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ABSTRACT: We studied the energy transfer processes from organic charge transporting materials (CTMs) to ZnCuInS (ZCIS)
quantum dots (QDs) with different emission wavelength by steady-state and time-resolved photoluminescence (PL)
spectroscopy. The change in the PL excitation intensity of the ZCIS QDs and the PL decay time of the CTMs clearly
demonstrated an efficient energy transfer process in the ZCIS/CTM blend films. It was found that the efficiency of Förster
resonance energy transfer significantly increases with increasing the particle size and decreasing the Zn content in the QDs, which
is well consistent with the estimated Förster radii (R0) varying from 3 to 5 nm. In addition, the PL quenching of the QDs related
to the charge separation process was also observed in some of the samples. The energy transfer and charge separation processes
in the films were well explained based on the band alignment between the ZCIS QDs and CTMs.

■ INTRODUCTION
Hybrid organic/quantum dot (QD) optoelectronic devices
such as light-emitting diodes (LEDs)1−8 and photovoltaic
cells9−12 are of significant technological interests as they
combine the tunable band gaps and durability of colloidal
semiconductor QDs with the flexibility and low processing cost
of organic materials. However, most of the exploration of QD
applications containing heavy-metal constituents such as Cd
and Pb could potentially hinder the ultimate research
transformation and commercialization of QD optoelectronic
devices. As a new kind of nanomaterials, I−III−VI based
semiconductors such as CuInS2 have markedly low toxicity, a
large absorption coefficient (105 cm−1) and size-tunable
emissions, considered to be suitable for applications as light-
emitting and solar-harvesting materials.13−19 The photo-
luminescence (PL) wavelength of the CuInS2 QDs could be

tuned from 950 to 500 nm by decreasing the particle size to 2
nm;15,16 however, the small-sized nanoparticles are unstable
and possess low emission efficiency.20,21 The heavy metal-free
ZnCuInS or CuInS2−ZnS alloyed (ZCIS) QDs have exhibited
highly efficient and widely tunable PL from the visible to NIR
region by varying not only the size but also the composition of
particles.20−23 These properties make ZCIS QDs relevant to
applications in solid state lighting and full color displays.
Recently, Tan et al. have prepared green, yellow, or red

emission QD/organic LEDs with the maximum luminance of
1600 cd/m2, using ZCIS QDs as emitting materials.24 More
recently, the maximum luminance for yellow emission ZCIS
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QD-LEDs fabricated by Zou et al. have reached 2100 cd/m2.25

These results mean that the heavy metal-free ZCIS QD-LEDs
are still at the early stage of development and the improvement
in their performance is greatly required. It is known that the
highly efficient archetypical QD-LEDs are fabricated by
sandwiching an inorganic QD layer between two layers of
organic charge transporting materials (CTMs), in which
excitons in the QD layer in the QD-LEDs can be generated
by exciton energy transfer and charge injection from the
organic molecules.1,2,4,5 The performance of QD-LEDs should
be enhanced by maximizing Förster resonance energy transfer
(FRET) from the CTMs to QDs. The FRET describes a
nonradiative transfer process of excitation energy from a donor
fluorophore to an acceptor through a dipole−dipole
interaction.26−28 Therefore, according to the Förster theory,
the energy transfer efficiency is dependent not only on the
donor−acceptor separation distance but also on the spectral
overlap integral between the emission spectrum of the donor
and the absorption spectrum of the acceptor, which is usually
expressed by the Förster radius.26 Clapp et al. demonstrated a
clear dependence of the energy transfer efficiency on the
spectral overlap between CdSe QD donor and Cy3 dye
acceptor by tuning the size of QDs.29 Sadhu et al. showed the
variation of the energy transfer efficiency from 14% to 47% with
changing the Cd/Zn ratio in CdxZn1−xS alloy nanocrystals due
to the change of the spectral overlap.30 Lunz et al. reported the
stronger concentration-dependent energy transfer processes in
QD monolayers with a broader emission band because of the
self-overlap of QDs.31 However, the type II energy alignment
usually results in the coexistence of energy transfer and charge
separation processes in the hybrid organic/inorganic nano-
composites.32 The energy transfer and charge separation
efficiency could be controlled by using the shell structure and
material to change the distance between CdSe QDs and hole
transporting materials in our previous reports.33,34 For the
improvement in the performance of the environment-friendly
ZCIS QD-LEDs, it is necessary to understand the issues about
the energy transfer processes and the energy level alignment
between ZCIS QDs and CTMs. However, to date, no report
about them has been given yet.
In this work, we report the study on the energy transfer

