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Abstract

Films containing mixtures of zero- or two-dimensional nanostructures (quantum dots or
nanoplatelets) were prepared in order to investigate the impacts of dimensionality on electronic
interactions. Electron transfer from CsPbBr; to CdSe was observed in all of the mixtures,
regardless of particle dimensionality, and characterized via static and transient absorption and
photoluminescence spectroscopies. We find that mixtures containing nanoplatelets as the
electron acceptor (CdSe) undergo charge transfer more rapidly than those containing quantum
dots. We believe the faster charge transfer observed with nanoplatelets may arise from the
extended spatial area of the CdSe NPLs and/or the continuous density of acceptor states that are
present in NPLs. These results bolster the use of one- or two-dimensional nanomaterials in the
place of zero-dimensional quantum dots in the design of related optoelectronic devices such as
solar cells, light-emitting diodes, and photocatalysts and further offer the prospect of fewer
required hopping events to transport carriers due to the larger spatial extent of the particles.

Keywords: Nanoplatelets, electron transfer, dimensionality, perovskites, spectroscopy

Semiconductor nanoparticles (NPs) have been successfully implemented in numerous
optoelectronic and photovoltaic applications, owing to synthetic control over the electronic
structure via particle composition, size, and morphology. In many of these applications, NP
shape has already been recognized as an additional way of optimizing functionality. For
example, in quantum dot-sensitized solar cells, the use of higher dimensionality nanowires or
rods in place of mesoporous TiO, or ZnO in solar cells results in improved electronic percolation
throughout the cell,'* while the use of CdSe nanorods as the sensitizing NP in place of spherical
particles also leads to boosted performance.’ Solar cells built on heterojunctions between CdSe
and CdTe NPs or with CdSe/CdTe heterostructures have likewise shown that careful
manipulation of size and shape offer routes toward augmenting charge transfer rates,’’ e.g.
through the use of tetrapods or hyperbranched NPs.*'® NP morphology has also been explored
as a method of maximizing carrier transport for photocatalysis through the use of nanorods,
nanoplatelets, or various heterostructures.'

Colloidally-prepared, two-dimensional semiconductor nanoplatelets (NPLs) present a
promising alternative to the zero-dimensional quantum dots (QDs) that are used in the
aforementioned applications, owing to strong light absorption and the possibility of rapid charge
transfer. NPLs are well-suited to function as light absorbers or emitters since large total volumes
result in large per-particle absorption cross-sections that are typically an order of magnitude
greater than those of QDs,"> " while near-zero dispersity of NPL thickness leads to narrow band-
edge absorption and emission that can be tuned synthetically.'®*° Both CsPbBr; and CdSe can
be synthesized as NPLs,'®*'** presenting an appropriate system in which to study the effect of
dimensionality on electronic interactions. Moreover, CsPbBr; has recently received significant



attention both in optoelectronic and photovoltaic applications,” >° while CdSe represents a well-

studied material for which it is possible to synthesize QDs and NPLs of not just the same crystal
structure, but also the same band gap. Furthermore, studies of CdSe NPLs have shown that these
structures exhibit faster rates of energy transfer between disparate particles than QDs.*’ Fast rates
were attributed to large space filling of acceptor in proximity to donor, and similar
considerations could suggest that charge transfer may likewise occur more rapidly between
NPLs.

For molecular systems, Marcus theory provides a description of the rate of electron
transfer between two molecules as a function of separation distance and driving force.”® While
driving force remains straightforward to calculate for NP systems, other parameters—such as
distance—are more complex, raising the question of whether a standard form of Marcus theory
remains valid for systems comprised of spatially extended NPs. Others have pursued this
question in QD-donor and molecular-acceptor systems by investigating the dependence of the
electron transfer rate on distance and driving force. >* Owing to these studies, an analogous
formulation of Marcus theory for QDs with strongly bound acceptors has been reported, in which
electron transfer is accompanied by hole excitation in the donor.’’”*** On the other hand, more
recent studies of charge transfer in systems in which both the electron donor and the electron
acceptor are comprised of QDs suggest that Marcus theory is still valid provided that the final

. 35
electronic states are summed over.

