is opti-
cal excitation transfer between nanoscale matter, such as
semiconductor quantum dots �QDs�, via optical near-field
interactions.1 This offers various applications, including
subwavelength-scale optical devices beyond the diffraction
limit of light,2–5 light harvesting systems,6–9

nanofabrication,10 and many others. Experimental materials
exploiting optical near-field interactions have been seeing
rapid progress, such as randomly diffused quantum dots,11–14

geometry-controlled quantum dot arrangements,15,16 ZnO
nanorods,17 and others. Theoretical fundamentals have also
been built, such as in the dressed photon model,1 which ex-
plains the possibility of optical transitions between conven-
tionally electric dipole forbidden energy levels, thanks to the
localized nature of a photon dressed by material excitations
in its vicinity.18

One of the most interesting consequences of optical exci-
tation transfer is energy concentration to larger quantum dots
from smaller ones via optical near-field interactions. Those
have been observed in some materials, most notably CuCl,3,6

CdSe,14,15 CdTe,19,20 and InAs quantum dots.21 In Refs. 19
and 20, the Feldmann group experimentally demonstrated
superefficient energy concentration, where the radiation from
layered graded-size CdTe quantum dots exhibits a signal
nearly four times larger than that from structures composed
of uniform-size quantum dots, which has been called exciton
recycling19 or superefficient exciton funneling.20

In the literature, dipole-dipole interactions such as Förster
resonant energy transfer are typically used in explaining en-
ergy transfer from smaller QDs to larger ones.15,22 However,
it should be noted that such point-dipole-based modeling
does not allow optical transitions to dipole-forbidden energy
sublevels, which is often the case with the experimental con-
ditions of two closely located QDs of slightly different size

�rigorously, with a size ratio of 1.45 in the case of spherical
QDs, as discussed in Sec. II�. Also, recent experimental ob-
servations in light harvesting antenna indicate the inaccuracy
of dipole-based modeling.9,23 On the other hand, as men-
tioned already above, the localized nature of optical near
fields frees us from conventional optical selection rules,
meaning that optical excitation could excite QDs to energy
levels that are conventionally electric dipole forbidden.1,4

This has been demonstrated experimentally and validated
theoretically in, e.g., logic devices and systems,24 and energy
concentration applications.3,6

In this paper, we analyze the superefficient energy con-
centration in layered QD systems like those experimentally
reported in Refs. 19 and 20 within the theoretical framework
of optical near-field interactions. We formulate an interaction
network among layered nanostructures whereby the dynam-
ics of the structure-dependent optical excitation transfer in-
volving electric dipole forbidden energy levels is systemati-
cally analyzed based on a density-matrix formalism. We
demonstrate that the increase in the radiation from the
graded-size quantum dot system shows good agreement be-
tween the experiment and theory.

This paper is organized as follows. In Sec. II, we first
review the experimental observations in layered CdTe quan-
tum dot nanostructures reported so far and describe theoret-
ical elements of optical excitation transfer via optical near-
field interactions. In Sec. III, we demonstrate the modeling
of the interaction networks in the layered quantum dot sys-
tems. In Sec. IV, we quantitatively analyze the structure-
dependent optical excitation transfer, including its agreement
with the experiments. Also, we demonstrate another system
showing further improved efficiency in optical excitation
transfer. Section V concludes the paper.

II. REVIEW OF EXPERIMENTAL AND THEORETICAL
ELEMENTS OF OPTICAL NEAR-FIELD

INTERACTIONS

First we briefly summarize the experimental observations
reported in Ref. 19 that shows optical excitation transfer in
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two kinds of representative layered nanostructures. One kind
is a system consisting of quantum dots of the same size, as
schematically shown in Fig. 1�a�, called a reference �REF�
system. It consists of seven layers of 3.5-nm-diameter CdTe
quantum dots. The other system, called a cascaded energy
transfer �CET� system, shown in Fig. 1�b�, also has a seven-
layer structure, but the diameters are stepwise increasing in
the first four layers �1.7, 2.5, 3.2, and 3.5 nm� and stepwise
decreasing in the subsequent three layers �3.2, 2.5, and 1.7
nm�. These REF and CET systems were synthesized using
layer-by-layer assembly methods.25,26