processes between ZCIS/ZnS core/shell QDs showing green
(G), yellow (Y), red (R), and deep red (DR) emissions and the
frequently used CTMs such as 1,3,5-tris(N-phenylbenzimida-
zol-2,yl)benzene (TPBI), 4,4′,4″-tris(carbazol-9-yl)-triphenyl-
amine (TCTA), and N,N′-di(3-methylphenyl)-N,N′-di-
(phenyl)benzidine (TPD). The PL intensities and lifetimes of
the ZCIS QDs and CTMs in the films were measured by
steady-state and time-resolved PL spectroscopy to demonstrate
the energy transfer process. Then, the effects of the size and the
composition of the ZCIS QDs on the Förster radius and FRET
efficiency were studied and discussed. Finally, the PL quenching
of the QDs in some of the QD/CTM (TCTA and TPD) blend
films was explained in terms of the charge separation process
based on the conduction and valence levels for ZCIS QDs
estimated by cyclic voltammetry and optical spectroscopy.

■ EXPERIMENTAL SECTION
Preparation and Characterization of ZnCuInS QDs.

The ZCIS core QDs and ZCIS/ZnS core/shell QDs used in
this experiment were synthesized by the same method as we
used in our previous work.21 The details of the QD synthesis
are described in the Supporting Information. The size and

shape of the QDs were measured by a Tecnai G2 transmission
electron microscope (TEM) operated at 200 kV. Samples for
TEM were prepared by drop-casting QDs dispersed in toluene
onto carbon-coated 200-mesh copper grids. X-ray diffraction
(XRD) patterns of the QDs were collected by a Rigaku XRD
spectrometer with a Cu Kα line of 0.15418 nm at a scanning
step of 0.02°. The energy dispersive X-ray spectroscopy (EDS)
for the elemental analysis of the inorganic QDs was measured
by using a Philips ESEM XL30 scanning electron microscope.
Thermogravimetric analysis (TGA) was performed to examine
the quantity of organic materials on the QD surface on a
PerkinElmer Pyris Diamond TG/DTA Instruments under N2
atmosphere at a heating rate of 10 °C/min within a
temperature range of 40−800 °C. Energy levels of the QDs
were obtained from cyclic voltammetry measurements and
absorption spectra.16,32 The cyclic voltammetry measurements
were performed on an EG&G 283 (Princeton Applied
Research) potentiostat/galvanostat system, and the details are
described in the Supporting Information.

Preparation of ZnCuInS QD/Charge Transporting
Materials Blend Films. The QD/CTM blend films were
prepared by spin coating the appropriate mixtures of the QDs
(20−60 μM) and CTMs (10 mg/mL) in chloroform onto
quartz substrates at a speed of 1200 rpm. The QD/CTM molar
ratio was changed from 1/15 to 1/60. The QD/PMMA
(poly(methyl methacrylate), molecular weight of 15 000,
transparent in the visible spectral region) blend films were
prepared as reference samples. The molar concentration of the
ZCIS QDs was determined by combining XRD, TEM, EDS,
and TGA,35,36 and the details are described in the Supporting
Information. The thicknesses of blend films were measured as
30−50 nm by a KLA-Tencor P-16+ surface profiler.

Optical Characterization. The absorption spectra were
recorded by a UV-3101PC UV−vis/NIR scanning spectropho-
tometer (Shimadzu). The PL and excitation spectra were
recorded by an F-4500 spectrophotometer (Hitachi) equipped
with a 150 W Xe arc lamp. The time-resolved PL spectra were
measured by an FL920 fluorescence lifetime spectrometer
(Edinburgh Instruments). The excitation source was a
hydrogen flash lamp (nF900) with a pulse width of 1.5 ns.
Fluorescence quantum yields of the ZCIS QDs were estimated
by comparison of the fluorescence intensity with standard dye
solutions with the same optical density at the excitation
wavelength and similar fluorescence wavelength. All measure-
ments were carried out at room temperature. The PL decay
kinetics was deconvolution fitted by using the ASUFIT
program.

