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ABSTRACT: Atomically flat colloidal semiconductors such
as nanoplatelets (NPLs) promise great potential for different
optoelectronic applications. Here, we systematically inves-
tigate the excitonic energy transfer from colloidal Cu-doped
CdSe to undoped core/shell CdSe/CdS nanoplatelets via
steady-state and time-resolved photoluminescence spectros-
copy techniques. We show the strong quenching in photo-
luminescence emission of the doped NPL donors together
with significant modifications in the time-resolved kinetics by
changing the concentration of the undoped NPL acceptors in close proximity. This newly presented all-colloidal and all-quasi-
2D doped−undoped NPL−NPL hybrid system shows near-unity room-temperature energy transfer efficiency (99%) in solid
films. We strongly believe that such highly efficient energy transfer in doped−undoped hybrid films will create more interest in
the scientific community to further explore different donor/acceptor combinations with these newly reported doped NPLs for
next-generation energy harvesting applications.

■ INTRODUCTION

Colloidal luminescent quasi-two-dimensional (quasi-2D) semi-
conductor quantum wells, which are commonly known as
nanoplatelets (NPLs), have recently attracted great attention as
a new class of semiconductor nanocrystals (NCs).1−12 Besides,
the extensive investigation of group II−VI undoped and doped
zero-dimensional NCs,13−20 CdSe NPLs with zincblende
structure have also been studied in terms of optical and
excitonic properties, particularly important for optoelectronic
applications.1,2,8−12,21 These core-only NPLs have superior
features including spectrally narrow emission (fwhm < 10 nm)
because of the precise thickness control in 1D, large absorption
cross-section, giant oscillator strength, and high packing
factor.1,2,11,22 Furthermore, core/shell CdSe/CdS NPLs possess
several other important properties such as high surface
passivation resulting in high quantum yield, and reduced
emission intermittency at a single nanoparticle level.7 Therefore,
core-only CdSe and core/shell CdSe/CdS NPLs offer strong
potential as favorable candidates in various applications
including light emitting diodes, solar cells, low-threshold
amplified spontaneous emission, and lasing.4,9,12,23−25

Efficient ion doping of core-only CdSe NPLs has been
demonstrated in very recent reports by Sharma et al. through the
inclusion of copper (Cu) ions in the synthesis.26,27 Cu-doped
CdSe NPLs provide significant characteristics such as large
Stokes-shifted and tunable emission spectrum in the range of
visible to near infrared, near-unity quantum efficiency, and step-

like absorption feature.26 As expected from doped semi-
conductor NCs, Cu-related emission in the doped NPLs is
much broader than the band-edge emission.27−29 Doped NPLs
might also have an order of magnitude longer excited state
lifetime and much lower self-absorption when compared to
undoped NPLs.7,26 Considering the promising features of the
doped and undoped NPLs, highly enhanced Förster-type
nonradiative energy transfer (NRET) is to be observed in the
heterostructures of Cu-doped core-only CdSe NPLs as the
exciton donors and undoped core−shell CdSe/CdSNPLs as the
exciton acceptors, which is particularly important for next-
generation light harvesting applications. In addition, Cu-doped
cadmium-based NPLs may provide a facile platform for the
investigation of charge carrier dynamics in the pairs of colloidal
quasi-2D doped-donor and undoped-acceptor through the near-
field interaction.30−32

Pradhan and co-workers previously investigated the fluo-
rescence energy transfer between doped and undoped QDs, and
the energy transfer efficiency was reported as around 39%.33

However, the energy transfer mechanism in the doped/undoped
NPL heterostructures, which may offer superior characteristics
compared to the QD heterostructures, has not been studied to
date. Furthermore, besides their stable and dominant dopant
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related emission, Cu-doped NPLs having lower self-absorption
because of the large Stokes-shifted emission and longer excited
state lifetime when compared to the undoped donor NPLs have
not been utilized for the efficient NRET in heterostructures.12,26

In this study, we investigated the NRET from colloidal Cu-
doped CdSe NPLs to undoped CdSe/CdS NPLs. The record
high energy transfer efficiency, ∼99%, is reported here in the
doped/undoped NPL solid films via time-resolved fluorescence
(TRF) spectroscopy conducted at room temperature. Strong
NRET is also demonstrated via steady-state photoluminescence
(PL) emission spectroscopy exhibiting the transfer efficiency
above 90% for an optimized donor/acceptor (D/A) ratio. In
addition, steady-state PL excitation spectroscopy was used to
further confirm the efficient quenching of the PL from Cu-
related trap in the proposed solids.