While both approaches relate that Marcus theory
necessitates modification when describing charge transfer to or from a NP, they do not
contemplate the additional factor of NP shape (dimension), which must be considered to relate

rates of electron transfer for NPs of the same energetics but different physical extent.

Evaluating the role of dimensionality is complicated by the need to control for factors
that could result in differing rates of electron transfer, independent of the particle shape.
Fortunately, for some materials it is possible to synthesize NPs of different shapes or dimensions
(such as zero-dimensional QDs and two-dimensional NPLs) yet isoenergetic band gaps, allowing
for the charge transfer driving force to be kept constant. For example, studies looking at the
effect of lateral area of NPLs®® or aspect ratio of nanorods®’ on charge transfer to a molecular
acceptor have successfully compared rates between particles of varying sizes and nearly
isoenergetic band gaps. Distance is a more difficult factor to control when the acceptor is not
chemically bound to the donor, although the use of identical surface ligands can accomplish such
a task.

In this work, we investigate electronic interactions between CsPbBr; and CdSe NPs to
determine the impact of NP dimensionality on charge transfer rates. Zero- and two-dimensional
NPs of both CsPbBr; and CdSe are studied so as to compare electronic interactions between 0D-
0D, 0D-2D, and 2D-2D systems. Electron transfer is observed via transient absorption (TA) and
static and time-resolved photoluminescence (PL and trPL) measurements. Electron transfer rates
are extracted from time-resolved dynamics and become faster in systems containing 2D NPs



versus systems with 0D NPs, relaying a potential benefit of spatially extended structures in
derived optoelectronics.

The absorption and emission spectra of the CdSe and CsPbBr; QDs and NPLs used in
this work appear in Figure 1A. Notably, the examined zinc-blende CdSe QDs and NPLs exhibit
nearly isoenergetic emission maxima at 546 nm and 555 nm, respectively, placing the difference
in their band gaps at approximately 37 meV—only moderately larger than thermal energy at
room temperature (26 meV). As shown in Figure 1B, the particles present quite different shapes
and sizes. The CdSe QDs are roughly 3 nm in diameter,’® whereas the 5-monolayer CdSe NPLs
are 1.5 nm thick and tens of nanometers along each side laterally. The examined CsPbBr; QDs
are roughly 8 nm on each side with a nearly cubic morphology,®® similar to the side lengths of
10-11 nm and 12-14 nm of the CsPbBr; NPLs but larger than the 3-4 nm thickness.
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Figure 1. (A) Normalized solution absorption (dashed lines) and film photoluminescence (solid lines)
spectra, offset vertically for clarity, and (B) TEM images of CdSe QDs and NPLs and CsPbBr; QDs and
NPLs. TEM scale bars are 50 nm. (C) Conduction and valence band levels of CsPbBr; QDs and CdSe
NPLs, based on values reported in Refs. 43 and 45. Although the exact energies vary for QDs and NPLs
of each material, electron transfer is energetically favorable for each combination of CsPbBr; and CdSe.

Stock solutions of either CsPbBr; or CdSe NPs in hexane were mixed in controlled ratios
by concentration (i.e. particle number; see the SI for details) and then drop-casted where solvent
rapidly evaporated; the ratios spanned the range of dilute to concentrated amounts of one in the
other to explore the additive kinetics of the electronic interactions. When CsPbBr; and CdSe NPs
are mixed, substantive regions of mixed particles do form (see Figure S1). We note this since
reports show that disparate particle types can, under some conditions, resist mixing in attempts at
forming ordered binary superlattices,**** which are not pursued here. In mixed particle films
where different particle types can surround one another, electron transfer (ET) and fluorescence
resonance energy transfer (FRET) may occur. As shown in Figure 1C, ET is possible, as the
measured conduction band (CB) of CsPbBrj; is more reducing than that of CdSe by ~50 to 150



meV.*™* FRET from CsPbBr; to CdSe is also possible, as CsPbBr; emission overlaps with
CdSe absorption (see Figure 1A).

