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Highly Efficient Nonradiative Energy Transfer from
Colloidal Semiconductor Quantum Dots to Wells for
Sensitive Noncontact Temperature Probing

Murat Olutas, Burak Guzelturk, Yusuf Kelestemur, Kivanc Gungor,

and Hilmi Volkan Demir*

This study develops and shows highly efficient exciton-transferring hybrid
semiconductor nanocrystal films of mixed dimensionality comprising quasi
0D and 2D colloids. Through a systematic study of time-resolved and steady-
state photoluminescence spectroscopy as a function of the donor-to-acceptor
molar concentration ratio and temperature, a high-efficiency nonradiative
energy transfer (NRET) process from CdZnS/ZnS core/shell quantum dots
(QDs) directed to atomically flat CdSe nanoplatelets (NPLs) in their solid-state
thin films is uncovered. The exciton funneling in this system reaches transfer
efficiency levels as high as 90% at room temperature. In addition, this study
finds that with decreasing temperature exciton transfer efficiency is increased
to a remarkable maximum level of =94%. The enhancement in the dipole—
dipole coupling strength with decreasing temperature is well accounted by
increasing photoluminescence quantum yield of the donor and growing spec-
tral overlap between the donor and the acceptor. Furthermore, NRET efficiency
exhibits a highly linear monotonic response with changing temperature. This
makes the proposed QD-NPL composites appealing for noncontact sensitive
temperature probing based on NRET efficiencies as a new metric. These find-
ings indicate that combining colloidal nanocrystals of different dimensionality
enables efficient means of temperature probing at an unprecedented sensi-
tivity level at nanoscale through almost complete exciton transfer.

spectral overlap between the donor emis-
sion and the acceptor absorption, the
fluorescence quantum yield of the donor,
the dipole orientation and the refractive
index of the medium.!? Although the
early applications of FRET were mostly in
biology,’~%! recent studies have shown that
FRET can be effectively used for energy-
efficient optoelectronics’-?! for enhanced
light-generation and -harvesting.

Among  semiconductor  materials,
colloidal  semiconductor  nanocrystals
are interesting candidates for FRET-ena-
bled systems, where FRET is strongly
dependent on the dimensionality of the
quantum  confinement.?>?l  To date,
there have been several theoretical and
experimental reports on FRET in semi-
conductor nanocrystals (i.e., colloidal
quantum dots (QDs) and nanorods (NRs))
and their hybrids (quantum dot-conju-
gated polymer, dye, epitaxial quantum
well, etc.) regarding the effects of size,
composition, dimensionality and archi-
tecture on FRET[2-2%2-31 Suych FRET-
enabled colloidal systems were also shown
to be suitable for use in devices including

1. Introduction

Forster resonance energy transfer (FRET)!Y is a nonradiative
energy transfer (NRET) process mediated by near-field dipole—
dipole coupling between two species (donor and acceptor) that
are in close proximity. Exciton transfer rate in FRET depends
on the distance between the donor and acceptor species, the

light-emitting diodes (LEDs)% and solar cells.(?

In recent years, developments in the colloidal synthesis
techniques have paved the way for atomically flat quasi-2D
NCs, which are referred to as colloidal quantum wells (QWs),
or nanoplatelets (NPLs), having a strong 1D confinement in a
magic-sized vertical thickness.l** These colloidal semiconductor
NPLs possess unique optical properties with monolayer-level
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atomic precision control of their vertical thicknesses.>* They
exhibit extremely narrow photoluminescence (PL) emission
(=30-40 meV at room temperature) as a result of the absence of
inhomogeneous broadening.13>3% Together with giant oscillator
strength, the large linear and nonlinear absorption cross-sec-
tions®’~3% and suppressed Auger recombination***!l also make
these NPLs attractive candidates for photonic applications,
including high-performance colloidal lasers.[364243]

Owing to the 2D geometry and extremely large absorption
cross-section, the colloidal NPLs stand out as highly efficient
exciton acceptors suitable for light-harvesting applications.*+*!
To date, our and Talapin groups’ results have shown that ultra-
fast NRET is possible in the binary colloidal NPLs systems,
where excitons are transferred from 4 ML CdSe NPLs to 5 ML
CdSe NPLs.*®] Furthermore, we have previously shown that
an ultraefficient homo-FRET prevails in the stacked assemblies
of the same vertical thickness NPLs and this leads to strong
quenching of the overall photoluminescence of NPL assem-
blies due to exciton transport assisted exciton trapping in the
defected NPLs.1%]