■ RESULTS AND DISCUSSION
Figure 1 shows UV−visible absorption and normalized PL
spectra of ZCIS/ZnS core/shell QDs. The G-, Y-, R-, and DR-
ZCIS/ZnS QDs showing emissions at 540, 580, 610, and 640
nm, respectively, and high PL quantum yields of over 40% were
synthesized by incorporating Zn into CuInS2 QDs and then
coating a ZnS shell layer. As seen in Figure 1, the absorption
onset of the obtained QDs is blueshifted to green from the
deep red wavelength side with decreasing the particle size from
4.6 to 2.8 nm and increasing Zn content (Zn/Cu molar ratio in
core) from 0.2/1 to 0.6/1, which could be explained by
quantum confinement and the alloy structure of ZnS (bandgap
of 3.7 eV) and CuInS2 (bandgap of 1.53 eV).21,23 The size and
composition of the QDs were estimated by TEM and EDS as
shown in Figures S1 and S2 of the Supporting Information,
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respectively. The high-resolution TEM image of G-ZCIS/ZnS
core/shell QDs exhibits clear lattice fringes as shown in the
inset of Figure 1, which suggests the highly crystalline nature.
XRD patterns for the ZCIS/ZnS core/shell QDs shown in
Figure S3 of the Supporting Information present the character-
istic peaks of the zinc blende (cubic) structure. The diffraction
peaks of the ZCIS/ZnS QDs slightly shift to larger angles as
increasing Zn content, which is consistent with the smaller Zn2+

cationic radius than those of Cu+ and In3+, corresponding to the
lattice constants of 5.468, 5.453, 5.437, and 5.420 Å for DR-, R-,
Y-, G-QDs, respectively. However, the normalized PL spectra
of organic CTMs (TPBI, TCTA, and TPD) are also shown in
Figure 1. It is clearly observed that there is a spectral overlap
between the absorption of ZCIS/ZnS QDs (acceptor) and the

PL emission of the CTMs (donor) as a prerequisite for
FRET.26,32 The distinctly tunable absorption spectra of ZCIS/
ZnS QDs means that the size and composition should influence
the FRET process between the QDs and CTMs.
The PL excitation spectra of the R-ZCIS/ZnS core/shell

QDs in QD/PMMA (TPBI and TCTA) blend films with
different molar ratio of the QD/CTM are shown in Figure 2a,b.
The PL excitation spectra are normalized at a wavelength of
425 nm without the absorption from TPBI (TCTA) as shown
in Figure S4 of the Supporting Information. The relative
enhancement in the PL excitation intensity of the QDs in the
blend films is clearly observed at the absorption wavelength of
the CTMs, compared with that in PMMA film, indicating an
energy transfer process from the CTMs to QDs.32 The similar
PL excitation intensity enhancement was also observed in QD/
TPD blend films as shown in Figure S5 of the Supporting
Information, providing a potent evidence that energy transfer
also takes place between TPD and ZCIS/ZnS QDs.32,34

To clarify the energy transfer dynamics, the PL decays of
CTMs were measured in the organic/inorganic hybrid systems.
Figure 2c,d shows the evolution of the time-resolved PL spectra
of TPBI and TCTA in R-ZCIS/ZnS QD/CTM blend films
with different QD/molecule molar ratios under the excitation
wavelength of 320 nm. The PL decays of TPBI (TCTA)
molecules became faster in the blend films because the energy
transfer process is an additional nonradiative de-excitation path
for donors, which expresses as 1/τdonor−acceptor = 1/τdonor + kET,
where τdonor−acceptor and τdonor are the PL lifetimes of TPBI
(TCTA) donor in blend and neat films,26 and kET is the energy
transfer rate. We analyzed the PL decays of the TPBI (TCTA)
molecules by a biexponential function with two time
components (τi) and weights (Ai). The average lifetimes were
obtained by the relationship τav = (A1τ1

2 + A2τ2
2)/(A1τ1 +

Figure 1. UV−visible absorption and PL spectra (solid lines) of ZCIS/
ZnS core/shell QDs with emission peak position at 540 nm (black
lines), 580 nm (red lines), 610 nm (green lines), and 640 nm (blue
lines) and PL spectra of TPBI (black dashed line), TCTA (red dashed
line), and TPD (blue dashed line) under excitation at 320 nm. A high-
resolution TEM image of G-ZCIS/ZnS core/shell QDs is shown in
the inset.

