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ABSTRACT: Colloidal semiconductor nanocrystals (NCs) are promising components
in various optoelectronic and photocatalytic devices, but the mechanism of energy
transport in these materials remains to be further understood. Here, we investigate the
distance-dependence of the electronic interactions between CsPbBr3 cubes and CdSe
nanoplateles using an alumina (AlOx) shell as a spacer. CsPbBr3@AIOy core@shell
NCs are synthesized via colloidal atomic layer deposition (c-ALD), which allows to
fine tune the oxide thickness and, thus, the distance d between the two NCs. This
versatile material platform shows that the electronic interactions between the CsPbBr3
NCs and the CdSe NPLs can be tuned from electron to energy transfer by increasing
the shell thickness, while previous studies on the same system had been limited only to
electron transfer. Considering the applicability of the c-ALD to different NCs, we
suggest that metal oxide shells spacers synthesized by this approach can generally be

used to study energy transfer mechanisms at the nanoscale.
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The unique size- and shape- dependent optical properties of semiconductor
nanocrystals (NCs) offer exciting opportunities for controlling the energy transfer at
the nanoscale, thus motivating research towards next-generation optoelectronic devices

(i.e. light emitting diodes, solar cells, luminescent solar concentrators) and biomedical



applications that implement imaging, sensing and labeling with semiconductor NCs.!-
In all these technologies, the electronic interactions among NCs must be evaluated and
possibly engineered to achieve optimal performance.5®

Depending on the application of interest, electron transfer (ET) of the generated
excitons or Forster resonance energy transfer (FRET) might be more or less desirable.
In particular, ET is preferable for those devices which benefit from photoinduced
charge separation, such as for photodetectors and solar cells. Compared to charge
transfer processes, FRET is particularly appealing because it allows the transport of
charge-neutral excitons between NCs despite the presence of the insulating surface
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ligands. Light emitting diodes would particularly benefit from FRET in
semiconductor NC films.!?

FRET has been demonstrated in artificially engineered structures with graded band gap
mostly based on CdSe, CdTe and PbS NCs.!*!° In one example, a cascade-like energy
transfer across ascending diameter QDs layers was used to enhance the infrared-range
emission of PbS solids.!* However, FRET-based devices are still limited by the poor
efficiencies and slow kinetics of the process. As evidenced by recent findings regarding
dimensionality effects on FRET,!¢ fundamental studies on a broader selection of
systems (i.e. different surface chemistries, compositions and shapes) are needed to
understand and to overcome the limiting factors so to fully exploit the potential of
energy transfer in semiconductor NCs. In this scenario, NC distance-dependent
measurements would be key to gain further insights into the transfer processes that
occur in different binary NC mixtures. Unfortunately, the conventional ligand exchange
strategies used so far to control the NC distance are not universal as they cannot be
easily translated to systems with challenging surface chemistry and/or with poor
stability, such as the recently emerged perovskite NCs to cite one example.!”-2
Herein, we propose to use an oxide shell with tunable thickness to investigate the
distance-dependence of the energy transfer between CsPbBr; NCs and CdSe
nanoplateles (NPLs).

All-inorganic perovskite NCs, namely CsPbX3 (X=Br, I, Cl), have recently emerged as
a class of semiconductors showcasing outstanding optoelectronic properties.?!*? Due
to their large polarizability and absorption cross-section, near-unity quantum yields,

and small Stokes shifts, perovskite NCs are envisioned to be excellent FRET

donors.?!?? Yet, energy transfer studies are mostly limited to homo-FRET among



perovskite NCs with the same composition and hetero-FRET between perovskite NCs
and molecular dyes.?*26

Recently, the electronic interactions between CsPbBr; and CdSe NCs with different
sizes and shapes were investigated.?”-?® CdSe is an ideal system to use as an acceptor
thanks to the synthetic flexibility achieved so far for these NCs, which implies an
impressive tunability of its optoelectronic properties. While the basic requirements for
FRET to occur in this system were satisfied (i.e. the overlap between the donor emission
and acceptor absorption), no appreciable FRET was detected and ET was proposed as
the only pathway for the charge transport.?’