One key advantage of the NPLs that makes them excep-
tional exciton harvesters is their large absorption cross-section
(>107* cm?). This makes long range dipole-dipole coupling
possible with a Forster radius > =10 nm. Recently, 2D mono-
layers such as graphene and transition metal dichalcogenides
(e.g., MoS,) have also been shown to exhibit strong exciton
sink property through NRET. However, colloidal NPLs with
their solution-processability represent a versatile alternative as
efficient exciton acceptors for light-harvesting. To date, NRET
studies for NPLs have been limited with only NPL based
donor—acceptor ensemble systems.[*#*3] Even though there are
numerous reports on FRET from 3D-confined colloidal semi-
conductor QDs (as donors) to indirect band-gap semiconduc-
tors,*?l 2D materials,*48] epitaxial QWs,*) colloidal NCs,"
organic dye molecules?’] (as acceptors) and vice versa, 2025152
FRET has not been studied for an ensemble including colloidal
QDs and NPLs. Also, the efficiency limit of such a mixed-
dimensionality system has not been elucidated to date.

In this work, we report the first study on NRET from
colloidal quasi-OD NCs (CdZnS/ZnS core/shell QDs) to quasi-
2D NCs (CdSe NPLs). Here we systematically investigated the
energy transfer processes as a function of the donor-to-acceptor
(D/A) molar ratio by using steady-state and time-resolved fluo-
rescence (TRF) spectroscopy in the hybrid films incorporating
both the donor QDs and the acceptor NPLs. The significant
shortening in PL decay lifetime of the donor QDs and the
elongation in the PL decay lifetime of the acceptor NPLs were
simultaneously observed, which suggests the exciton transfer
from QDs into NPLs. In addition, the existence of NRET was
further supported by the PL excitation (PLE) spectra of the
acceptor NPLs in the hybrid thin films. We also found that the
resulting NRET efficiency can reach unprecedented levels of
=90% at room temperature owing to the acceptor NPLs. Fur-
thermore, the NRET efficiency further increases up to =94%
at cryogenic temperatures. The observed enhancement with
decreasing temperature is well explained by increasing PL
quantum yields and changing in spectral overlaps. We observed
that NRET efficiency shows a highly linear monotonic correla-
tion with temperature in the range from 50 to 300 K, which
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makes this new QD-NPL hybrid system a highly sensitive non-
contact optical thermal probe. We also envision that bringing
colloidal quantum dots and quantum wells together can lead to
a spectrally tunable and efficient exciton harvesting in applica-
tions ranging from photovoltaics to photocatalytics.

2. Results and Discussion

In this work, we have selected a blue-emitting alloyed-core/
gradient-shell CdZnS/ZnS QDs as an exciton donor due to the
fact that they are highly luminescent with long PL decay life-
times. CdSe NPLs (green-emitting at =513 nm, 4 monolayer
thick) were chosen as an exciton acceptor. Both the donor
QDs and the acceptor NPLs were synthesized using modified
recipes from the literature.’>># The details of the synthesis
are described in Experimental Section. Figure 1a,b show the
absorption and steady-state PL spectra of the donor and the
acceptor materials suspended in hexane at room temperature,
respectively. Absorption spectrum of the donor QDs exhibits
an absorption onset at 475 nm. The absence of a strong first
exciton peak in the absorption is due to alloyed ZnCdsS core, but
not due to size distribution. The full-width at half-maximum
(FWHM) of the QD emission at the peak emission wavelength
(453 nm) is =30 nm, which is comparable to the best reports
for blue-emitting QDs. On the other hand, the acceptor NPLs,
thanks to quasi-1D quantum confinement, exhibit epitaxial
QW-like absorbance features. The two distinct peaks observed
in the NPLs arise from the electron/light-hole (480 nm) and
electron/heavy-hole (512 nm) transitions. In addition, the PL
spectrum for the acceptor NPLs shows a single emission peak
at 513 nm with an Fwhm of =8 nm. All these spectral features
consistent with the existing literature suggest that the mate-
rials are of high quality. Figure 1c,d shows the transmission
electron microscopy (TEM) images of both donor and acceptor
ensembles on carbon coated copper grids. The mean size of the
donor QDs is 9.3 + 1.2 nm, whereas that of the acceptor NPLs
is 12.8 £ 1.9 by 10.5 + 1.5 nm.