Figure 2. Normalized PL excitation spectra (a,b) of R-ZCIS/ZnS QDs and temporal change of PL intensities of CTMs (c,d) in QD/TPBI (a,c) and
QD/TCTA (b,d) blend films with different QD/CTM molar ratio (1/15, 1/30, and 1/60). The solid red lines in panels c and d represent
deconvolution fitting curves.
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A2τ2). From the deconvolution fitting of the decay curves, the
average lifetimes of the CTMs with QD/CTM molar ratios of
1/15, 1/30, 1/60, and neat CTMs were summarized in Table 1.

The corresponding energy transfer efficiencies and rates were
obtained by expressions 1 − τdonor−acceptor/τdonor and 1/
τdonor−acceptor − 1/τdonor, respectively,

26 also shown in Table 1.
It was noted that the energy transfer efficiency decreases as
increasing the concentration of the CTMs. On the basis of the
Förster theory, the longer donor−acceptor distance makes the
energy transfer less effective.26 Most of TPBI (TCTA)
molecules are far from the QD surface when the concentration
of CTMs is high, resulting in a small change of PL lifetime as
seen in Figure 2c,d. When the concentration of CTMs is low,
most of the molecules distributed near the surface of QDs,
leading to a markedly shortening of the donor PL lifetime. This
result confirms that the FRET process in the blend films of
TPBI (TCTA) and ZCIS/ZnS QDs is dependent on the
donor/acceptor molar ratio due to the change of the average
distance between TPBI (TCTA) donor molecules and the QD
acceptors.
In order to understand the energy transfer dynamics in ZCIS

QD/TPBI(TCTA) blend films with different QD emissions,
the PL decay curves of TPBI and TCTA in the blend films were
measured, as shown in Figure 3. The PL decay of the donor
molecules is difficult to measure if the concentration of the
CTM in the film is too low. Additionally, the PL decay curves
of the donor molecules cannot reflect the information about the
energy transfer dynamics when the concentration of the CTM
in the film is too high. Therefore, we chose 1/30 as the suitable
QD/CTM molar ratio for investigating the energy transfer
process between ZCIS/ZnS QDs and TPBI (TCTA). It is
found that the PL decay of the TPBI (TCTA) became slower
with decreasing the emission wavelength of the ZCIS QDs. The
average PL lifetimes of TPBI and TCTA in G-, Y-, R-, and DR-
QD/TPBI (TCTA) blend films were obtained as 2.2, 1.7, 1.2,
and 0.9 ns and 14.6, 13.2, 12.4, and 9.0 ns, respectively. The
corresponding energy transfer efficiencies and rates were
obtained to be 15%, 35%, 54%, and 65% and 0.7, 2.0, 4.5,
and 7.3 × 108 s−1 for QD/TPBI blend films, and to be 6.4%,
15%, 21%, and 42% and 0.4, 1.2, 1.7, and 4.7 × 107 s−1 for QD/
TCTA blend films, respectively. It is clearly shown that the
energy transfer efficiency and rate increases with the redshift of
the QD emission, indicating the spectrally dependent FRET
process.
The efficiencies as a function of the QD emission wavelength

are shown in Figure 4. For the analysis of the spectrally
dependent FRET process in detail, we need to estimate the
spectral overlap integral between acceptor absorption and

donor emission and the Förster radius. The overlap integral J is
defined as follows:26

∫ λ ε λ λ λ=
∞

J F ( ) ( ) d
0

D A
4

(1)

where FD(λ) is the normalized donor emission spectrum, and
εA(λ) is the acceptor molar extinction coefficient. The Förster
radius R0, which is defined as the separation distance
corresponding to 50% FRET efficiency, can be expressed as26

κ
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where QD is the quantum yield of the donor, NA is Avogadro’s
number, nD refers to the refractive index of the medium, and κ
is a parameter that depends on the relative orientation of the

Table 1. Average PL Lifetimes of CTMs for R-ZCIS QD/
TPBI (TCTA) Molar Ratios of 1/15, 1/30, 1/60, and Neat
CTMs, Corresponding Energy Transfer Efficiencies, and
Rates in the Organic/Inorganic Hybrid System