■ EXPERIMENTAL SECTION
Chemicals. Cadmium nitrate tetrahydrate (Cd(NO3)2·

4H2O) (99.999% trace metals basis), sodium myristate
(>99%), technical-grade 1-octadecene (ODE), selenium (Se)
(99.999% trace metals basis), cadmium acetate dihydrate
(Cd(OAc)2·2H2O) (>98%), technical-grade oleic acid (OA)
(90%), technical-grade oleylamine (OAm) (70%), N-methyl-
formamide (NMF) (99%), and ammonium sulfide solution
(40−48 wt % in H2O), copper(II) acetate (99.999%) were
purchased from Sigma-Aldrich. Hexane, ethanol, methanol,
toluene, and acetonitrile were purchased from Merck Millipore
and used without any further purification.
Synthesis of Cu-Doped 3 ML CdSe NPLs. 0.5 mmol of

Cd(Ac)2·2H2O, 0.3 mmol of OA and 15mL of ODEweremixed
in a 50 mL three-neck flask. The mixture was stirred under
continuous Ar bubbling for 10 min. Afterward 0−200 μL of Cu
precursor was added to the reaction mixture at room

temperature. Subsequently, under Ar protection, the flask was
heated to 230 °C in 5 min. Thereafter, the flask was kept at 230
°C for another 5 min and 2.5 mL of 3 mmol Se−ODE solutions
was injected. Light yellow color appears immediately after the
injection of the Se precursor. Following the growth for 5min, the
solution temperature was decreased to room temperature using
a water bath. After adding 5 mL of toluene into the solution, it
was centrifuged for 10 min at 2500 rpm and the supernatant was
removed into another centrifuge tube. The supernatant was
removed into another centrifuge tube and ethanol was added
into supernatant solution till it became turbid. Thereafter, this
solution was centrifuged again at 8000 rpm for 5 min, and then
the precipitates of 3 monolayer (ML) Cu doped CdSe NPLs
were dissolved and stored in toluene for further use. The Se
precursor used in the synthesis was prepared according to a
previously reported procedure by the group of Peng in their
work, Nano Lett. 15, 4477 (2015).34 For the Cu precursor
utilized in the synthesis of the dopedNPLs, 15 mg of copper (II)
acetate was first mixed with 0.2mL of oleylamine and 5mLODE
in an N2 filled glovebox environment. The mixture was then
stirred at 90 °C for 24 h.

Synthesis of 4 ML CdSe NPLs. 340 mg of cadmium
myristate (Cd(myr)2), 24 mg of selenium (Se) and 30 mL of
octadecene (ODE) were introduced into a 100 mL three-neck
flask, and the mixture was degassed under vacuum at 95 °C for
an hour until it was completely dissolved. After degassing, the
solution was heated to 240 °C under argon atmosphere, and 120
mg of cadmium acetate dehydrate (Cd(OAc)2(H2O)2) was
introduced swiftly into the hot mixture when the temperature
reached 195 °C. After 10 min of growth at 240 °C, 1 mL of OA
was added and then the mixture was quickly cooled down to
room temperature. After adding 5 mL of hexane into the
solution, it was centrifuged for 6 min at 6000 rpm. The

Figure 1. TEM images of the (a) Cu-doped 3 ML core NPLs and (b) undoped 4ML/5ML CdSe/CdS core/shell NPLs. (c) Schematic of our hybrid
structure including the Cu-doped and undoped NPLs. (d) PL and absorbance spectra of the Cu-doped and undoped NPLs dispersed in toluene. Here,
the PL spectra of donor and acceptor NPLs together with the absorption spectrum of acceptor NPLs were normalized to each other using Cu-related
emission peak value of the donor, band-edge emission peak value of the acceptor and second excitonic absorption peak value of the acceptor.
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supernatant was removed into another centrifuge tube and
ethanol was added into the supernatant solution until it became
turbid. The turbid solution was centrifuged at 10 000 rpm for 10
min, and then the precipitate was dissolved in hexane and stored
for the further CdS−shell growth.
Synthesis of 4 ML/5 ML CdSe/CdS Core/Shell NPLs.