The dynamics of the dropcast films were probed using low fluence 400 nm excitation so
as to avoid multiexcitonic processes (see the SI for details). Figure 2A shows the TA dynamics
of the CdSe NPL absorption bleach that appears at 551 nm, arising from state-filling of the
conduction band.** For a neat CdSe NPL film, the bleach decays slowly over a 1 ns time
window, conveying a loss of conduction band electrons through recombination. Conversely, a
distinct rise of the CdSe bleach occurs for a mixed film containing 95% CsPbBr; QDs and 5%
CdSe NPLs. Since pure CsPbBr; lacks spectral signatures near 551 nm (TA spectra of neat CdSe
and CsPbBr; films appear in Figure S2), the rise of the 551 nm bleach relates a clearly increasing
population of electrons in the CdSe conduction band. The differing dynamics of the pure and
mixed films are also apparent from time-resolved spectra presented in Figure 2B.
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Figure 2. Evidence for an influx of electrons into CdSe NPLs from CsPbBr; QDs through transient
absorption (TA). (A) TA dynamics of the CdSe NPL bleach (monitored at 551 nm) in films excited at 400
nm. While the bleach of the CdSe film decays over time, the decay in a film with both CdSe NPLs and
CsPbBr; QDs slows down as the fraction of CsPbBr; is increased until a rise in the bleach is seen instead
for films of 5% CdSe and 95% CsPbBr;. Solid lines are exponential fits to the data. (B) TA spectra of the
same films as in (A) at 2 ps (solid lines) and 800 ps (dashed lines).

With increasing CdSe NPL fraction, more instances of electron or energy transfer from
CsPbBr; to CdSe can occur, since the latter acts as an acceptor for each process. To gain more
insight as to which process dominates, we investigated photoluminescence properties. Figure 3A
shows static PL spectra of a neat CsPbBr; QD film and mixed films containing 95%, 85%, or
35% CsPbBrs, excited at 405 nm. A nearly complete drop of PL intensity is observed for films
containing 85% CsPbBr; QDs (15% CdSe NPLs). Furthermore, Figure 3B displays a nonlinear
drop in integrated CsPbBr; PL intensity as the mole fraction of CsPbBr; is decreased (CdSe
fraction increased). Together, the panels in Figure 3 demonstrate that either electron transfer or
FRET successfully quenches CsPbBr; emission in mixed films. Photoluminescence excitation



(PLE) was performed to evaluate whether electron transfer, FRET, or both represent a main
pathway through which electrons are transferred to CdSe. PLE spectra of mixed films (presented
in Figure S3) do not show increased CdSe emission for excitation wavelengths where CsPbBr3 is
excited, indicating that CsPbBr; does not undergo energy transfer to CdSe after photoexcitation
with appreciable efficiency. This suggests that the rising CdSe TA signals with time and the
quenched PL of CsPbBr; result from electron transfer.
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Figure 3. Evidence for an influx of electrons into CdSe NPLs from CsPbBr; QDs through static PL. (A)
Static PL spectra of films of CsPbBr; QDs and CdSe NPLs, normalized by the absorption of each film at
the excitation wavelength of 405 nm. The percentages indicate the fraction of CsPbBrj; in each film. As
the fraction of CsPbBr; is decreased and the corresponding fraction of CdSe is increased, the PL of
CsPbBr; is drastically quenched, much more than would be expected by the reduced fraction of CsPbBrs;.
(B) The integrated PL intensity of the CsPbBr; emission shown in (A), as compared to the intensity that

would be expected for each film based on its fraction of CsPbBrj; in the absence of any electron or energy
transfer.

Time-resolved PL at low fluence further supports dominance of electron transfer in this
mixed system. Figure 4 shows trPL of the CsPbBr; component, which becomes shorter-lived in
mixed films, indicating outflow of electrons from CsPbBr; into CdSe. Notably, trPL of the CdSe
component (shown in Figure S4) does not exhibit the slowed PL decay or rise in intensity with
time that would be expected if energy transfer were providing CdSe with additional excitons that
could radiatively recombine. This corroborates PLE in suggesting that electron transfer
constitutes the dominant pathway of electronic interaction between CsPbBr; and CdSe NPs.
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Figure 4. Time-resolved PL decay dynamics of the CsPbBr; emission in mixes of (A, C) CdSe QDs or
(B, D) CdSe NPLs mixed with either (A, B) CsPbBr; QDs or (C, D) CsPbBr; NPLs. As the fraction of
CsPbBr; is decreased and the fraction of CdSe is increased, the PL decay of the CsPbBr; emission gets
faster. In the mixes containing CdSe QDs, the amount of CdSe required to see fast PL decay is much
higher compared to the films containing CdSe NPLs. Solid lines are biexponential fits to the data.