We prepared seven hybrid thin film samples having dif-
ferent donor and acceptor molar ratios, which is called D/A
ratio hereafter, in addition to the reference samples of only
donor and only acceptor. The samples were deposited on pre-
cleaned quartz substrates using the pre-mixed solutions of the
QDs and the NPLs by spin-coating. The molar concentrations
of donor (QDs) and acceptor (NPLs) solutions, which were
used for the hybrid film preparation process, were calculated as
3.28 x 107 and 2.16 x 107 m, respectively. To calculate the molar
concentrations, we employed inductively coupled plasma-mass
spectrometry (ICP-MS) technique. In addition, the surface cov-
erage of the prepared solid thin film samples were analyzed via
scanning electron microscopy (SEM). For an exemplary case,
Figure 2 shows the surface coverage of the thin film sample
having D/A molar ratio =0.01. In Figure 2a the QDs are seen
as white spots due to their size (with radius =4 nm) creating
a larger contrast as compared to the very thin NPLs (vertical
thickness =1.2 nm). Although the surface coverage is less than
100%, the QDs and the NPLs are observed to be intermixed
well. The donor QDs are well distributed among the acceptor
NPLs, which can be found either lying flat or stacked and lying

Adv. Funct. Mater. 2016, 26, 2891-2899
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Figure 1. Absorption and photoluminescence spectra of a) the blue-emitting CdZnS/ZnS core/shell QDs and b) the green-emitting 4 ML CdSe NPLs,
which are dissolved in hexane at room temperature. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images
of ¢) the donor-QDs having 9.3 £ 1.2 nm and d) the acceptor-NPLs having 12.8 £ 1.9 nm by 10.5 £ 1.5 nm mean sizes. The inset in (c) shows the

TEM image of a CdZnS/ZnS core/shell QDs.

perpendicular to the substrate as shown in Figure 2b and car-
toon in Figure 2a (see Figures S1-S3 in the Supporting Infor-
mation for SEM images of different D/A ratios).

Steady-state photoluminescence measurements revealed
a evidence of NRET in the hybrid film incorporating both
the donor QDs and the acceptor NPLs. Figure 3 shows the
PL spectra of the thin films of only-donor, only-acceptor and
a hybrid case of with a molar D/A ratio of 0.10, where all
samples are excited at 350 nm by a continuous-wave pump.
Hybrid film exhibits strong quenching in donor emission
located at 453 nm, while the acceptor emission at 513 nm is

simultaneously enhanced. The quenching ratio of the donor
emission suggests =90% energy transfer efficiency. However,
steady-state PL measurements are not only governed by the
NRET, but also affected by the radiative energy transfer due to
the absorption of the emitted photons by acceptor NPLs. There-
fore, we systematically studied the time-resolved PL kinetics
in the hybrid samples with varying D/A ratio, which would
directly reveal the NRET efficiencies and its rate.

Next, we performed TRF spectroscopy using a picosecond
pulsed pump laser at 375 nm. The decay curves were meas-
ured at the band-edge emission peak of both donor (453 nm)

Figure 2. SEM images of the hybrid solid thin films of the donor QDs (bright ones) and the acceptor NPLs having 0.01 D/A molar ratio for a) 500 nm
and b) 100 nm scale bars. The yellow and blue arrows given in (b) point at the QDs and the NPLs, respectively.
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Figure 3. Steady-state PL spectra of the solid films of only-donor
(blue line), only-acceptor (green line) and donor—acceptor having
D/A =0.10 (red line) cases.

and acceptor (513 nm) to study NRET at room temperature.
There is no cross-talk between the emissions of the donor and
acceptor due to narrow emission linewidths of the donor and
acceptors. Figure 4 depicts the fluorescence decay curves of
prepared samples with different D/A molar ratios. As seen in
Figure 4a, the PL decay of the donor QDs becomes faster as
the acceptor content of the hybrid film increases. This strongly
indicates that an additional relaxation process (e.g., NRET) for
the excited state in the donor QDs opens up and it becomes
dominant with increasing NPL acceptor concentration in the
hybrid films. On the other hand, in the case of the PL decay
curves of the acceptor, the decay is observed to slow down with
increasing concentration of the QD donors. This elongation in
the acceptor decay has been previously observed for the QD,
NR, and NPL acceptors, which is the characteristic signature
of the delayed luminescence arising from the recombination of
the excitons that have been transferred from the donors. There-
fore, the changes in the PL decay kinetics of both donor and
acceptor indicate the presence of exciton transfer/funneling by
NRET.