PL lifetime
(ns) efficiency (%) rate (s−1)

samples TPBI TCTA TPBI TCTA TPBI TCTA

1/15 1.0 9.2 62 41 6.2 × 108 4.5 × 107

1/30 1.2 12.4 54 21 4.5 × 108 1.7 × 107

1/60 1.6 14.1 38 9.6 2.4 × 108 0.7 × 107

neat TPBI
(TCTA)

2.6 15.6

Figure 3. Temporal change of PL intensities of TPBI (a) and TCTA
(b) in G-, Y-, R-, and DR-ZCIS/ZnS QD/CTM blend films with the
same QD/TPBI (TCTA) molar ratio of 1/30. The solid red lines
represent deconvolution fitting curves. The excitation wavelength is
320 nm.

Figure 4. Efficiencies of energy transfer from TPBI (black solid
squares) and TCTA (black solid triangles) to ZCIS/ZnS QDs as a
function of the QD emission wavelength. The molar ratio of the QD/
CTM in blend films is taken as 1/30. The calculated Förster radii (R0)
of G-, Y-, R-, and DR-ZCIS/ZnS QDs in the QD/TPBI (red empty
squares) and TCTA (red empty triangles) hybrid systems are also
shown in the figure.
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donor and acceptor dipoles. We used κ2 = 2/3 here for
randomly oriented dipoles.
From eq 1, the overlap integral is dependent on the molar

extinction coefficient εA of acceptor at the donor emission
wavelength. Moreels et al. and Peng et al. have proved that the
molar extinction coefficient increases with increasing the
particle size.35,36 However, the molar extinction coefficient at
400 nm around the emission wavelength of TPBI or TCTA
should increase as decreasing the Zn content in the QDs
because the band gap energy of ZnS (3.7 eV) is larger than that
of CTMs. In our experiment, the molar extinction coefficient
εA(λ) of QDs with different emission peaks was estimated by
Lambert−Beer’s law A = εACL, where A is the absorbance, C is
the molar concentration (mol/L) of the QDs, and L is the path
length (cm) of the radiation beam.36 The molar extinction
coefficients at 400 nm of G-, Y-, R-, and DR-ZCIS QDs are
shown in Table 2. We observed that the DR-ZCIS QDs with

the largest particle size and the least Zn content exhibit the
largest molar extinction coefficient. The overlap integral
between ZCIS QDs and donor TPBI or TCTA was calculated
from eq 1 as summarized in Table 2. It is clearly shown that the
overlap integral rapidly increases with the change of PL color of
QDs from green to deep red. Combining the overlap integral of
different ZCIS QDs, the value of the Förster radius was
calculated from eq 2, as plotted in Figure 4. In the previous
reports, the Förster radius of CdSe QD/organic molecule
system was estimated to about 3−8 nm,30,37−40 which is
quantitatively consistent with that of the donor−acceptor
system of TPBI (TCTA) and ZCIS QDs. As seen in Figure 4,
the Förster radius for TPBI (TCTA) system increases from 4.0
(3.7) nm to 5.3 (5.0) nm with the redshift of the absorption
onset of ZCIS QDs, showing a similar trend in the energy
transfer efficiency. The result is consistent with the Förster
theory: the energy transfer efficiency for a donor−acceptor pair
depends on Förster radius (R0) as ηET = R0

6/(R0
6 + r6). The

redder emission QDs have a larger spectral overlap with TPBI
(TCTA) than greener QDs, resulting in a larger Förster radius
and more efficient energy transfer. The energy transfer
efficiency from TPBI (TCTA) to DR-ZCIS QDs with large
particle size and low Zn content in the QDs can achieve 65%
(42%). This means that the energy transfer efficiency can be
improved by controlling the size and composition of acceptor
ZCIS QDs because of the change in the spectral overlap
between CTMs and ZCIS QDs.
In contrast to the enhancement in the QD PL due to energy

transfer process, the charge separation at the interface of QDs/
organic molecules will quench the PL of QDs, which may
influence the performance of the QD-LED.5 Thus, it is
important to confirm whether the charge separation process
occurs in ZCIS QD/CTM blend films. The PL decay curves of
ZCIS/ZnS QDs with different emission wavelength in the

