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ABSTRACT: Cesium lead halide nanocrystals are a new attractive material for MEEE
optoelectronic applications since they combine the advantageous properties of perovskites JUYY)
and quantum dots. For future applications in optoelectronics and photovoltaics, an i

efficient energy and/or carrier exchange is a necessary condition. Here, we explicitly
demonstrate nonradiative energy transfer for colloidal CsPbBr; nanocrystals. Using time-
resolved optical characterization of purposefully prepared batches of nanocrystals with
different sizes, we identify the energy transfer which can be driven by the concentration
gradient of excited nanocrystals as well as by the bandgap energy difference. The latter
process moves the energy from smaller to larger nanocrystals and opens a possibility of
directional streaming of the excitation energy in these materials. The observed energy

transfer is enabled in the colloids by proximity of individual nanocrystals due to clustering. o Ph o o A

1. INTRODUCTION

Metal halide semiconductors with perovskite structure have
attracted much interest in the past years due to their high
emission efficiencies and low production costs, making them
attractive for photovoltaic and optoelectronic applications."”
Most of the progress in this research field has been focused on
hybrid organic—inorganic perovskites”* (e.g, CH,;CH;Pbl,,
CH,NH,PbL,, etc.) as a solid state material supported on a
substrate, with grain sizes outside of the nanoscale.”~” On the
other hand, colloidal semiconductor nanocrystals (NCs)®’
(e.g, CdSe, CdTe, PbS, etc.) have also been widely studied as
optoelectronic materials because their optical };roperties are
enhanced by quantum-confinement effects.'”™"* The advan-
tages of using semiconductor perovskites and NCs are
combined in the colloidal inorganic cesium lead halide NCs
(CsPbX;, X = Cl, Br, and I) with cubic perovskite structure.
They were first synthesized by Protesescu et al,,'” and their
photoluminescence (PL) is characterized by narrow emission
bands and high quantum yields (QYs) of 50—90%. The novelty
of this material has driven many investigations during the past
year, for instance studies of air stability,'"® optical proper-
ties,’”"” and lasing.'®™>° To design efficient optoelectronic
devices based on semiconductor NCs,>** the interaction
between individual NCs needs to be evaluated and possibly
engineered. In particular, for photovoltaic cells, an exciton
generated upon photon absorption needs to be either separated
into an electron and a hole pair and the free carriers are
transported toward the respective electrodes (semiconductor
cells)” or moved toward an interface and be split there
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(polymer cells).”* In general, there are three possible
mechanisms of exciton transfer:”> cascade energy transfer
(involving emission and subsequent reabsorption of a photon),
Dexter transfer (involving electron exchange interactions), and
Forster resonance energy transfer (FRET), mediated by
Coulomb interactions between a donor and acceptor. Here,
we explore the energy transfer (ET) between NCs, from a
donor to an acceptor with a lower bandgap energy. ET between
direct bandgap semiconductor NCs is typically described by
FRET,” which depends on the spectral overlap of donor
emission and acceptor absorption, and the donor—acceptor
Coulomb coupling, determined by the distance between them.
ET in closed-packed ensembles of NCs of direct bandgap
semiconductors (CdSe, CdTe, PbS, InP, etc.) has been
demonstrated in the 7past by means of changes in the PL
spectra and lifetimes.”’ % Also, the energy exchange between
NCs of silicon, the most widely used material for photovoltaics
and electronics, has been conclusively established.’"* In hybrid
perovskite-based solar cells, energy exchange has just been
observed between perovskite films and layers of organic
electron and hole acceptors’** and a so-called “dots-in-a-
matrix” using PbS NCs.”> Accordingly, also exciton transfer
between perovskite NCs could be expected but has not been
shown until now. To the contrary, a recent study on perovskite
NC films revealed no evidence of ET.** While this negative
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result was tentatively explained by large sizes of the investigated
materials, the urgent need for further research appeared.

In this work, we investigate ET between cesium lead bromide
(CsPbBr;) all-inorganic NCs with perovskite structure in
colloidal state and provide explicit and conclusive evidence of
effective ET proceeding from small to large NCs. We show that
the ET process in the investigated colloids is enabled by
clustering which brings the NCs in direct contact.

2. EXPERIMENTAL SECTION

Materials. Cesium carbonate (Cs,CO; 99.9%, Sigma-
Aldrich), octadecene (ODE, 90%, Sigma-Aldrich), oleic acid
(OA, 90%, Sigma-Aldrich), oleylamine (OLA, 80—90%, Acros),
lead(II) bromide (PbBr, 98%, Sigma-Aldrich), and toluene
(ACS reagent, >99.5%, Sigma-Aldrich) were used with no
turther purification, except for the drying period reported in the
synthesis procedure.