To analyze the PL decay curves, all collected fluorescence
decay data were fitted with multi-exponential decay functions.
Here, we used four exponential decay functions for both donor
and acceptor, which was previously found to be intrinsic for
NPLs and this type of QDs.’®>"] The pump laser intensity (at
375 nm, PicoQuant picosecond pulsed laser) was also kept low
(=1 nJ] cm™) so that number of photogenerated excitons per
QD and NPL was much less than 1 ((N) <« 1). The fitting para-
meters and the amplitude-averaged photoluminescence life-
times (t,,) of the donor QDs and the acceptor NPLs are sum-
marized in Tables S1 and S2, Supporting Information. t,, of the
donor QDs decreases from 8.78 (donor-only sample) to 0.92 ns
(sample with D/A = 0.01, where there is the largest number of
acceptors per donor). Furthermore, 7,, of the donor saturates at
~0.90 ns. These major modifications in the PL lifetime of the
donor as a function of the increasing number of acceptor per
donor can be explained by the strong energy transfer from the
donor QDs to the acceptor NPLs. In the case of acceptors, 7,, is
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increased from 0.48 (acceptor-only sample) to 2.19 ns (sample
with D/A = 1.37, where there is the largest number of donors
per acceptor).

Subsequently, we analyze the energy transfer rates (kygrgr)
and efficiencies (nygrer) for all hybrid samples using the fitted
PL decay parameters. Table 1 shows the rate of energy transfer
as a function of the D/A ratio. As the number of acceptor per
donor is increased, the NRET rate increases. The maximum
average kyggr was computed to be 0.97 ns7!. In our analysis

1 1
— =—+kyper 1)
Tpa Tp

was used, where Tp, and 1p are the amplitude-averaged PL
lifetimes of the donor QDs in the presence and absence of
acceptor NPLs, respectively. The efficiency of the energy
transfer was obtained by the following relation

T
Mywer = 1= —= (2)

Tp

Figure 5 depicts nygrer as a function of the varying donor-to-
acceptor molar concentration ratio. NRET efficiencies progres-
sively increase with the decreasing D/A ratio (see Figure 5).
Also, Nygrer saturates at =90% for the D/A ratios below 0.04. To
the best of our knowledge, the NRET efficiency found here is
the highest reported efficiency at room temperature between
colloidal based semiconductor NCs in their ensembles. Previ-
ously, the NRET efficiency was reported up to 80% in the case
of QD-based donor—acceptor pairs.'>*%! In our previous report
using all NPL based donor-acceptor pairs, the NRET efficiency
was limited (=60%) in the hybrid solid thin films of 4 and 5 ML
NPLs donor-acceptor pairs due to inter-NPL stacking.**! Thus,
the inter-stacking of the each NPL population leads to phase seg-
regation between the donor and acceptor pairs, which consider-
ably increases the donor—acceptor distance and limits the NRET
efficiency. Recently, Talapin and co-workers!*’! have shown that
NRET between 4 and 5 ML NPLs can be as efficient as =90%.
However, this NRET was only limited to donor-acceptor pairs
that are face-to-face stacked and only separated by the ligands.
As discussed in the latter work, these face-to-face stacked
donor-acceptor NPLs are very few in number in the ensemble.
Therefore, the ensemble NRET efficiencies were much lower.

Forster radius in the QD-NPL donor-acceptor system
was also calculated. To this end, the molar extinction coef-
ficient of the NPL acceptors at 512 nm was calculated to be
1.46 x 107 v' cm™!, while the quantum yield (QY) of the QD
donors in film was determined to be 38% using an integrating
sphere (see Experimental Section for detail). In addition, the
refractive index of the medium was taken to be 1.8, whereas
for the dipole orientation factor (k%) we used 2/3 corresponding
to random dipole orientations. Using these parameters given
above, the Forster radius was computed to be 9.51 nm. In
addition, to estimate the distance between the adjacent QDs
and NPLs, we also used the calculated Forster radius and
found the closest distance between the QDs and the NPLs
to be 5.48 nm by taking into account the distance scaling of
the exciton transfer in our hybrid system is r*, where the r is
average distance between donor and acceptor.2¢!

