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We report strong exciton migration with an efficiency of 83.3% from a violet-emitting epitaxial

quantum well (QW) to an energy gradient colloidal construct of layered green- and red-emitting

nanocrystal quantum dots (NQDs) at room temperature, enabled by the interplay between the

exciton population and the depopulation of states in the optical near field. Based on the density

matrix formalization of near-field interactions, we theoretically model and demonstrate that the

energy gradient significantly boosts the QW-NQDs exciton transfer rate compared to using

mono-dispersed NQDs, which is in agreement with the observed experimental results. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4724109]

Efficient exciton transfer from epitaxial quantum wells

(QWs) to colloidal nanocrystal quantum dots (NQDs) is criti-

cal to the energy efficiency in hybrid optoelectronic devices

in which QWs and NQDs are interfaced, including color con-

version light emitting diodes (LEDs) of NQD nanophos-

phors. Previously, Basko et al. theoretically proposed that

Förster-type nonradiative energy transfer (ET) can be used as

an efficient means of pumping luminescent materials,1 and

Achermann et al. experimentally demonstrated ET pumping

of semiconductor nanocrystals using an epitaxial quantum

well2 in a LED architecture.3 Additionally, white light gener-

ating ET pumping was also later shown.4 However, for a

practical implementation of ET pumping in a standard elec-

trically driven LED device, there exist two competing fac-

tors. One is that a relatively thicker contact layer is needed

for efficient current injection into the quantum well region to

avoid current crowding. The other is that the distance (d) de-

pendence of the energy transfer rate (! d�4) in the planar

configuration, which forces to use exceedingly thin layers.

By considering this trade-off, Achermann et al. integrated

CdSe nanocrystal quantum dots on top of a very thin capping

layer of 3 nm in thickness.3 Although the energy transfer was

achieved, the resulting energy transfer efficiency was yet less

than 50% at room temperature. Also, previously multiple

layers of NQDs were investigated for excitonic energy trans-

fer among the NQDs.5,6 Enhanced photoluminescence was

observed in these NQD systems, which was attributed to the

recycling of trapped excitons via Förster-type nonradiative

energy transfer. Such layered NQDs were also used to tune

the color by ET within the NQDs.7

Different than the prior reports, we propose and demon-

strate enhanced nonradiative energy transfer from a quantum

well to an energy gradient structure consisting of NQD

bilayer, as opposed to mono-dispersed NQDs. We report

strong exciton migration with a substantially improved trans-

fer efficiency of 83.3% at room temperature for the cascaded

QW-NQDs construct with a top-capping layer (�3 nm) as

sketched in the inset of Fig. 1. Using green- and red-emitting

NQD bilayer on the violet-emitting quantum well with the

top GaN capping layer, the energy gradient layer increases

the exciton transfer efficiency by 64.2% with respect to the

bilayer of mono-dispersed red-emitting NQDs. Through

modeling this energy transfer cascade based on the optical

near field approach, this excitonic enhancement of nonradia-

tive energy transfer can be explained by the exciton popula-

tion and depopulation dynamics of the NQDs.

FIG. 1. Emission spectra of InGaN/GaN quantum well (violet solid line)

and CdTe nanocrystal quantum dots (green and red solid lines for green- and

red-emitting NQDs, respectively), and absorption spectra of CdTe nanocrys-

tal quantum dots (green and red dotted lines for green and red-emitting

NQDs, respectively). A schematic representing the hybrid structure of CdTe

NQDs bilayer integrated on the InGaN/GaN quantum well is shown. (ET

and SE represent exciton transfer and spontaneous emission, respectively.)
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For our QW-NQD hybrid model system, we grew a single

InGaN/GaN QW emitting in violet region using standard metal

organic chemical vapor deposition. For the nanophosphors, we

synthesized thiol-capped green- and red-emitting CdTe NQDs

following standard colloidal synthesis.8 The emission spectra

of the resulting QW and NQDs are shown in Fig. 1. To form

the QW-NQD hybrid system, we assembled NQDs layer by

layer. We prepared samples consisting of bilayers of only

green-emitting NQDs, of only red-emitting NQDs, and of

green- and red-emitting NQDs. For time-resolved spectros-

copy, we employed a FluoTime 200 spectrometer (from Pico-

Quant) with a calibrated time resolution of 32 ps, along with a

pulsed laser diode at 375 nm as the excitation signal and a pho-

ton multiplier tube as the detector. We measured the time-

resolved dynamics of the hybrid system at 414, 530, and

610 nm, which correspond to the respective emission peaks of

the violet-emitting QW and the green- and red-emitting

NQDs. Because of the finite temporal response of the pulsed

laser excitation as shown in Fig. 2, the decay dynamics meas-

ured in experiments include the photoluminescence decay con-

voluted with the laser response. For the data analysis, we

utilized FluoFit software by means of which we introduced the

instrumental response function in our analysis. Using the nu-

merical fitting module of FluoFit, due to the convolution, the

resulting numerical fits were not pure exponential functions,

similar to the measured time-resolved responses.