Building on our recent developments on colloidal atomic layer deposition (c-ALD)?,
we use an amorphous shell of alumina (AlOy) as a tunable spacer between CsPbBr3
NCs and CdSe NPLs. CdSe NPLs were chosen as the acceptor because of the above-
mentioned dimensionality effects, which were recently reported. !¢

This approach allowed us to study the distance dependence of the electronic interactions
in this NC system and to demonstrate that FRET becomes the dominant mechanism
between CsPbBr3@AlOx donors and CdSe NPL acceptors for shell thicknesses above
2.5 nm, corresponding to a center-to-center distance of around 10 nm.

The CsPbBr3 and the CdSe NPLs were prepared according to published procedures.?*!6
Figure 1 reports the transmission electron microscopy (TEM) images of highly
monodisperse CsPbBr3 NCs with cubic shape and edge size of 7.6 nm (Figure 1a) and
5-monolayer (ML) CdSe NPLs with lateral dimensions 3.9 nm x 16.3 nm (Figure 1b
and Figure S1). Satisfying a basic requirement for FRET to occur, the CsPbBr; NC
donors exhibit an emission peak that overlaps with the absorption of 5-ML CdSe NPL

acceptors (Figure Ic¢).
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Figure 1 (a,b) TEM images of the as-synthesized CsPbBr; NCs and CdSe NPLs and (c) corresponding
normalized UV-Vis absorption (scatter line) and photoluminescence (continuous line) spectra acquired
in solution.

To study the distance dependence of the electronic interactions between CsPbBr3 NCs
and CdSe NPLs, we grew an alumina shell around the CsPbBr3 NCs by using our
recently developed c-ALD in solution to form CsPbBr3@AlOx NCs (Figure S2) and we
tuned its thickness from 1 nm to 10 nm using different ALD cycles.?

We evaluated the shell thickness by combining grazing incidence small angle X-ray
scattering (GISAXS) measurements and dynamic light scattering (DLS) in solution
(Figures S3). The values obtained by the two techniques were in excellent agreement
with each other, thus providing a solid support to the quantification of the donor-
acceptor spacing that will be used for later analysis.

The as-prepared CsPbBr3@AlOy donors (D) were dispersed in hexane and mixed with
CdSe NPL acceptors (A) to form binary mixtures in controlled ratios of concentrations
(i.e. particle number, see SI for details) and then drop-casted on glass substrates where
the solvent rapidly evaporated. Figure 2a reports the TEM images of two representative
mixtures, one at 50D:50A ratio and the other at 75D:25A ratio. The images evidence
substantive regions where CsPbBr3@AIlOx NCs and CdSe NPLs are homogenously
mixed. At lower donor concentration the CdSe NPLs tend to assembly and to stack

vertically. The overall D:A assembly remains very much alike when CsPbBr3@AlOx«



NCs with different shell thicknesses are utilized as donors, which gives us confidence
regarding the distance-dependent trends described below.

When two NCs are in close vicinity both ET and FRET may take place. In our system,
Figure lc illustrates that the requirements for FRET to occur are satisfied in the chosen
binary system. At the same time, because the conduction band of the CsPbBr; NCs is
positioned at higher energy respect to the one of CdSe NCs (by around 50-100 meV),
ET is equally possible.3®3! To gain insights into the dominating process, we investigated
the photoluminescence (PL) of the D:A mixtures with different ratios and shell
thicknesses. The steady-state PL measurements evidence quenching of the donor PL in
all the binary mixtures (Figure S4). The higher the donor concentration is, the lower
the PL quenching is, which is in agreement with a decreased probability to find an
acceptor in the close vicinity of a donor. This observation indicates that electronic
transfer occurs between the CsPbBr3;@AlOx NCs and the CdSe NPLs but does not allow
to distinguish between ET and FRET. Photoluminescence excitation (PLE)
measurements on binary mixture films of CsPbBr;@AlOx NCs with an average shell
thickness of 3.6 nm and CdSe NPLs at different ratios were performed to learn more
about process involved (Figure 2b). The PLE spectra were collected at 570 nm to be as
far as possible from the emission tail of the CsPbBr3; donor. The data show that, for all
the mixtures, the spectral features of both the donor and the acceptor are present, which
is consistent with FRET. When no AlOx shell is present and only the native ligands
separate the two NCs, direct ET is favored (Figure S5). As the shell thickness increases,
more pronounced features of the donors appear in the PLE spectra indicating an