Adv. Funct. Mater. 2016, 26, 2891-2899
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Acceptoronly  shorter wavelengths with increasing number

of donor QDs per NPL (i.e., increasing D/A
ratio), which is in alignment with the direc-
tion of exciton funneling from the donor
to the acceptor. Furthermore, the spectral
enhancements in the excitation spectra
of the hybrid samples were computed by
dividing the normalized excitation spectra of
the hybrid cases to that of the acceptor-only
case. The inset of Figure 6b represents the
relative spectral enhancement of the acceptor
NPL emission due to the NRET from the
donor QDs for given D/A molar ratios. The
enhancement of the excitation curve resem-

10%§ our donor-acceptor hybrid thin film sam- |
‘ - ples. Figure 6a depicts the PLE spectra of E
2 the thin films including the bare donor and -
ey R —— acceptor, which were measured for their
= Decréa?mg g —D;)A: 1.?;7y peak band-edge emission wavelengths. Exci- ;
s 10 D/A ratio 2 1 D/A=061 tation spectra given in Figure Ga exhibit .
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> o T similar - spectral  fea P -
‘» o ——D/A=0.04 tion spectra of the QDs and NPLs (see
§ .I??m:?ns‘;'o 3 1—— /A= 0.02 Figure 1). For example, the peak at 480 nm
£ .0 |——D/A=0.01 in the excitation spectrum of the NPLs arises
& from the electron-light hole (e-lh) transition in
the absorption spectrum of acceptor NPLs.
We also measured the excitation spectra of
\ the hybrid donor-acceptor cases with varying
10 20 40 60 80 100 120 140 160 180 200 D/A molar ratios. Figure 6b exhibits the exci-
tation spectra of the NPLs (measured at the
Time (ns) emission wavelength of 513 nm) in the four
different hybrid samples with the D/A molar
10°F 104 ratios of 0.02, 0.10, 0.23, and 0.61. These
excitation spectra are normalized at the e-lh
Increasing ——DI/A=1.37 transition peak (=480 nm) of acceptor since
—10° D/A ratio ——D/A=0.61 donor QDs do not have any absorption at
3 =——DiA=023 this wavelength (see Figure 1la). Therefore,
o —— DIA=0.10 . . . o
2 D/A= 0.04 Figure 6b depicts the normalized excitation
2 : e (n;; B2 p/A=0.02 spectra of the NPLs. The excitation spectra
g 10 i ——D/A=0.01 of the NPLs show increased intensity for the
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Figure 4. Time-resolved fluorescence decay curves of the solid thin film samples including
donor-only, acceptor-only, and hybrid cases with varying D/A molar ratios measured a) at the
donor band-edge emission wavelength (453 nm) and b) at the acceptor band-edge emission
wavelength (513 nm). The insets show the zoom-in of the same decay curves and the impulse
response function (IRF).

To further investigate systematically the steady-state evi-
dence of NRET, PLE spectroscopy was also carried out for

Table 1. Donor QDs and acceptor NPLs lifetimes (1), their NRET rates
(knrer) and efficiencies (nyget) With varying D/A ratios.

D/A ratio Tacceptor Tdonor knrer TINRET
[ns] [ns] [ns7]

Acceptor only 0.48 - - -
0.01 0.49 0.92 0.973 0.90
0.02 0.48 0.92 0.973 0.90
0.04 0.51 1.24 0.686 0.86
0.10 0.59 1.65 0.492 0.81
0.23 1.00 2.26 0.329 0.74
0.61 1.21 2.99 0.221 0.66
1.37 2.20 4.09 0.130 0.53
Donor only - 8.78 - -

Adv. Funct. Mater. 2016, 26, 2891-2899
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bles the absorption of the donor QDs. Furthermore, the spectral
enhancement is found to reach to twofolds for the sample with
large number of donors per acceptor (D/A = 0.61).