With optical excitation at a wavelength of 350 nm, the
CET system exhibits nearly four times larger photolumines-
cence than the REF system at emission wavelengths around
612 nm, which corresponds to the radiation from the 3.5-nm-
diameter CdTe QDs.19 Note that there is only one layer of
3.5-nm-diameter QDs in the CET system, whereas the REF
system has seven layers of those QDs. Note that the experi-
mental quantum yield of the REF system is very low, on the
order of 2%, compared with a quantum yield of about 20%
for isolated dots. The authors of Refs. 19 and 20 interpret
their findings consistently in terms of nonradiative trap states
and exciton recycling from the trap states of larger dots into
QD states of smaller dots. It has been reported that these trap
states are actually Te-related hole traps on the surface of the
CdTe QDs.27 In this paper, we call QDs having trap states
dark dots.

In this section, we describe elements of the theoretical
framework, which will be later applied in the analysis of the
REF and CET systems in Sec. III. The present paper trans-
fers the concept of layered CET systems to layered systems
of QDs, such as those studied in Refs. 2 and 14 where exci-
tation transfer via optical near-field interactions takes place
between the ground states of smaller dots QDS �radius RS�
and the first excited states of larger dots QDL �radius RL�.
The condition that these energy levels are in resonance can,
for spherical QDs, be discussed using the simple, but widely
used estimation of Brus28 for the energy eigenvalues of QD
states specified by the orbital angular momentum quantum
number l and the magnetic quantum number m,29

E�n,l� = Eg +
�2�nl

2

2R2 � 1

me
+

1

mh
� − 1.8

e2

�R
. �1�

Here, Eg is the band-gap energy of the bulk semiconductor,
me�mh� is the effective mass of the electron �hole�, � is the

dielectric constant, and �nl are determined from the bound-
ary conditions, for example, �n0=n� , �11=4.49.

According to Eq. �1�, there exists a resonance between the
level of quantum number �1,0� of QDS and that of quantum
number �1,1� of QDL when the size ratio RL /RS is appropri-
ately configured. Based on the material parameters for CdTe
QDs �Ref. 30� used in the experiment described above,
whose radii range from around 1–4 nm, such a resonance
occurs when RL /RS�1.45 is satisfied. The nominal ratio of
the diameters of adjacent CdTe QDs in the experimental
CET system does not exactly satisfy this condition. How-
ever, it is known that QD sizes could typically tolerate a
�10% deviation from the optimal condition,31 which in-
cludes the experimental combinations of the diameters of the
QDs used.

It should be noted that optical transitions to the �1,1� level
in QDL are prohibited in conventional optical selection rules;
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.29 How-
ever, when those two QDs are closely located, thanks to the
large spatial inhomogeneity of the localized optical near
fields at the surface of nanoscale material, an optical transi-
tion that violates conventional optical selection rules is
permitted.1 Therefore, an exciton in the �1,0� level in QDS
could be transferred to the �1,1� level in QDL. In QDL, due to
the sublevel energy relaxation, which is faster than the near-
field interaction, the exciton relaxes to the �1,0� level. There-
fore, unidirectional optical excitation transfers from QDS to
QDL is accomplished.