CTMs and PMMA under excitation wavelength of 425 nm are
shown in Figure 5. It is clearly noted that PL lifetimes of G- and

Y-ZCIS QDs are shortened in TPD matrix due to the charge
transfer and show a little change and no change in TCTA and
TPBI matrix, compared to that in PMMA matrix, as seen in
Figure 5a,b. However, there is no change in the PL decay
curves of R- and DR-QDs in TPD (TCTA, TPBI) films, as seen
in Figure 5c,d, indicating that the charge separation process
does not happen in the blend films.
The valence and conduction energy levels of the ZCIS core

and the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels of TPBI,
TCTA, and TPD are shown in Figure 6. The shortening of the
PL lifetimes for ZCIS QDs indicates that the charge separation
process occurs in Y- and G-QD/TPD (TCTA) hybrid systems,
which is dependent on the energy offset between the valence
level of the QDs and the HOMO level of the TPD (TCTA).32

The energy offset is a driving force for the charge separation
process at the QD/CTM interface, giving rise to exciton
dissociation in QDs. The valence band levels of the QDs tuned
by the particle size and composition are determined from −5.61
eV to −5.77 eV by the cyclic voltammetry measurement, as
shown in Figure S6 of the Supporting Information. From the
previous reports, the HOMO and LUMO levels of CTMs were
determined to be −6.2 and −2.8 eV for TPBI, −5.7 and −2.4
eV for TCTA, and −5.4 and −2.2 eV for TPD, respectively.1,3,7

The type I band alignment at the interface between TPBI and

Table 2. Molar Extinction Coefficient (εA) at Wavelength of
400 nm for ZCIS QDs and Spectral Overlap Integrals J for
TPBI (TCTA)/ZCIS QD Hybrid System

J (M−1 cm3)

samples εA (400 nm) (M−1 cm−1) TPBI TCTA

G-ZCIS 0.85 × 105 2.09 × 10−13 1.77 × 10−13

Y-ZCIS 1.18 × 105 3.01 × 10−13 2.85 × 10−13

R-ZCIS 2.48 × 105 6.47 × 10−13 6.42 × 10−13

DR-ZCIS 4.08 × 105 10.47 × 10−13 10.42 × 10−13

Figure 5. Temporal change of PL intensities of (a) G-, (b) Y-, (c) R-,
and (d) DR-ZCIS/ZnS QDs in QD/CTM and PMMA blend films
with a QD/organic molecule molar ratio of 1/30. The excitation
wavelength is 425 nm.
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all the four kind of QDs and the type II alignment at the
interface between TPD (TCTA) and QDs with small size and
relatively high Zn content can be formed based on the energy
difference between the HOMO levels of the CTMs and the
valence band levels of ZCIS QDs. The small hole injection
barrier (0−0.37 eV) exists between hole transporting materials
(TPD and TCTA) and ZCIS alloyed QDs, perhaps improving
the performance of the ZCIS QD-LEDs, compared to the large
one (∼1 eV) between TPD (TCTA) and CdSe QDs (see blue
lines in Figure 6).5,6 Moreover, the small energy offset (driving
force) of 0−0.37 eV would also be responsible for a weak
charge separation process at the ZCIS QD/TCTA (TPD)
interface, identically with the experiment results as shown in
Figure 5. This reveals that the heavy metal free ZCIS QDs with
the type I or type II band alignment can exhibit efficient energy
transfer and/or weak charge separation processes with
frequently used CTMs such as TPBI, TCTA, and TPD
controlled by varying the particle size and composition of the
QDs.

■ CONCLUSIONS
In summary, we have revealed that the ZCIS alloyed QD/CTM
hybrid systems with the type I or type II band alignment exhibit
efficient energy transfer process, which can be controlled by
varying the QD size and composition. The Förster radius of the
ZCIS QD/CTM hybrid films calculated based on the Förster
theory is well consistent with the dependence of the energy
transfer efficiency on the QDs with various emissions. The size
increase and Zn content reduction of ZCIS QDs can enhance
the energy transfer efficiency. Therefore, heavy metal-free ZCIS
QDs are promising to be used to fabricate high-efficiency and
environmentally safe QD-LEDs toward their application in
next-generation displays and solid state lighting on the basis of
the efficient FRET from organic CTMs to ZCIS QDs.
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