To investigate the effect of temperature on the NRET in the
hybrid solid thin films of the donor QDs-acceptor NPLs, we
performed time-resolved fluorescence measurements as a func-
tion of the temperature under vacuum using a closed cycle He
cryostat. Here, we investigated the thin film sample exhibiting
the highest NRET efficiency (=90%) at room temperature (RT),
which has the lowest D/A molar ratio (i.e., 0.01) in our sample
set, together with the donor-only and the acceptor-only sam-
ples as reference samples. The measured PL decay curves as
a function of the temperature were again fitted by multi-expo-
nential decay functions, and the fitting parameters are given in
Tables S3-S6 in the Supporting Information. In the case of the
donor-only and the acceptor-only, as seen in Figures S4a and
S4b in the Supporting Information, the PL decay curves are
accelerated with decreasing temperature from 270 to 50 K. Such
a temperature dependent PL lifetime behavior was previously

wileyonlinelibrary.com 2895
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Figure 5. Evolution of the NRET efficiency as a function of the donor
QDs to acceptor NPLs (D/A) molar ratios. The dash-dot lines are a guide
for the eyes.

reported for NPLsP* and epitaxial QWs,% revealing the giant
oscillator strength transition (GOST). The PL lifetime measure-
ments were also carried out for the hybrid sample with D/A
molar ratio 0.01, and Figures S4c and S4d in the Supporting
Information show the PL decay curves taken at the maximum
PL emission peak of both the donor and acceptor as a function
of the temperature. Temperature-dependent NRET efficiencies
are computed and given in Table S7 in the Supporting Informa-
tion. Also, Figure 7a provides the NRET efficiency as a function
of the temperature. At 270 K, the NRET efficiency is found to
be about 87%. Here, the slight decrease in the NRET efficiency,
which was measured as 90% at RT under ambient conditions,
can be due the measurement of the decay curves under vacuum
conditions. A recent report indicated that the PL lifetime of
the NPLs is affected by the oxygen physisorbed at surface of
the NPLs.[®) Oxygen passivation of the surface traps elongates
the PL lifetime in the NPLs under ambient conditions as com-
pared to the vacuum. Therefore, the change of the PL kinetics
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of the acceptor is expected to slightly change the overall NRET
efficiency under vacuum. As it is seen from Figure 7a, with
decreasing temperature, the NRET efficiency increases almost
linearly. Also, NRET efficiency remarkably reaches 94% at 50 K.

To explain the increase in NRET efficiency with decreasing
temperature, one possible hypothesis is the enhancement in
the spectral overlap between the emission spectrum of the
donor and the absorption spectrum of acceptor. To investigate
this hypothesis, we first performed the temperature-dependent
transmission (T) measurements to obtain the absorption
behavior of the acceptor with temperature. 1-T (i.e., absorption
plus reflection) curves are presented in Figure S5a in the Sup-
porting Information. In addition, the temperature-dependent
PL spectra of the donor were taken (see Figure S5b, Supporting
Information). We observed that the absorption spectra of
the acceptor and the PL spectra of the donor are blue-shifted
with decreasing temperature. The calculated spectral shifts
(Asnin) for given a five set of temperatures (i.e., 270, 240, 210,
180, and 150 K) are given in Table S8 in the Supporting Infor-
mation. Also, we calculated the spectral overlap (J) integrals
using the spectral shift differences between the emission spec-
trum of the donor and absorption spectrum of acceptor with
varying temperature (see Table S8 in the Supporting Informa-
tion). For this, we used the spectral information in Figure S5a.
We computed relative enhancement of the NRET efficiencies
in the 250-150 K range and compared them with the experi-
mentally measured NRET efficiencies. Here, we first calculated
the relative enhancement of the NRET efficiency by assuming
the same parameters (e.g., k2, n, QY, and r) while considering the
changing spectral overlap as a function of the temperature.
Figure 7b shows the computed efficiencies (black diamond)
along with the experimental data (blue solid circle). However,
the change due to the spectral overlap does not successfully
predict the change in the NRET efficiency as a function of the
temperature.