III. NETWORK OF OPTICAL NEAR-FIELD
INTERACTIONS IN LAYERED QUANTUM DOTS

A. Analysis of the REF system

1. Modeling of the REF system

We now consider optical excitation transfer in the REF
and CET systems introduced in Sec. II with a network of
interactions between QDs via optical near fields. First we
consider modeling of the REF system. As shown in Fig. 2�a�,
we represent the REF system as a 5-row�7-column system
composed of the same-sized QDs and assume that only one
QD in the system yields output radiation, whereas all of the
others are dark. That is, the concentration of bright QD is
1 / �5�7��2.9%, which is comparable to the experimental
value of about 2% luminescence yield. Each of the quantum
dots is identified by the notation QDSi

, where the suffixes S
and i, respectively, specify its horizontal position S
= �A ,B ,C ,D ,E ,F ,G� and vertical position i= �−2,
−1,0 ,1 ,2�. We suppose that those QDs have two energy
levels: the �1,0�-energy level in QDSi

denoted by Si
�1,0� and

the �1,1� level denoted by Si
�1,1�. The sublevel relaxation con-

stant from Si
�1,1� to Si

�1,0� is given by �Si
, which is faster than

the radiative or nonradiative relaxation constant from Si
�1,0�,

denoted by �Si
.

We assume interdot interactions in the �1,1� level as fol-
lows. The interactions between horizontally adjacent quan-
tum dots are denoted by USiTi

, where the suffixes are given

(a) REF system (b) CET system

FIG. 1. �Color online� �a� Layered quantum dot system consist-
ing of uniform-sized elements, called the REF system. �b� Layered
quantum dot system consisting of four different, graded-sized ele-
ments, called the CET system.
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by �S ,T�= ��A ,B� , �B ,C� , �C ,D� , �D ,E� , �E ,F� , �F ,G�� and
i= �−2, . . . ,2�. At the bottom of Fig. 2�a�, horizontal interac-
tions among QDs located in row i=0 are schematically indi-
cated. Also, the interactions between vertically adjacent
quantum dots are given by USiSi+1

, where S= �A , . . . ,G� and
i= �−2,−1,0 ,1�. The left-hand side of Fig. 2�a� schemati-
cally shows the array of QDs in column D.

Now, the interaction Hamiltonian regarding one-exciton
states where an exciton exists at one of the energy levels of
Si

�1,1� is given by submatrices Hi and Hi,j,

Hint
�1,1� =�

H2 H1,2 O O O

H1,2 H1 H0,1 O O

O H0,1 H0 H−1,0 O

O O H−1,0 H−1 H−2,1

O O O H−2,1 H−2

	 , �2�

where O represents an empty matrix. The diagonal elements
in Eq. �2� specify horizontal interactions given by
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FIG. 2. �Color online� Theoretical modeling of �a� the REF system and �b� the CET system. The radiative relaxation from the center QD,
denoted by QDD0

, contributes to the output.
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Hi = ��
0 UAiBi

0 0 0 0 0

UAiBi
0 UBiCi

0 0 0 0

0 UBiCi
0 UCiDi

0 0 0

0 0 UCiDi
0 UDiEi

0 0

0 0 0 UDiEi
0 UEiFi

0

0 0 0 0 UEiFi
0 UFiGi

0 0 0 0 0 UFiGi
0

	 ,

�3�

where i= �−2, . . . ,2� and � is Planck’s constant divided by
2�. The nondiagonal elements in Eq. �2� describe the vertical
interactions in the system, given by

Hi,j = � diag�UAiAj
,UBiBj

,UCiCj
,UDiDj

,UEiEj
,UFiFj

,UGiGj
� ,

�4�

where �i , j�= ��−2,−1� , �−1,0� , �0,1� , �1,2��. The sublevel
relaxation from the energy levels of Si

�1,1� is described by a
diagonal matrix N�

�1,1� whose diagonal elements are given by
�Si

. Letting 	�1,1��t� be the density matrix corresponding to
the Hamiltonian introduced above and H�0� be the unper-
turbed Hamiltonian, the master equation for the system is
given by32

d	�1,1��t�
dt

= −
i

�

�H�0� + Hint

�1,1��,	�1,1��t�� − N�
�1,1�	�1,1��t�

− 	�t��1,1�N�
�1,1�. �5�

The lower level in QDSi
, namely, the �1,0� level denoted by

Si
�1,0�, could be filled via the sublevel relaxation denoted by

�Si
from Si

�1,1�. The relaxation constants from Si
�1,0� are given

by a diagonal matrix N�
�1,0� whose diagonal elements are

given by �Si
.