CdS−shell growing of the 4 ML CdSe core-only NPLs were
carried by using the colloidal atomic layer deposition
technique.35 First, for a typical CdS-shell deposition, 3 mL of
4MLCdSe seedNPLs and 3mL of NMFwere mixed. Then, the
NPLs were transferred from hexane to NMF solution with the
addition of 50 μL of ammonium sulfide solution (S(NH4)2).
After 5 min shaking and stirring for complete reaction, 500 μL
acetonitrile and 3 mL toluene were introduced into the mixture,
and they were centrifuged for 5 min at 8000 rpm to precipitate
the NPLs. For complete removal of the excess sulfur precursor,
the washing step was repeated three times. After the precipitated
NPLs were dissolved in 3 mL of NMF, 2 mL of cadmium
precursor (0.2 M cadmium acetate−NMF) was added and
shaked for complete reaction. The NPLs were precipitated again
with the addition of acetonitrile and toluene. After that, 1 ML
CdS-shell is formed on CdSe NPLs. For further increasing the
CdS-shell thickness, this process is followed in the same way.
Finally, CdSe/CdS core/shell NPLs were precipitated and
dispersed in toluene with the addition of excess amount of OA.
TRF, Steady-State PL Emission/Excitation and Absorb-

ance Spectroscopy. A time correlated single photon counting
system having time resolution down to 4 ps (PicoHarp 300) and
capable of delivering laser pulses with 80 MHz repetition rate
was used for the TRF spectroscopy measurements. The system
includes a picosecond pulsed laser with an output photon energy
of 3.31 eV (375 nm) driven by a driver module (PDL-800
series), and a fast photomultiplier tube (Hamamatsu H5783
series) to be able to resolve the lifetimes on the order of a few
picoseconds. In the TRF spectroscopy measurements, the
exciton density per NPL is very small (⟨N⟩ ≪ 1) owing to the
low intensity of the pump laser. Cary 100 UV−Vis
spectrophotometer including a xenon lamp, a monochromator,
and a standard photomultiplier tube was used to obtain the
results of steady-state PL emission/excitation and UV−Vis
absorbance spectroscopy. Excitation wavelength was fixed to
350 nm in the steady-state PL emission and UV−Vis absorbance
spectroscopy measurements.

■ RESULTS AND DISCUSSIONS
The transmission electronmicroscopy (TEM) images of the Cu-
doped 3 ML CdSe core NPLs and undoped 4 ML/5 ML CdSe/
CdS core/shell NPLs are shown in Figure 1a,b, respectively. As
seen from the figures, any significant self-stacking was not
observed in the solids of both the donor and acceptor NPLs
except some donor NPLs touching to each other because of their
relatively high aspect ratio in size. A schematic of our
experimental system including the doped and undoped NPLs
is depicted in Figure 1c. Ensemble of the Cu-doped NPLs with
the absolute PL QE of 70% has Cu-state-related PL at around
620 nm along with the band-edge emission at around 465 nm as
seen from Figure 1d. Their absorbance spectrum is starting at
the point little blue-shifted from the band-edge PL peak of the 3
MLCdSe NPLs as expected (Figure 1d). The samples including
undoped CdSe/CdS NPLs dispersed in toluene have the PL
peak at around 660 nm, which is significantly red-shifted with
respect to the PL peak of the doped samples. The PL spectra of
the doped and undoped samples do not significantly overlap at

the wavelength of peak intensity of donor Cu-doped NPLs (620
nm). However, the small amount of overlap was further
investigated by conducting the experiments at the second
absorption peak of the undoped NPLs (598 nm). As shown in
Figure 1d, absorbance spectrum of the acceptor undoped NPLs
exhibits significant overlap with the emission of donor Cu-doped
NPLs, which is a favorable condition along with the absence of
cross-talk in the PL spectra to achieve efficient NRET in these
systems.
A systematic study of the NRET in the hybrid films of the