We investigated the QW emission dynamics at the wave-

length of 414 nm as the exciton donor for the integrated NQD

bilayer. As the reference, the lifetime of the quantum well

alone (without NQDs) is measured to be 1.32 ns (i.e.,

cQW ¼ 0:757 ns�1). After the integration of the energy gradi-

ent bilayer consisting of green- and red-emitting CdTe NQDs

on the QW, the lifetime is shortened down to 0.22 ns (i.e.,

cHYBRID ¼ 4:545 ns�1). By subtracting the rate of the hybrid

structure from the only QW case (i.e., cET ¼ cQW �cHYBRID),

we predict an exciton transfer rate of cET ¼ 3:787 ns�1. We

calculate the exciton transfer efficiency using g ¼ cET=
ðcET þ cQWÞ and the resulting ET efficiency is found to be

83.3%. This strong ET efficiency means that most of the gen-

erated excitons in the QW are transferred to the NQDs. To

observe the effect of the energy gradient, we also studied the

case for a bilayer of only red-emitting NQDs. In this configu-

ration, the QW lifetime at 414 nm is found to be longer than

that in the hybrid case of green- and red-emitting NQDs inte-

grated on the QW because the bilayer of red-emitting NQDs

does not form a strong internal energy gradient for excitons

in QW to be efficiently advanced toward the last NQD layer.

Fig. 2 shows that the QW photoluminescence decay using the

red-emitting NQD bilayer is slower with respect to that using

the energy gradient construct. The QW lifetime in the pres-

ence of the red-emitting NQDs bilayer is measured to be

0.65 ns. Thus, in the case of using the red-emitting NQD

bilayer, the exciton transfer is observed to be weaker, with a

lower rate of 0.780 ns�1 and a smaller ET efficiency level of

50.7%. Therefore, for efficient exciton migration from QW to

NQDs, the hybridization of energy gradient is more

advantageous.

We further investigated the exciton transfer dynamics at

the acceptor green- and red-emitting NQD emission peaks to

verify that the decreased lifetime of the donors results from

the Förster-type exciton transfer to the acceptors. The exci-

ton dynamics for the green-emitting NQDs at 530 nm is pro-

vided in the inset of Fig. 3. We observe an increased green

NQD lifetime for the hybrid green- and red-emitting NQD

bilayers on the QW because of strong energy feeding from

the QW with respect to the control groups of only green-

emitting NQDs bilayer on glass substrate, and green- and

red-emitting NQDs bilayers on the glass substrate. In Fig. 3,

the time-resolved spectroscopy for the red-emitting NQDs at

610 nm is shown. Here, the red NQD decay of the green- and

red-emitting NQD bilayers on the QW is significantly slower

than the control groups. Furthermore, the decay of the energy

gradient bilayer reaches its maximum later than the other

control groups again because of the strong exciton feeding.

As a result, we can conclusively state that excitons are trans-

ferred from the QWs to the NQDs via Förster-type

FIG. 2. Time-resolved spectroscopy at 414 nm of only quantum well (in

blue color), green- and red-emitting CdTe NQDs bilayer integrated on the

InGaN/GaN quantum well (in red color), red- and red-emitting CdTe NQDs

bilayer integrated on the InGaN/GaN quantum well (in green color), and

laser diode response function (in navy color).

FIG. 3. Time-resolved spectroscopy at 610 nm of green- and red-emitting

CdTe NQDs bilayer integrated on the InGaN/GaN quantum well (in red

color), red- and red-emitting CdTe NQDs bilayer integrated on the InGaN/

GaN quantum well (in green color), green- and red-emitting CdTe NQDs

bilayer integrated on glass substrate (in dark grey color), and red- and red-

emitting CdTe NQDs bilayer integrated on glass substrate (in light grey

color). Inset shows the time-resolved spectroscopy at the emission wave-

length of 530 nm.
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nonradiative energy transfer and substantially more in the

case of energy gradient NQD bilayer.

We also theoretically investigate exciton transfer in the

QW/NQD/NQD hybrid system by developing a model based

on density matrix formalization of near-field interactions

(see supplementary material10). We first consider the excita-

tion transfer between a QW to a bilayer of the green- and

red-emitting NQDs. The energy diagram for this configura-

tion is given in the inset of Fig. 4. The density matrix qAB,

which corresponds to the energy level E1, is governed by the

master equation

@qAB

@t
¼ � i

�h
½VNF;AB; q

AB� � ðNAB
C qAB þ qABNAB

C Þ; (1)

where NAB
C is a diagonal matrix whose diagonal elements are

given by ca and Ca. Here, ca is the exciton recombination

rate ðca ¼ 1=saÞ and Ca is the sublevel relaxation rate.