increasingly predominant FRET over ET (Figure S5).
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Figure 2 a) TEM images of CsPbBrs@AIlOx mixed with CdSe NPLs at 50D:50A (left) and 75D:25A
(right) ratios; b) PLE spectra (vertically offset for clarity) collected at 570 nm for films at various D:A
for an AlOx shell of 3.6 nm thick. The gray and purple curves are the PLE spectra for the A-only and D-
only films. The dashed lines indicate the position of the maximum for the donor (black dashed line) and
acceptor (gray dashed lines).

Next, transient spectroscopy measurements were performed to eventually provide a
more quantitative interpretation of the results. Figure 3a,b show representative time
and energy resolved photoluminescence intensity maps for binary mixture films at a
fixed composition (50D:50A) for short (Figure 3a, 2.4 nm) and long (Figure 3b, 4.7
nm) D-A distances. It is clear that the donor lifetime is longer in the latter. We slide the
intensity maps to extract a more detailed picture on these two samples, which we
compare with the A-only and D-only samples (Figure 3c). For all samples, we report
the PL spectra at shorter (0-10ns) and longer (80-95ns) times. First, we note that the PL
decay is more pronounced in the mixture than the donor-only samples. Second, at
longer times the PL peak of the donor is still visible in the mixture with the larger D-A
distance while it is already completely quenched in the mixture with the smaller D-A

distance (Figure 3c).
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Figure 3 a-b) Time- and energy-resolved photoluminescence intensity maps for short
distance (2.4 nm) and long distance (4.7 nm) in equimolar binary mixtures containing
both spectral information and decay dynamics. c¢) Spectra from early and late time
windows 0-10 ns (solid line) and 80-95 ns (dashed line) for the neat donor and acceptor
(top) and for the 50% binary mixture at long and short distances. d,e) Decay dynamics
of the features centered at 510 nm and 544 nm respectively, comparing the decay
dynamics of the neat donor and acceptor with the one in the binary mixture at short and
long distances.

Additional informations can be extracted by comparing the decay dynamics of the
donor and acceptor in the mixed films with the ones of D-only and A-only films. A
marked decrease in the radiative lifetime of the donor (Figure 3d) and an increase of
the radiative acceptor lifetime (Figure 3e) are evident in the mixed film compared to
the neat films. We also compare the lifetime decay for short and long distances
observing a reduction in the lifetime for the mixed film with donor and acceptor at
shorter distance. It must be noted that the increase in the acceptor lifetime is smaller
compared to the decrease in donor lifetime (see Figure 3d,e and Figure S6), which
suggest that both ET and FRET are contributing to the donor quenching. Likewise, the
acceptor lifetime increase is higher for the longer distances in agreement with the PLE
data (Figure S5). This suggests that for this system, ET is a faster process respect to
FRET, and when ET is present (short NC-NC distances), FRET is absent or negligible.

Thus, precisely tuning of the AlOx shell thickness allows suppressing one process

respect to the other in function of the desired application.