doped and undoped NPLs was performed first by doing the
steady-state PL measurements with the excitation pumping at
350 nm. The PL spectra of only-donor NPLs, only-acceptor
NPLs and the hybrid of these NPLs with the molar D/A ratio of
2.5 × 10−5 were obtained as presented in Figure 2. PL emission

of the donor NPLs originated from the band-edge and Cu-
related states is strongly quenched to almost zero level in the
hybrid film, resulting in a significant enhancement in the
acceptor PL emission which is arising from the acceptor band-
edge. Because the D/A NPLs are in close proximity in their thin
film ensembles, the energy transfer is expected to dominate by
the NRET mechanism and negligibly affected by radiative
energy transfer mechanism including photon emission−
absorption processes. The PL intensities of the only-donor
and hybrid samples suggest the energy transfer efficiency as
∼93%. This is a significantly high value for this kind of colloidal
nanocrystal hybrid systems. In order to further analyze the
potential of this new doped/undoped hybrid NPL samples and
to reveal directly the NRET efficiencies and rates, we
systematically studied the time-resolved PL kinetics in the
samples with varying D/A ratio along with the only-donor and
only-acceptor cases.
We performed the TRF measurements by using a picosecond

pulsed laser with an output photon energy of 3.307 eV (375 nm)
integrated to a time-correlated single photon counting system
(Experimental Section). The PL decay curves were obtained at
room temperature and at low power intensity for various D/A
molar ratios. The TRF measurements were carried out at the
Cu-state-related PL peak of the donor NPLs (620 nm) and at
the second excitonic absorption peak of the acceptor NPLs (598
nm). The PL decay curves at the band-edge peak emission
wavelength of the donor NPLs (465 nm) were also measured
(Supporting Information, Figure S1). Furthermore, decay

Figure 2. Steady-state PL spectra of the solid films of only-donor
(orange), only-acceptor (red), and donor/acceptor having D/A = 2.5×
10−5 (green) cases.
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curves for the band-edge emission of the acceptor at 660 nm
were also recorded for the various D/A cases; however, because
of the cross-talk at the PL emissions of the donor and acceptor,
not quantitative but the qualitative analysis of the decays at this
wavelength is presented in Figure S2 in the Supporting
Information.
Figure 3 shows the time-resolved PL decay curves of the

samples having discrete D/A molar ratios at the peak PL
wavelength of the donor, which is around 620 nm. As depicted in
Figure 3a, PL decay of the donor NPLs becomes faster as the
acceptor concentration in the hybrid film increases. It is also
seen from the first few nanoseconds of the curves presented in
Figure 3b along with the instrument response function (IRF)
curve that this behavior is obviously not in the limits of our
experimental system. This feature of the curves is a strong
evidence of opening a new nonradiative channel for the excited
state energy relaxation in the donor NPLs due to the acceptor
NPLs around in close proximity.
In order to further examine the findings from the PL decay

curves at the donor Cu-related peak emission wavelength (620
nm), we performed the time-resolved PL spectroscopy with the
same samples having discrete D/A ratios but at a different
emission wavelength, which is the wavelength of the acceptor
second absorption peak (598 nm). Besides the almost zero
cross-talk of the donor and acceptor emissions, another reason
for choosing this wavelength is to analyze the possible effect of
the very small overlapping in the donor emission with the
acceptor emission at 620 nm. As shown in Figure 4a, faster
decays were observed at 598 nm with the decreasing D/A molar

ratio, which is an agreed result previously obtained at 620 nm
(see Figure 3). The curves are also far from the limits of the time-
resolved PL instrumentation as shown in Figure 4b.
The time-resolved PL decay curves obtained at the wave-