Now, remember that only one QD in the system is bright
and all the rest are dark. That is, most of the energy levels of
Si

�1,0� should be treated as trap states. In representing those
trap states in the REF system, we assume that there are no
interactions between QDs among the energy levels of Si

�1,0�.
Letting 	�1,0��t� be the density matrix corresponding to the
energy level of Si

�1,0�, the master equation for the system is
given by

d	�1,0��t�
dt

= −
i

�

H0,	�1,0��t�� − N�

�1,0�	�1,0��t� − 	�1,0��t�N�
�1,0�

+ P�
	�1,1��t�� , �6�

where P� represents the relaxations from the energy levels of
Si

�1,1�.

2. Numerical evaluation of the REF system

In the numerical calculation, we assume that the horizon-
tal and vertical interactions are equal; namely, we assume
USiTi

−1 =USkSk+1

−1 =100 ps. The radiation lifetime of the bright
CdTe quantum dot is assumed to be 2 ns. The sublevel re-
laxation constants in QDSi

are given by �Si

−1=10 ps. We con-

sider that QDD0
, located in the center, is a bright one whose

population regarding the �1,0� level gives an output signal,
whereas all the other dots are dark ones whose �1,0�-level
populations do not contribute to the output. Also, we regard
the nonradiative relaxation time �Si

−1=40 ns �Si�D0� from
the �1,0� level of QDSi

to be 20 times larger than the radiative
relaxation time �D0

−1 =2 ns. In experiments, the interdot inter-
action time between CdTe quantum dots has been reported to
be 254 ps, and the possibility of 100 ps was discussed in Ref.
26; we investigate the interaction-time dependence later in
Sec. IV. The radiation lifetime of CdTe QDs can range from
hundreds of picoseconds up to hundreds of nanoseconds.33 In
this paper, as stated above, we set the radiation lifetime as
�D0

−1 =2 ns in agreement with the experimental findings in
Ref. 34.

Then we assume that there is an initial exciton in either
one of the �1,1� levels of the QDs in the system. Here, since
the �1,1� level is an electric dipole forbidden energy level for
propagating light, such an initial state is physically unreason-
able. However, since the primary interest in this paper is to
highlight the effects of interdot optical excitation transfer
involving electric dipole forbidden energy levels, which play
a critical role in the CET system described below, we assume
such an initial condition, so that the input exciton could have
the possibility of interacting with the adjacent dots.

Finally, by solving quantum master equations given by
Eqs. �5� and �6�, the time evolution of the �1,0� level of QDD0
with initial excitation at the �1,1� level of QDSi

is obtained,
which is denoted by 	D0

�t ;Si�. For example, Fig. 3�a� dem-
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FIG. 3. �Color online� �a� Evolutions of the populations of the
�1,0� level of QDD0

from the REF and CET systems with their
initial excitons in QDA0

, QDB0
, QDC0

, or QDD0
. �b� Comparison of

the total output signal between the REF, CET, and CET’ systems.
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onstrates 	D0
�t ;A0�, 	D0

�t ;B0�, and 	D0
�t ;C0�, all of which

stay nearly at zero level. This is due to the fact that nearly all
of the populations are trapped at the energy levels A0

�1,0�,
B0

�1,0�, and C0
�1,0�. The curve of 	D0

�t ;D0� exhibits a higher
population thanks to the sublevel relaxation from the �1,1�
level to the �1,0� level in QDD0

. The output signal for the
initial excitation at Si is obtained by integrating the time
evolutions of 	D0

�t ;Si� between 0 and 10 ns,

�D0� 	D0
�t;Si�dt , �7�

where i= �−2, . . . ,2�. The results are discussed and compared
with those of the CET system in Figs. 3�b� and 4 in Sec. IV.