To quantify the observed differences in the transfer dynamics when changing the D-A
distance, the energy transfer rates (Kgt) were calculated from the averaged lifetime of
the donor in the mixtures and in the neat sample and are plotted versus the
corresponding D-A distances in Figure 4 (see also Table S1, Figure S7 and details in
the SI). As the distance decreases the energy transfer becomes progressively faster.
Indeed, the averaged measured Kgr increases from 0.01 ns! to 0.1 ns™! upon decreasing
the average center-to-center distance from 17.3 nm to 9.8 nm showing a 10-fold

increase in the Kgrt for shorter distances.
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Figure 4 Energy transfer rates (ker) vs. the center-to-center distance (d) calculated for
the different AlOx shell thicknesses. The red line is the fit of the data for d >10 nm
(Ro=8.24 nm, n=4).

Ker is defined by the following equation:

o =ola)
ET — TD d

where 7p is the donor lifetime, d is the center-to-center distance between the donor and
the acceptor, Ry is the Forster radius defined as the distance at which the efficiency is
50% and 7 is the exponent indicating the dependence of FRET rate on the distance. n
is typically 6 for a pair of point-like donor and acceptor and is 4 for higher acceptor
dimensionalities, which is likely the case for NC films.!! The data in Figure 4 were
fitted by this equation to estimate the Forster radius as well as to evaluate the distance
dependence trend. By excluding the data point for d < 10 nm, we found that the best fit
is indeed obtained for n=4 which suggests that FRET becomes the main mechanism of

exciton transfer in this system for longer distance (additional discussion in SI and



Figure S5,S6). We obtained that Ro is equal to 8.2 nm, which is in the same size range
of other previously reported radii in NC mixed films.?

In conclusion, we have introduced a hybrid material platform wherein an oxide shell
with tunable thickness allows to perform careful distance-dependent studies on the
transfer of excitonic energy in semiconductor NC films. This approach allowed us to
define the electronic interactions at different distances in the CsPbBr3 NCs/CdSe NPLs
binary system. The finding that energy transfer can take place for this highly emissive
donors unlocks the opportunity of new operation motifs for devices such as lasers and
light emitting diodes.!? Future studies will be directed to increase the transfer
efficiencies and improve the kinetics by further exploring dimensionalities effects (i.e.
CsPbBr; NPLs/CdSe@AIlOx NPLs, Figure S8). Initial results reveal that FRET can be
then be used to drive photoelectrochemical reactions with increased photocurrents
compared to D-only and A-only films, in addition to provide improved stability (Figure
S9). Considering the applicability of the c-ALD to different NCs, we suggest that metal
oxide shells spacers synthesized by this approach can generally be used to study energy

transfer mechanisms at the nanoscale.

Methods.

Materials: All chemicals were purchased from Sigma Aldrich and used without
purification, unless specified: cesium carbonate (Cs2CO3, 99.9%), lead(II) bromide
(PbBr, 99.99%, Alfa Aesar), oleic acid (OLAC, technical grade, 90%), oleylamine
(OLAM, technical grade, 70%), 1-octadecene (ODE, technical grade, 90%), octane
(anhydrous, >99%), methyl acetate (MeOAc, anhydrous, 99.5%), Selenium powder
(Se, 99.5% trace metals), Cadmium acetate hydrate (Cd(Ac)2, 99.99%), and
trimethylaluminum (TMA, 98%, Strem).

The NCs used in this work were synthesized by using slightly modified syntheses from
the literature.!6* Specific details follow.

CsPbBr3; NCs: PbBr (0.21 g) and ODE (15 mL) were stirred in a 50 mL round-bottom
flask and degassed under vacuum at 120 °C for 1 h. The flask was then filled with N>
and kept under constant N, flow. OLAC and OLAM (1.5 mL each) were injected, and
the mixture was kept at this temperature until all the PbBr. was dissolved. The
temperature was then increased to 165 °C. The Cs-OLA (1.2 mL) precursor, preheated

to 100 °C under N> atmosphere, was swiftly injected into the reaction mixture. The



reaction mixture turned yellow, and the reaction was quenched by immediate

immersion of the flask into an ice bath (~5 s after injection). The synthesized NCs were

precipitated by centrifugation at 6000 rpm for 30 min, the supernatant was removed,
and the NCs were re-dissolved in 1.5 mL of hexane. A second wash was carried out by

adding ethyl acetate in a 1:1 ratio with hexane, the mixture was centrifuged, and the

precipitate was dissolved in octane, giving a final concentration of ~10 mg/mL.