lengths of 620 and 598 nm were analyzed by fitting with a
multiexponential decay function including four exponential
components. Four different components in the fitting function
can be attributed to four completely independent or partially
dependent decay channels in the NPL and it is an intrinsic
property of the colloidal nanomaterials as it was previously
observed in the literature.9,36 The amplitude-averaged PL
lifetimes (τav) along with the fitting parameters for both the
wavelengths of the donor NPLs are presented in Tables S1 and
S2 (Supporting Information). The PL intensity of only-donor
solid film exhibits an average decay lifetime of 191.9 ns at 620
nm and 127.4 ns at 598 nm. These average decay lifetimes
decrease to 2.2 ns at 620 nm and 2.1 ns at 598 nm in the sample
with D/A = 5.0 × 10−5, in which there is a large number of
acceptors per donor, and they saturate at around these values.
Major modifications in the PL lifetimes of the donor as a
function of the increasing acceptor-to-donor ratio are strong
indications of the NRET from the donor (e.g. Cu-doped NPLs)
to the acceptor (e.g. undoped core/shell NPLs). Further analysis
of the donor PL lifetimes provides the NRET rates and
efficiencies, which are presented in Table 1. The analyses of the
NRET rates were computed by using the eq 1

γ
τ τ

= −1 1
NRET

DA D (1)

Figure 3. (a) Time-resolved PL decay curves at the donor trap emission peak wavelength, 620 nm, for various D/A concentration ratios. (b) The
zoom-in representation of the same decay curves together with the IRF having gray color.

Figure 4. (a) Time-resolved PL decay curves at the acceptor second excitonic absorption peak wavelength (598 nm) for various D/A ratios. (b) The
zoom-in representation of the same decay curves together with the IRF having gray color.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b10177
J. Phys. Chem. C 2019, 123, 1470−1476

1473

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b10177/suppl_file/jp8b10177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b10177/suppl_file/jp8b10177_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b10177/suppl_file/jp8b10177_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b10177


where τDA and τD are the amplitude-averaged PL lifetimes of the
donor NPLs in the presence and absence of acceptor NPLs,
respectively. As seen from the Table 1, the NRET rates at both
the wavelengths, 620 and 598 nm, increase with the number of
acceptor per donor, reaching to the maximum value of around
0.46. The record NRET efficiencies were also calculated by
using the following relation

η
γ

γ τ
τ
τ

=
+

= −− 1NRET
NRET

NRET D
1

DA

D (2)

Figure 5 depicts the NRET efficiencies as a function of the
varying ratio of D/A molar concentration. Progressive increase

saturating at high efficiency levels with the decreasing D/A ratio
is observed because of the large absorption cross-section of the
acceptor NPLs. As seen from Figure 5, the saturations occur at
around 99% (for the emission wavelength of 620 nm) and at
around 98% (for the emission wavelength of 598 nm). As for
another perspective discussed in the literature, besides these
results from the average lifetimes, NRET efficiency for the
sample having the D/A molar ratio of 2.5 × 10−5 was also
obtained as around 93% by using the second lifetime
components, τ2, at both the wavelengths of 620 and 598 nm.
Among all the lifetime components, the second component was
used for this analysis because of its strong attribution to the Cu-
related emission in the literature.26,29 These are, to the best of
our knowledge, the highest reported NRET efficiencies in the

colloidal doped-undoped quasi-2D quantum well semiconduc-
tor nanocrystal hybrids (e.g. doped NPL−undoped NPL).
Previously, the NRET efficiency was reported for the undoped
QD−QD donor/acceptor pairs in excess of 90%;37,38 for the
undoped QD-NPL pairs up to 90%;39 and for the undoped
NPL−NPL pairs up to 6012 and 90% (for a single NPL−NPL
pair)4 at room temperature. Another important point is the
saturation molar ratio value of the efficiencies, which is
beginning at ∼0.1 and reaching to the saturation value at
∼0.02. From the surface calculations, we also obtained the
saturation value at ∼0.02, which is in good agreement with the
experimental results in Figure 5.
Further analysis was performed on the NRET efficiencies

including single donor and multiple numbers of acceptor to
obtain the efficiency for a single donor−acceptor (D−A) pair in
the ensemble of NPLs. To this end, we used a well-knownmodel
developed by Raicu.40,41 As presented in Figure 6, efficiency per