B. Analysis of the CET system

1. Modeling of the CET system

Next, with respect to the CET system, Fig. 2�b� represents
a 5-row�7-column system composed of four kinds of quan-
tum dots. The identification of each of the QDs is the same
as with the REF system. Along the columns, the sizes of the
quantum dots are uniform. The QDs located in the central

column �column D� have the largest radius. The QDs located
in their proximity, that is, in columns C and E, are smaller
than those in column D and their radii are tuned such that,
according to Eq. �1�, the �1,0� levels of QDCi

and QDEi
,

namely, Ci
�1,0� and Ei

�1,0�, are resonant with those of the �1,1�-
energy level of QDDi

, that is, Di
�1,1�. Similarly, we assume

resonances between two levels in adjacent layers: Bi
�1,0�

=Ci
�1,1�=Fi

�1,0�=Ei
�1,1� and Ai

�1,0�=Bi
�1,1�=Gi

�1,0�=Fi
�1,1�.

Now, we formulate interdot interactions by introducing an
interaction Hamiltonian. It is a block diagonal given by

Hint =�
HAB O O O O

O HBC O O O

O O HCDE O O

O O O HEF O

O O O O HFG

	 . �8�

If state indices of HBC, for example, are spanned by the order
of B2

�1,1�, C2
�1,0�, B1

�1,1�, C1
�1,0�, B0

�1,1�, C0
�0,1�, B−1

�1,1�, C−1
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�1,1�,
and C−2

�1,0�, which are energetically degenerate, HBC is given
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HBC = ��
0 UB2C2

UB1B2
0 0 0 0 0 0 0

UB2C2
0 0 UC1C2

0 0 0 0 0 0

UB1B2
0 0 UB1C1

UB0B1
0 0 0 0 0
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0 0 0 0
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0

	 , �9�

where UBiCi
represents the horizontal interactions between QDBi

and QDCi
, whereas UCiCi+1

indicates vertical interactions
between QDCi

and QDCi+1
through the energy level of Bi

�1,0��=Ci
�1,1��. The relaxation constants for the corresponding states are

given by

N�
BC = diag��B2

2
,
�C2

2
,
�B1

2
,
�C1

2
,
�B0

2
,
�C0

2
,
�B0

2
,
�C−1

2
,
�B−1

2
,
�C−2

2
,
�B−2

2
� . �10�

Letting 	BC�t� be the density matrix for the above Hamil-
tonian, the master equation is given by

d	BC�t�
dt

= −
i

�

�H�0� + HBC�,	BC�t�� − N�

BC	BC�t� − 	BC�t�N�
BC

+ P�
BC
	AB�t�� . �11�

The last term on the right-hand side of Eq. �11� takes into
account the fact that the lower level in QDBi

, namely, the
�1,0� level denoted by Bi

�1,0�, can be filled via the sublevel
relaxation denoted by �Bi

from the upper level Bi
�1,1�, whose

behavior is given by the differential equations that corre-
sponds to Eq. �11� and whose density matrix is given by
	AB�t�.

2. Numerical evaluation of the CET system

In the numerical calculation, we first assume that the hori-
zontal and vertical interactions are equal; namely, USiTi

−1

=USkSk+1

−1 =100 ps. As in the REF system, the radiation life-
time of the bright QDs located in the center is �D0

−1 =2 ns, and
the sublevel relaxation time is �Si

−1=10 ps. Again, we assume
that only the relaxation from the �1,0� level in the center, that
is, QDD0

, contributes to the output. We assume that the sys-
tem has an initial exciton in either the �1,1� level in QDSi

�S
=B ,C ,D ,E ,F� or the �1,0� level in QDSi

�S=A ,G�.

IV. STRUCTURE-DEPENDENT EFFICIENCY OF OPTICAL
EXCITATION TRANSFER

What is particularly notable in the CET system is that the
excitons trapped in the trap states in columns A, B, C, E, F,
and G have the chance to be transferred to the adjacent en-

ergy level through near-field interactions. Therefore, the
probability of exciton transfer to the �1,0� level in D0 from
other dots could significantly improve. In fact, as shown in
Fig. 3�a�, 	D0

�t ;A0�, 	D0
�t ;B0�, and 	D0

�t ;C0� in the CET
system exhibit higher populations than in the REF system.