Another possible factor for the NRET efficiency is the
changing QY of the donor as a function of the temperature.
To this end, we also measured the PL QY of the donor for the
temperature range under consideration. We found that PL QY
of the donor QDs increases from 38% to 79% when the tem-
perature is decreased from RT to 150 K (see Figure S5b and
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Figure 6. a) PLE spectra of the only-donor QDs (blue-line) and the only-acceptor NPLs (green-line) measured at their emission peak wavelengths
(453 and 513 nm, respectively). b) Excitation spectra of the samples having different D/A ratio normalized at the e-lh transition peak wavelength
(480 nm). The inset shows the enhancement in the excitation spectra of the hybrid donor—acceptor samples due to the NRET from donor QDs.
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shift in spectral overlap (J-integral) between the PL spectrum of donor and the absorption spectrum of acceptor (black-diamond) and those using both
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Table S8 in the Supporting Information). We calculated the
relative enhancement of the NRET efficiency (red star) by again
assuming the same parameters (e.g., k%, n, and r) while con-
sidering the changing quantum yield and spectral overlap as
a function of the temperature. The inclusion of the tempera-
ture dependent PL QYs resulted in very close agreement with
the experimentally observed enhancement of the NRET effi-
ciency over temperature as shown in Figure 7b. The computed
NRET efficiencies (nwrer_;) for different temperatures are
given in Table S8 in the Supporting Information and the per-
centage increments in calculated efficiency exhibit very close
match with the experimental ones. For example, the percentage
enhancements in NRET efficiency (A — 2) were calculated to be
1.32%, 2.21%, 2.87%, and 3.53% (see the red stars in Figure 7b)
corresponding to the NRET efficiency value at 270 K, whereas
they were computed to be 0.81%, 2.65%, 3.22%, and 4.49% (see
the blue solid circles in Figure 7b) for 240, 210, 180, and 150 K,
respectively.

In addition, the highly linear correlation between energy
transfer efficiency and temperature as shown in Figure 7a high-
lights the potential of the QD-NPL hybrid system for optical
thermal probe applications. Previously, temperature sensing
nanocomposites that rely on energy transfer have been studied
and proposed. However, all of these previous works have used
the change of absolute steady state emission intensities to relate
to the temperature change, except the study of Li et al. which
was based on linearly temperature dependent fluorescence life-
time of silicon nanoparticles in a limited temperature range of
270-330 K.[2101-65] Since absolute intensity of the steady state
emission is very sensitive to measurement conditions such
as sample position, detector and photobleaching, reliability of
these previous temperature probing nanocomposites based
on ratiometric sensing was quite limited. Here, different from
previous reports relying on ratiometric sensing, the presented
NRET efficiency represents a new metric for noncontact tem-
perature sensing, which can possibly overcome the reliability
limitation of previous nanoscale temperature probes. As shown
in Figure 7a, we remarkably achieve a sensitivity level as high as
3.2% per K in the broad range of 50-300 K, which is enabled by
efficient excition transfer phenomena unique to the QD-NPL
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hybrids. To the best of our knowledge, our sensitivity level is
comparable to the best reported sensitivities (3.5% per K)
in noncontact nanoscale temperature probes.**®Y In addi-
tion to temperature sensing, these nanocomposites with such
exceptional exciton transfer efficiencies can further be used
in light-harvesting applications in solar cells and artificial
photosynthesis.

3. Conclusion

In summary, we have investigated the nonradiative energy
transfer of excitons in solid thin films of the hybrid ensembles
of colloidal CdZnS/ZnS core/shell QDs and CdSe NPLs as a
function of the temperature. We found remarkably high NRET
efficiencies reaching 90%, which is enabled by large absorp-
tion cross-section of the NPLs. To the best of our knowledge,
this NRET efficiency level is the highest between colloidal
semiconductor NCs reported ever to date. In addition, NRET
efficiencies were observed to exhibit highly linear monotonic
response and increase with decreasing temperatures, reaching
maximum levels as high as 94%, which is well explained
by the increasing PL QY of the donor QDs at low tempera-
tures. Owing to the highly linear monotonic behavior of the
NRET efficiency with decreasing temperature in the range of
50-300 K, this QD-NPL hybrid system is suitable for the tem-
perature sensing applications with significantly high sensitivity.
This presents a new metric based on change of NRET efficiency
for temperature sensing, which could possess improved reli-
ability as compared to previously reported nanoscale tem-
perature probes that rely on ratiometric sensing principle. We
also believe that such highly efficient NRET between these
two colloidal systems having different quantum confinement
dimensionality (QDs and NPLs) will enable high-performance
optoelectronic devices utilizing FRET at high efficiency.