D−A pair was calculated which is almost the same up to a
saturation value of the D/A molar ratio and then it rapidly
decreases to very small values of around zero. The decreasing
behavior in the pair efficiencies is due to the approximation of
constant dependence of the NRET to the distance between
donor and acceptor in a pair. This drawback of the model is
favorable for us to observe the D/A ratio of a single pair at the
efficiency saturation point, which is significant to explain the
behavior in the NRET efficiencies from the ensemble measure-
ments (Figure 5). The saturation values from the ensemble
measurements and the single-pair calculations (∼0.1) are
consistent with each other. This method provided useful and
important evaluation of the NRET efficiencies from our
ensemble measurements.
For further investigation of the NRET, PL excitation (PLE)

spectroscopy was carried out in the hybrid solid films along with
the only-donor and only-acceptor samples. The PLE spectra of
the bare donor and acceptor films, which were measured at their
peak PL wavelengths, are shown in Figure 7a. As seen from the
figure, the excitation spectra exhibit similar features as the
absorption spectra of the NPLs (see Figure 1d). After this
confirmation of the PLE spectra, we measured the excitation
spectra of the hybrid films having discrete D/A molar ratios: 1.0
× 100, 1.0 × 10−1, 1.0 × 10−2, and 5.1 × 10−4. Figure 7b depicts
the excitation spectra of the hybrid NPL films, which are
measured at the acceptor peak emission wavelength, 660 nm.
These PLE spectra are normalized at the second excitonic

Table 1. PL Decay Lifetimes (τ), NRET Rates (γNRET) and
NRET Efficiencies (ηNRET) of the Donor NPLs for the
Samples with Varying D/A Ratios

D/Aratio

τav donor
(ns)

620 nm

τav donor
(ns)

598 nm

γNRET
(ns−1)
620 nm

γNRET
(ns−1)
598 nm

ηNRET
(%)

620 nm

η
NRET
(%)

598 nm

2.5 × 10−5 2.4 2.3 0.419 0.427 99 98
5.0 × 10−5 2.2 2.1 0.456 0.468 99 98
5.1 × 10−4 2.5 2.5 0.401 0.394 99 98
5.1 × 10−3 2.9 3.7 0.341 0.262 99 97
1.0 × 10−2 3.1 4.1 0.319 0.239 98 97
3.0 × 10−2 4.5 9.4 0.219 0.099 98 93
6.1 × 10−2 5.1 10.1 0.191 0.091 97 92
1.0 × 10−1 9 15.7 0.106 0.056 95 88
1.8 × 10−1 10 22.5 0.095 0.037 95 82
5.1 × 10−1 21 37.7 0.042 0.019 89 70
1.1 × 100 34.2 44.9 0.024 0.014 82 65
only donor 191.9 127.4

Figure 5. NRET efficiency as a function of D/A molar ratio.

Figure 6. NRET efficiency for a single D/A pair as a function of D/A
molar ratio.
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absorption peak (∼598 nm) of the acceptor NPLs because the
donor NPLs do not possess absorption at this spectral region
(see Figure 1d). These normalized excitation spectra of the
NPLs show gradual enhancement in the PL intensity at shorter
wavelengths with increasing number of donor NPLs per an
acceptor NPL. This result is in good agreement with the
phenomenon of exciton funneling from the donor to the
acceptor. The PLE spectra were further examined for the
enhancements in the hybrid samples by dividing the normalized
excitation spectra of the hybrids with those of the only-acceptor
sample. The relative variations in the acceptor emission through
the NRET are represented for the corresponding molar ratios in
the inset of Figure 7b. With the increasing number of donor-
doped NPLs relative to the acceptor undoped NPLs; the PLE
spectrum resembles the absorption features of the donor NPLs.

■ CONCLUSIONS
We studied the efficiency of excitonic energy transfer between
colloidal Cu-doped core CdSe and undoped core/shell CdSe/
CdS NPLs. Using steady-state and time-resolved PL spectros-
copy techniques, we showed the PL quenching of the donor Cu-
doped NPLs and the systematic modifications in the time-
resolved PL kinetics when the acceptor undoped NPLs are
located in close proximity. The record level energy transfer
efficiency in this newly shown all-colloidal and all-quasi-2D
doped/undoped hybrid system was presented to be around 99%
at room temperature. All these findings provide fundamentally
important knowledge for the NRET dynamics of quasi-2D
colloidal hybrid material systems. We also believe that such
strongly efficient NRET in these quantum-confined structures
will enable high-performance photonics and optoelectronics
including Cu-doped NPLs.
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