CdSe NPLs: Cd(myristate), was synthesized according to reported procedure.!® 170 mg
of Cd(myristate)> and 14 ml of ODE were degassed for 30min at room temperature in
a three neck-flask. Then under N> the flask was heated to 240°C. Meanwhile, 12 mg of
Se powder was sonicated in Iml ODE for Smin. At 240°C the Se solution was quickly
injected in the reaction mixture and after 20 seconds (the solution became dark orange),
60mg of Cd(Ac), was introduced. The reaction mixture was kept at 240°C for 10 min
and then was cooled down with to 150°C with air-flow, and allowed to slowly cool
down further. At 70°C, 2 ml of OLAC in 10 ml of hexane were added to the reaction
flask. The mixture was taken to the glove box to carry out the washing procedure, which
consist in centrifugation and redeseprsion in hexane. Please note that a little percentage
of spherical CdSe NCs may be present together with the CdSe NPLs that were removed
through size selective precipitation.

CsPbBr;@AIlO. with different AlOx thickness: In a three-necked flask, a solution of
CsPbBr3 NCs in octane (typically 150 pL of a 5 mM solution in octane) was gently
stirred under N> flow. An additional amount of octane (typically 2 mL) was added to
ensure a good dispersion so to guarantee a homogeneous growth of the shell. One c-
ALD cycle consists of (1) dropwise addition (1 mL/h) of TMA diluted in octane to the
NC solution; (2) 5 min waiting time to ensure that the reaction in step 1 was completed;
(3) addition of O2 gas by mean of a mass flow controller; and (4) 5 min waiting time.
This cycle is repeated n times to reach the desired thickness. 80 uL from a diluted TMA
solution in octane with a concentration of 0.4x1073 uM were added each cycle. Some
minimal adjustment might be needed from batch to batch. The full process was
automated by using a custom-made Lab-View program where precursor amount,
injection speed, and waiting time are independently defined. In order to retain the
colloidal stability in the organic solvent of the as-synthesized core@shell NCs, OLAC
was introduced in place of TMA after 8-10 cycles. This step functionalizes the surface

of the shell, which can continue to grow without any precipitation of the NCs.



CsPbBr;@AIlOx NCs with different shell thickness were synthesized ranging from 1.5
to 10 nm thick. Additional details on the c-ALD procedure can be found in ref 27.
Electron Microscopy: Transmission electron microscopy (TEM) images were acquired
on an FEI Tecnai-Spirit at 120 kV. High-angle annular dark-field scanning TEM
(HAADF-STEM) images were acquired on an FEI Tecnai-Osiris at 200 kV.

Film preparation: CsPbBr3@AlOx NCs with different shell thickness were mixed with
CdSe NPLs in hexane at the desired molar ratio. See SI for detail on NC mixture films
preparation. 10ul of the mixture was drop casted at the center of a glass substrate with
a size of 2.5x2.5 cm?.

Optical Spectroscopy: All optical measurements, including photoluminescence (PL)
emission spectra, Photoluminescence Excitation (PLE), and time-resolved fluorescence
lifetimes (TRPL) were collected on a Horiba Jobin Yvon Fluorolog-3 instrument with
a photomultiplier tube (PMT) as detector. For the TRPL the excitation source is a
Horiba nanoLED-370 with an excitation wavelength of 369 nm, a pulse duration of 1.3
ns, and a repetition rate of 100 kHz. All the measurements were performed under N> by

using a customized cell.
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