4. Experimental Section

Synthesis of CdZnS/ZnS Core—Shell QDs: 1 mmol of cadmium oxide
(CdO), 10 mmol zinc acetate (Cd(OAc),), 7 mL of oleic acid (OA),
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and 15 mL of octadecene (ODE) were loaded to a 100 mL three-neck
flask. The solution was degassed around 100-110 °C for an hour. After
degassing step, the solution was heated to 310 °C for dissolution of
cadmium and zinc precursors. When the precursors were completely
dissolved, 2.4 mL of sulfur stock solution (0.67 m S-ODE solution),
which initiated the nucleation of alloyed CdZnS core QDs, was injected
into the hot mixture. After the growth of alloyed CdZnS core QDs for
12 min, 5 mL sulfur stock solution (0.8 m S-OA solution) was injected
at the rate of 0.5 mL min~' for the successive ZnS shell coating. After
an hour growth at 310 °C, an additional injection of 2 mL of sulfur stock
solution (0.8 m S-OA solution) was performed with the same rate. Then,
the solution was further kept for 2 h at 310 °C. Finally, the reaction was
cooled down to room temperature and CdZnS/ZnS core/shell QDs were
precipitated with the addition of ethanol. Then, the precipitated QDs
were dissolved in hexane and stored for further steps.

Synthesis of 4 ML CdSe NPLs: 340 mg of cadmium myristate
(Cd(myr),), 24 mg of selenium (Se) and 30 mL of ODE were introduced
into a 100 mL three-neck flask. The mixture was degassed under
vacuum at 90 °C with 1000 rpm magnetic stirring until it was completely
dissolved and became colorless. After setting the temperature at 240 °C,
the vacuum was broken and the flask was filled with argon gas at 100 °C.
When the temperature reached 190 °C, the color of solution became
yellowish, 120 mg of cadmium acetate dihaydrate (Cd(OAc),(H,0),)
was introduced swiftly into the hot mixture and the reaction was allowed
to proceed 10 min at 240 °C. At the end of the 10 min growth process,
1 mL of oleic acid 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 10 min at 4500 rpm. The supernatant
was removed into another centrifuge tube and ethanol was added into
supernatant solution untill it became turbid. The turbid solution was
centrifuged at 10 000 rpm for 10 min, and then the precipitate was
dissolved in hexane and filtered with 0.20 pm filter.

Preparation of the Solid Thin Films: Using the previously calculated
concentrations of CdZnS/ZnS QDs (3.28 x 107 wm) and CdSe
(2.16 x 10 M) NPLs ensembles dissolved in hexane, the solutions
having different D/A molar ratios were mixed in glass vials by way of
ultrasonication for 5 min. Before using the quartz slides with 1.5 cm by
1.5 cm as the substrates for coating, they were cleaned with two steps.
First, the quartz substrates were treated with piranha solution and then
with deionized (DI) water. In the second step, they were cleaned with
acetone and then with isopropanol. After drying the substrates using
nitrogen gun, the solid thin films were prepared by spin coating at
2000 rpm for 3 min.

PL QY Measurements: PL QY measurements of the donor-only in
film were determined utilizing a Spectral Products monochromator
integrated xenon lamp as the excitation source (at an excitation
wavelength of 375 nm), a Hamamatsu integrating sphere, and an
Ocean Optics Maya 2000 spectrometer, and the de Mello method
was followed!®® step by step. Briefly, this method basically comprised
three different steps. First, spectrum was recorded without sample in
the integrating sphere. In the second step, the sample was placed into the
integrating sphere and the spectrum was again taken as the sample is
directly illuminated by the excitation source. Finally, the sample was
rotated and the spectrum was recorded when the sample was excited
only under the scattered light from the surface of the integrating
sphere. Previously, to test the accuracy of the integrating sphere
system, the PL QY of the dye of Rhodamine 6G at 460 nm excitation
wavelength was also measured to be 94.7%, which was in good
agreement with the standard value of 95%. In this study, the PL QY
of the donor-only in film was measured three times in different time
periods as 36.5, 38.9, and 37.6%, and =38% of averaged PL QY was
used in the calculations.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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