VNF;AB is the interaction between the levels with energy E1

given by �hUAB. The master equation corresponding to the

density matrix qBC with the energy level E2 can be written as

@qBC

@t
¼ � i

�h
½VNF;BC; q

BC� � ðNBC
C qBC þ qBCNBC

C Þ þ PC½qAB�;

(2)

where PCðqABÞ represents the relaxation form the energy

level E1 to E2; VNF;BC and NBC
C are defined similar to Eq. (1).

Finally, the master equation for the density matrix qC with

the energy level E3 is derived as

@qC

@t
¼ �ðNC

CqC þ qCNC
CÞ þ PC½qBC�; (3)

where PCðqBCÞ represents the relaxation from the energy

level E2 to E3, and NC
C is a diagonal matrix with matrix ele-

ments ca. For the NQDs, we assume cQD1 � cQD2 � 1
5 ns and

CQD1 � CQD2 � 1
10 ps. For the QW, we take cQW � 1

1:32 ns. For

the interaction between the nanocrystals, we use

UAB ¼ UBC ¼ 1
100 ps.

9 Next, we calculate the exciton popula-

tion for each complex. We use the following matrices:

qAB ¼
qAB

11 qAB
12

qAB
21 qAB

22

 !
; qBC ¼

qBC
11 qBC

12

qBC
21 qBC

22

 !
; qC ¼ qC 0

0 0

� �
;

VNF;AB ¼
0 �hUAB

�hUAB 0

� �
; VNF;BC ¼

0 �hUBC

�hUBC 0

� �
;

NC ¼ 1

2

cNQD2 0

0 0

� �
; NAB

C ¼
1

2

cNQW 0

0 CNQD1

� �
;

NBC
C ¼

1

2

cNQD1 0

0 cNQD2

 !
; P qAB

� �
¼ CNQD1qAB

22 0

0 0

� �
;

P qBC
� �

¼ CNQD2qBC
22 0

0 0

� �
; (4)

where qC is the exciton population of the first excited state

of the second NQD layer, qAB
11 represents the exciton popula-

tion of the first excited state in the QW, qAB
22 is the exciton

population of the second excited state of the first NQD layer,

qBC
11 gives the exciton population of the first excited state in

the first NQD layer, and qBC
22 is the exciton population of the

first excited state of the second NQD layer.

Numerical results for the exciton population are shown in

Fig. 4. From this plot, it is observed that it takes about 1 ns for

an exciton in the QW to be transfered to the second NQD layer.

Also, this plot illustrates the exciton population of the interme-

diate states. The transfer efficiency from the QW to the last

layer is about 70%, as depicted in Fig. 4. This result agrees

with the experimental value of 83.3%. The advantage of the

energy gradient NQDs system is that the exciton is funneling to

the lowest energy state via near field interaction. This process

is unidirectional because of the fast interband relaxation

between the energy levels avoiding the nutation process

between the dots. Therefore, the probability of exciton transfer

to the first excited state of the second NQD layer from the other

layer can significantly be improved. In the other case of exciton

transfer from a QW to a bilayer of red-emitting NQDs, the

nutation process between the first and second NQD layers is

observed, meaning that the excitons oscillate between the first

excited state of the NQDs (see supplementary material10). This

is because of the fact that both layers are made of the same

NQDs, and their energy levels are in resonance. The transfer

efficiency from the QW to the last layer is about 45%, and this

result also agrees with the experimental value of 50.7%. In

summary, these results suggest that introducing an energy dif-

ference across the NQD layers in the optical near field enhan-

ces the exciton transfer from the QW to the last NQD layer.

In conclusion, we demonstrated strong exciton migra-

tion from an epitaxial quantum well to layer-by-layer

assembled energy gradient of colloidal quantum dots and

studied the Förster-type exciton transfer dynamics of both

QW and NQD emissions. Our hybrid model system achieved

an exciton transfer efficiency of 83.3% at room temperature.

The energy gradient with the green- and red-emitting NQDs

provided an increased level of exciton transfer efficiency,

with an enhancement of 64.2% compared to the bilayer of

red-emitting NQDs. Substantially, enhancing the exciton

transfer from QW to NQDs, the energy gradient in

FIG. 4. Calculated exciton populations. Red line shows the exciton popula-

tion of the first excited state in the QW. Cyan line depicts the exciton popu-

lation of the second excited state for the green NQD layer. Green line shows

the exciton population of the first excited state of the green NQD layer. Dark

yellow line depicts the exciton population of the second excited state of the

red NQD layer. Blue line illustrates the exciton population of the first

excited state of the red NQD layer. Inset: Energy diagram for the QW, the

first NQD layer and the second NQD layer.
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QW/NQD/NQD opens up possibilities for optical near field

devices. Mastering excitonic pathways in such cascaded sys-

tems enables exciting opportunities for future high-efficiency

excitonic devices.
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