The multiple panels in Figure 4 correspond to trPL of CsPbBr; for four series of films
comparing particle dimensionality (CdSe QDs or NPLs mixed with either CsPbBr; QDs or
NPLs). All four sets of films relate increasing rates of electron transfer as the CdSe particle
fraction is increased, as expected from the additive kinetics of electron transfer. However, much
higher amounts of CdSe QDs are needed in order to observe significant differences in the PL
decay as compared to CdSe NPLs. For example, in films containing CsPbBr; NPLs and CdSe
NPLs (Figure 4D), even with only 5% CdSe, a substantial drop in PL intensity (corresponding to
much faster PL decay and electron transfer) is observed. Conversely, in films containing
CsPbBr; QDs and CdSe QDs (Figure 4A), even when the film is 95% CdSe, the drop in PL
intensity is comparatively small.

Because the driving force for charge transfer in films containing CsPbBr; QDs versus
those containing CsPbBr; NPLs is not identical in the present measurements, the most direct
comparisons that can be made are for films composed of the fixed types of CsPbBrj particles.
Figures 4A and 4B compare CdSe QDs versus CdSe NPLs for films containing CsPbBr; QDs,
and Figures 4C and 4D make the same comparison for films containing CsPbBr; NPLs. In both



cases, it is apparent that CdSe NPLs function as higher efficiency electron acceptors. Since the
band gaps of CdSe QDs and NPLs are approximately isoenergetic, the driving force for charge
transfer is fixed and does not contribute differences in the observed dynamics, which instead
suggests that the disparity of response arises from particle dimensionality. Additional
observations in support of this statement are derived from experiments repeated with larger CdSe
QDs that absorb near 553 nm and emit near 586 nm, placing the difference in driving force
between these CdSe QDs and the CdSe NPLs (calculated from the difference in their emission
energies) at 118 meV. Figure S5 suggests that electron transfer rates are still slow, even though
CdSe QDs with a much larger driving force for electron transfer from CsPbBr; in comparison to
the examined CdSe NPLs are employed.

To quantify the observed differences in rates, the CsPbBr; trPL decay dynamics for each
film are fit to biexponential decays, and an amplitude-weighted average lifetime is calculated. In
a mixed film containing both CsPbBr; and CdSe particles, PL decay in CsPbBrj; arises both from
the decay processes that occur in pure CsPbBr; and owing to electron transfer to CdSe. The rate
of PL decay in the mixed film can therefore be expressed as:

kmix = (1 — x)k¢spppr, + Xkgr#(1)

such that

kp = kmix — (1 — x)kcspor, #(2)

where (T)mix = 1/kmix and (T)cspbpr, = 1/Kcspopr, are the amplitude-weighted CsPbBr;
emission lifetimes of the mixed and pure films, respectively, kgt is the rate of electron transfer,
and x is the fraction of CsPbBr; particles in the film that undergo electron transfer. Here, x is
calculated by assuming that any decrease in intensity at long times (i.e. 1.8 ns, significantly later
than the sub-nanosecond timescale on which electron transfer occurs) beyond that of the neat
film must stem from electron transfer that occurred prior, since decay at long times is governed
by that of neat CsPbBr;. As such, the ratio of intensities at long times for the film containing
both CsPbBr; and CdSe in comparison to the pure CsPbBr; film gives the fraction of CsPbBr3
particles that did not undergo electron transfer, 1 — x, from which x can be determined.