Synthesis. Cesium lead bromide perovskites (CsPbBr;)
were synthesized as described by Protesescu et al.'’
Summarizing, S mL of ODE and 70 mg of PbBr, were dried
for 1 h at 120 °C under a N, atmosphere. After water removal,
0.5 mL of dried OLA and 0.5 mL of dried OA were added to
the reaction flask, and the temperature was raised up to the
desired value. After complete solvation of the PbBr, salt, 0.4
mL of a previously synthesized Cs-oleate solution in ODE was
injected. A few seconds later, the NC solution was quickly
cooled down with an ice bath. The product was purified by
centrifugation and redispersion in toluene. The perovskite
synthesis was carried out at two different temperatures, yielding
different NC sizes as described in the literature."” The samples
that were studied have a concentration of 0.2 mg/mL, as
determined from the dry weight.

Characterization. The optical density of the investigated
colloids was measured in a LAMBDA 950 UV/vis/NIR
spectrophotometer (PerkinElmer). A combination of a
tungsten—halogen and deuterium lamp is used together with
a PMT and Peltier cooled PbS detector to provide a detection
range of Eg, = 5.6—0.4 eV. The sample and solvent
measurements have been performed separately and afterward
subtracted from each other. The PL has been studied under
excitation by a Nd:YAG-pumped optical parametric oscillator
(OPO) (repetition rate f ~ 100 Hz, pulse width At = S ns,
excitation energy E.,. = 2.88 eV) and collected under a right-
angle geometry and subsequently detected by a CCD
(Hamamatsu S10141-1108S) coupled to a spectrometer
(Solar, M266) or a PMT (Hamamatsu R9110). The spectra
were corrected for the spectral sensitivity of the setup. The
samples can also be placed in an integrating sphere to
determine the PL quantum yield, using a 150 W xenon lamp
coupled to a spectrometer (Solar, MSA-130) as an excitation
source. The PL emission and excitation light are scattered
diffusively in the integrating sphere and are detected by the
CCD. See also ref 46 for a full description of the adopted
method. The picosecond PL dynamics have been measured
using the frequency-doubled output of a tunable Ti:sapphire
laser system (Chameleon Ultra, Coherent), providing 140 fs
pulses at E,. = 2.88 eV. A pulse picker has been employed to
reduce the repetition rate from 80 to 8 MHz. The PL emission
has been detected using a monochromator (Newport CS260-
02) coupled to a PMT (Hamamatsu) providing a total
detection range of E;, = 6—1.6 eV. The overall instrument
response function (IRF) is 20—25 ps (fwhm) as measured from
a dilute scattering solution (Ludox) at the excitation wave-
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length. All measurements have been performed at room
temperature.

3. RESULTS AND DISCUSSION

The colloidal synthesis yields near-monodisperse CsPbBr; NCs
with a cubic perovskite structure whose size, and therefore PL
emission energy, can be tuned between approximately 2.3 and
2.7 eV by controlling the temperature at which the synthesis is
13 1 . -
performed. ” Figure 1 shows the optical characterization (see
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Figure 1. (a) Absorption and photoluminescence spectra of samples A
and B. The inset shows the samples under UV illumination (365 nm).
TEM images (scale bar corresponds to 20 nm) with the corresponding
histograms of samples A and B indicating cubic nanocrystals with an
edge size of 8.4 + 1.4 nm (b, c) and 18.3 + 2.8 nm (d, ), respectively.

also Figure S1 in the Supporting Information) and TEM images
for the materials used in this study (samples A and B). The PL
bands (Figure la) centered at 2.43 and 2.36 eV for samples A
and B with full widths at half-maximum of 0.1 and 0.089 eV,
respectively, show a small Stokes shift from their corresponding
absorption spectra that exhibit a clear excitonic peak at the
onset. The inset shows the samples under UV illumination
indicating that they are similarly bright to the eye; a minor
difference in color can hardly be distinguished. We have
determined a PL quantum yield of ~90% and ~30% for
samples A and B, respectively. The TEM images with their
corresponding histograms (Figures 1b—e) confirm the
formation of cubic NCs with an average edge size of 84 +
1.4 and 18.3 + 2.8 nm for samples A and B, respectively. We
note that synthesis at a higher temperature (sample B) leads to
a larger size distribution of the NCs and an occasional shape
deformation. A similar PL line width of both samples A and B
(Figure 1a) in spite of the significantly broader size distribution
of sample B (Figures lc,e) is the first indication of a possible
excitation flow into a smaller subensemble of emitters.