Finally, the output signal in the CET system is obtained
by following the same procedure defined by Eq. �7�, which is
represented as the gray bar graph in Fig. 3�b�; the enhance-
ment factor with respect to the REF system is about 3.95,
which agrees well with the experimental observations shown
in Sec. II, indicated as the dashed bars in Fig. 3�b�.

Figure 4�a� illustrates the dependency of the horizontal
and vertical interdot interactions in the CET system. The
circular marks in Fig. 4�a� show the output signal as a func-
tion of vertical interaction time �USiSi+1

−1 � while the horizontal
interactions remain constant �USiTi

−1 =100 ps�. The output is
nearly constant. On the other hand, the output increases as
the horizontal interaction time �USiTi

−1 � decreases keeping the
vertical interactions constant �USiSi+1

−1 =100 ps�, as shown by
the square marks in Fig. 4�a�. This clearly indicates that the
energy transfers between the different-sized quantum dots
via optical near-field interactions along the horizontal direc-
tions allow excitons to avoid being dissipated in trap states,
leading to increased output signal.

Figures 4�b� and 4�c� summarizes the integrated output
populations from QDD0

as a function of the input excitation
position for both the REF and CET systems. As is evident,
the output populations from QDD0

in the REF system are
constituted almost entirely of an initial exciton located in
QDD0

, whereas in the CET system, the input excitons geo-
metrically located far from QDD0

can have an impact on the
radiation from QDD0

. Interestingly, regarding QDs in rows
i=−2 and −1, distant QDs contribute to the output from
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QDD0
more than the geometrically closer QDs do. For in-

stance, QDs B−1 and B−2 contribute to the radiation from
QDD0

more than QDs such as C−1 and C−2 do. This is due to
the fact that, for input excitons in QDs B−1 and B−2, the
chance of being trapped at QDs D−1 and D−2 is reduced.

Those internal mechanisms of optical excitation transfer
in the CET system indicate that the output populations could
be further improved by an appropriate design of the interac-
tion network. For example, by removing the largest dark
dots, namely, QDs D−2, D−1, D1, and D2, from the CET
system, the output population should greatly improve be-
cause it eliminates the possibility of input excitons to be
trapped at those QDs. Figure 5�a� schematically shows such
a modified system denoted by CET’. As expected, the output
populations from QDD0

improved as shown in Fig. 5�b�. As a
total system, the output signal is about 9.8 times larger than
that from the REF system.

V. CONCLUSION

We investigated the efficient optical excitation transfer in
layered quantum dot structures by introducing a network of
optical near-field interactions. With density-matrix-based
modeling of the layered, graded-sized quantum dot systems,
our theoretical analysis allows systematic handling of
structure-dependent interdot interactions and reveals domi-
nant factors contributing to the efficient optical excitation
transfer. Our analysis shows good agreement with the experi-
mental observations, where a graded-sized seven-layer QD
system exhibits nearly four times larger photoluminescence

compared with a uniform-sized QD system. We also show
that the efficiency could be further improved by optimizing
the interaction network.

We should also emphasize that the theoretical modeling
strategy demonstrated in Sec. III can be applied to interac-
tion networks other than the REF, CET, and CET’ systems
discussed in this paper. General properties that emerge from
networks of optical near-field interactions on the nanometer-
scale will be one important research challenge in the future.
Experimentally, Akahane et al. realized stacked InAs QD
devices consisting of more than 100 layers based on
molecular-beam epitaxy.16 Also, the sizes of QDs could po-
tentially be controlled layer by layer. We will seek further
theoretical and experimental insights in layered QD systems
regarding their energy transfer efficiencies, as well as achiev-
ing functionalities for a wide range of system applications.
Those pursuits will provide us with a further understanding
of the network of optical near-field interactions in QD sys-
tems.
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