Table 1 provides the rates of electron transfer for each film obtained from fitting the trPL
decays shown in Figure 4. (Table S3 in the SI contains the amplitude-weighted lifetimes and the
fractions of CsPbBr; particles that undergo electron transfer in each film.) Films with either
CdSe QDs or NPLs and the same type of CsPbBr; NPs, such as QDs, can be compared directly
to determine what effect dimensionality plays on the rates of electron transfer. The
corresponding columns in Table 1 show that for equivalent fractions of CdSe, films containing
CdSe NPLs exhibit faster rates of electron transfer.



Table 1. Electron transfer rates kgt from CsPbBr; to CdSe as a function of CdSe fraction.

ket (ps™) in films with:
CdSe Fraction CdSe QDs CdSe NPLs CdSe QDs CdSe NPLs

CsPbBr; QDs CsPbBr; QDs CsPbBr; NPL CsPbBr; NPLs
10% - 1.4£0.2 x 107 1.1£0.2 x 107 1.9£0.1 x 107
15 -25% - 2.1£0.2 x 107 1.2£0.1 x 107 2.8+0.3 x 107
40 - 55% 1.9£0.4 x 107 22402 x 107 1.4£0.1 x 107 3.8+0.6 x 107
75 - 85% 2.240.3 x 107 3.3£0.8 x 107 1.7£0.2 x 107 5.7£0.9 x 10”

90% 2.240.3 x 107 - 1.7£0.5 x 107 -

Table 1 shows rates of electron transfer from CsPbBr; increase with increasing amounts
of CdSe (again for low pump fluence), as would be expected for additive kinetics. Here, the ratio
of donor to acceptor in each film was varied in an attempt to pursue characterization of the
fundamental bimolecular rate constant, which describes the rate of electron transfer in the limit
of one acceptor per donor. In randomly mixed films, such a situation is difficult to orchestrate, as
demonstrated by Figure S1; despite mixing of acceptor and donor, the two do not evenly disperse
in one another. Regardless, the asymptotic limit of such behavior likely relates the bimolecular
limit. The case of small fraction of CdSe in CsPbBr; can parallel the limit in which a bimolecular
rate constant can be obtained; however, the situation is complicated by the fact that electron
transfer is not distinctly observable for especially dilute amounts of CdSe QDs in CsPbBr; QDs.

Faster rates of electron transfer in systems containing 2D materials versus their 0D
counterparts can perhaps be understood by considering the larger spatial extent of the 2D NPLs
versus the 0D QDs. The greater NPL surface area per particle presents more opportunities for
electron transfer, similar to additive kinetics of discrete electron acceptors.%’47 Such increased
spatial extent facilitates faster rates of FRET,” owing to the increase in the number of nearest
neighbors that is afforded by the extended area of the NPL. Additionally, the 2D NPLs present a
continuous density of acceptor states, whereas the 0D QD acceptors offer discretized energy
levels. The continuous density of states of the NPLs offer more opportunities for electron
transfer, each with a distinct free energy change. These states are then integrated over in the
kinetics of electron transfer and can facilitate an increased overall rate of electron transfer
relative to QD acceptors.

Given that the faster rates of charge transfer in systems containing NPLs likely arise from
the extended spatial areas of the NPLs, it is probably true that the orientations of the acceptor
CdSe NPLs relative to the CsPbBr; donors influence the rate of charge transfer, particularly in
the case of CsPbBr; NPL donors. The fastest rate would be expected for cofacial arrangements of
CsPbBr; NPLs and CdSe NPLs, such that the opportunities for electron transfer are optimized. A
similar argument is presented in Rowland et al. for energy transfer between cofacially stacked



CdSe NPLs. Future work could benefit from synthetic routes to cofacial arrangements, as well as
theoretical analysis of different QD and NPL configurations, as the geometry of each particle is
certain to influence the observed electron transfer rate.

In conclusion, we have identified electron transfer in mixed films of CsPbBr; and CdSe
using static and time-resolved photoluminescence and transient absorption spectroscopies. Rates
of electron transfer in films containing different types of CsPbBr; and CdSe NPs are extracted
from trPL decays and show that electron transfer is faster for 2D materials such as NPLs than it
is for 0D materials such as QDs. These findings offer potential implications in the design of solar
cells or other devices in which it is critical to maximize rates of charge transfer.
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