In case that the energy transfer takes place, one can expect
that the ensemble emission spectrum will be reduced on the
high-energy side, and part of this intensity loss will reappear at a
lower energy, since transfer only occurs from smaller to larger
NCs. Such a spectral deformation can be induced by
reabsorption of higher energy photons or by direct (photon-
less) ET between adjacent NCs; in either case, the measured
PL band will be red-shifted and will not have the usual Gaussian
distribution of photon energies (resulting from the Gaussian
distribution of NC sizes). Since the optical characteristics of the
investigated samples are known, the PL spectrum can be easily
corrected for reabsorption using the Lambert—Beer law:""**
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1(2)
where I°(1) is the reabsorption free emission, I(4) is the

measured emission, and OD is the optical density determined
from the steady-state absorption. Figure 2 shows the PL
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Figure 2. (a) Normalized PL spectrum for sample A as-prepared
(black) and sufficiently diluted (gray), corrected for reabsorption.
Plotted in the same graph is the uncorrected spectrum of the as-
prepared sample to demonstrate the effect of reabsorption on the
emission spectrum. The solid line indicates where the time-resolved
signal is detected. (b) PL decay detected at 2.38 eV for the respective
samples. (c, d) Normalized time-resolved PL signal recorded at
different detection energies for samples A and B, respectively.

spectrum of sample A as measured (black, dotted) and
corrected for reabsorption (black); as can be seen, the
corrected PL spectrum shifts to the blue but remains
asymmetric. On the other hand, being strongly distance-
dependent, FRET can be fully eliminated by sufficient dilution.
Indeed, we have observed that with increasing dilution the PL
spectrum continued to blue-shift until it stabilized upon
reaching a sufficiently low NC concentration; see the gray
spectrum in Figure 2. We note that upon sufficient dilution, the
PL spectrum attains the Gaussian shape, as expected. We
conclude that the gray spectrum represents the true PL of
sample A, free from any effects of ET; the fact that it is not
identical with the corrected one for reabsorption (black)
indicates the presence of ET. In the case of molecules, when the
donor can be selectively excited, the ET can be directly
monitored by investigating the PL dynamics,’® by the time-
dependent rise of the acceptor emission. In the case of ET
between NCs, it is not possible to excite the donor without
simultaneous excitation of the acceptor. However, the length-
ening of the PL lifetime as a result of multiple ET events taking
place prior to radiative recombination should appear. We
remark that in principle the lengthening of the PL lifetime can
also appear due to a change in the dielectric constant of the
sample as the NC density increases.””"" However, due to the
low volume fraction (of the order of 107°) of the colloids
investigated in this study, this effect can be neglected.”" Figure
2b shows the time-resolved PL signal at 2.38 eV for sample A
before and after dilution, i.e., with the highest and the lowest
NC density. As can be seen, the PL lifetime increases with NC
density. This is readily explained by a higher probability of ET
as the NCs are closer together, with the multiple ET events
lengthening the lifetime. The increase of the lifetime is the most

significant on the low-energy side since the transfer takes place
from smaller (donors) to larger (acceptors) NCs (see Figure
S2). To further investigate the possible PL dynamic change by
ET, we measured the time-resolved PL signal at different
detection energies. This is shown in Figures 2c¢ and 2d for
samples A and B, respectively. As can be seen, they both show a
gradual increase of the PL lifetime toward lower energies,
consistent with ET toward larger NCs.

A measure for the ET can be determined by comparing the
emission of the as-prepared (ET takes place) and diluted (no
ET takes place) samples. This is done by fitting both spectra
using a number of Gaussian subcomponents centered at
arbitrary chosen energies (Figures 3a,b). Upon ET, part of the
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Figure 3. PL spectra (corrected for reabsorption) of sample A as-
prepared (a, black) and diluted (b, gray). The spectra are fitted using a
number of Gaussian subcomponents (dotted lines) with the same peak
energy for both samples (indicated by the colored arrows). (c) For
each component the increase and decrease of the area under the curve
are given. For the chosen components, we find a maximum increase of
50% at 2.4 eV and a decrease of 95% at 2.45 eV.

emission on the high-energy side will decrease and
subsequently reappear on the low-energy side. In this way,
the area under each respective Gaussian (with the same peak
energy) can be compared, providing a measure for the
(maximum) amount of transferred excitons. In addition, the
PL spectrum of the as-prepared sample can be fitted with a
single Gaussian distribution where there remains a large
discrepancy on the low-energy side (see Figure S3). The
difference in integrated area under both curves is a measure for
the minimum amount of carriers that are transferred. We find a
maximum of 50% increase at 2.4 eV and a minimum of 35%
transfer from the donor to the acceptor side.

In order to prove the presence of ET in the investigated
material, we performed a dedicated experiment. For that
purpose we mixed samples A and B at different ratios (A:B
volume ratio equal to 4:1, 1:1, and 1:4) and subsequently
recorded the PL spectra and decay dynamics of the mixed
colloids. In order to preliminarily reduce the effects of
reabsorption, samples A and B have been diluted prior to
mixing such that the correction for reabsorption does not
induce a considerable change of the spectrum. We note that ET
can still take place since upon even further dilution, a
considerable blue-shift of the PL spectrum was observed, as
ET can be eliminated by reducing the concentration (as
previously explained in Figure 2a). Nonetheless, all PL spectra
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are corrected for a possible remaining reabsorption. Figure 4a
shows the PL spectra of the samples A and B and their different
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Figure 4. (a) PL spectra (corrected for reabsorption) of samples A
(brown) and B (orange) and of the mixed compositions with A:B
ratios of 4:1 (pink), 1:1 (blue), and 1:4 (green). (b) Normalized time-
resolved PL signal recorded at 2.33 eV for samples A and B as well as
the 1:1 mixed sample and the simulated decay.

mixtures. We clearly observe a shift of the PL spectrum, with
the maximum changing continuously from that of the small
NCs (sample A) to that of the larger ones (sample B) while an
increasing fraction of small NCs is gradually substituted by the
large ones. Furthermore, for the 1:1 and 1:4 mixing ratios (blue
and green spectra), a shoulder appears, being consistent with
the two different sizes present in the sample. Figure 4b shows
the time-resolved PL signal for samples A and B and the 1:1
mix (brown, orange, blue), detected at 2.39 eV. Included in the
same graph is the simulated decay trace of the 1:1 mixed
sample. This is obtained from simply summing the two
experimentally obtained PL decay signals of samples A and B
and subsequent dividing by two. It can be clearly seen that the
simulated and the experimentally obtained PL decays are not
identical. This indicates that an additional transfer processes is
enabled upon mixing.

The ET can be further analyzed by comparing the
experimentally measured PL spectra of the mixed samples
and their simulated spectra. The latter are obtained, similarly as
shown in Figure 4b, from adding the measured PL spectra of
samples A and B according to their mixing ratios. Figure S
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Figure S. (a) PL spectra of sample A and B and the 1:1 mixed colloid.
The dotted lines represent the simulated PL spectra of the mixed
sample using nominal (a) and scaled (b) composition. All PL spectra
have been corrected for reabsorption.

shows the PL spectra of samples A and B and the 1:1 mixed
colloid (solid lines). The dotted lines indicate the simulated
spectra using nominal (Figure Sa) and scaled (Figure Sb) 1:1
composition. A considerable ET from the donors to the
acceptors has to be assumed in order to fit the experimental
data: the contribution of the large NCs to the emission had to
be enhanced by a factor of 1.6. This is the result of donors

transferring their energy instead of emitting. For the 4:1 and
1:4 mixed colloidal suspensions, similar discrepancies between
the experimentally measured and simulated PL spectra are
observed (see Figure S4).

The spectral and temporal changes as shown in Figures 4 and
5 upon the introduction of acceptors, which cannot be modeled
and correctly predicted using equal contributions of the donors
and acceptors, are consistent with the presence of ET.** Figure
Sb shows a considerable transfer from the donors to the
acceptors. For completeness we note that an alternative
explanation of spectral modification by ligand exchange
between NCs of samples A and B upon mixing"' can be
disregarded since, as discussed, evidence of ET has also been
obtained for both samples separately, before mixing. However,
the dynamic interaction of the ligands with the NC surface can
be responsible for clustering of the NCs with time, which, in
turn, enables the ET.*'

In the past investigations, ET between semiconductor NCs
has mostly been observed in close-packed solids and seldom in
dispersed colloids.””****~* In order to further investigate the
ET in colloidal dispersions reported here, the NCs aggregation
was examined. The TEM results revealed the presence of NC
clustering (see Figure SS). Although it is known that these NCs
self-assemble upon drying, it is consistent with the observations
of precipitated NCs, and it also explains the spectral
modifications upon time. An enhancement of ET as the
colloids are allowed to settle for a few hours after mixing is
observed (see Figure S6). Upon clustering, the contribution of
the acceptors emission to the PL spectrum significantly
increases. This indicates ET between NCs, but could
alternatively be interpreted being due to sintering and
formation of bigger chunks of material. However, since the
clustering involves a large amount of NCs, the PL maximum
would red-shift to the bulk value, which is not the case.

4. CONCLUSIONS

We have established the presence of effective ET between
inorganic perovskite CsPbBr; NCs in colloidal state, driven by
concentration and energy gradients. This opens new insights
for application of perovskite NCs where the ET can be
engineered toward a specific goal.
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