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ABSTRACT: Optically driven cooling of a material, or optical refrigeration, is 100 )
possible when optical up-conversion via anti-Stokes photoluminescence (ASPL) is

achieved with near-unity quantum yield. The recent demonstration of optical 80

cooling of CsPbBr; perovskite nanocrystals (NCs) has provided a path forward in ~

the development of semiconductor-based optical refrigeration strategies. However, %

the mechanism of ASPL in CsPbBr; NCs is not yet settled, and the prospects for £ 60 MGP
cooling technologies strongly depend on details of the mechanism. By analyzing o |

the Arrhenius behavior of ASPL in CsPbBr; NCs, we investigated the relationship W 40

between the average energy gained per photon during up conversion, AE, and the
thermal activation energy, E,. We find that E, is systematically larger than AE, and 20
that E, increases for larger AE. We suggest that the additional energetic cost is due
to a rearrangement of the crystal lattice as charge carriers pass from surface

100

AE (meV)

localized, structurally distinct sub-gap polaron states to the free exciton state
during up-conversion. Our interpretation is further corroborated by quantifying the impact of ligand coverage on the NC
surface. These findings help inform the development of CsPbBr; NCs for applications in optical refrigeration.
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CsPbBr; perovskite nanocrystals (CsPbBr; NCs) are among
the first semiconductor materials known to undergo optical
cooling." The mechanism of cooling is based on anti-Stokes
photoluminescence (ASPL), which is luminescent emission of
a photon at greater energy than the energy of the photon that
was absorbed. The energy gain of the up-converted photon due
to ASPL is provided by scavenged thermal energy from the
luminescent material. High photoluminescence quantum yield
(PLQY), that is maintained during below-gap excitation is
critical for cooling to occur, as it ensures that the energy
radiated by the up-converted photons surpasses the heat
introduced by non-radiative decay.

Optical cooling was first observed in rare-earth doped glasses
(REG) and since there have been claims of optical coolinﬁ in
some organic dyes and semiconductor nanostructures, '
though some of these claims have been questioned.'”™"> The
low temperature limit of optical cooling is dependent on the
electronic and vibrational state structure that facilitates ASPL.
In REG the Stark Effect creates a manifold of both ground and
excited electronic states. Low energy photons excite electrons
from the highest energy ground state to the lowest energy
excited state. Then after thermal equilibration within the
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manifold, electrons relax to the ground state, emitting photons
at greater energy than was absorbed.””*'® Similarly, ASPL in
organic dyes relies on excitation from vibrationally excited
ground states, followed by optical emission when electrons
relax into a ground state with lower vibrational activation.”~’
Because these mechanisms of ASPL are mediated by thermally
activated electronic ground states, optical cooling in REGs and
organic dyes is limited to temperatures for which these states
are populated.

Semiconductor materials are hypothesized to achieve ASPL
via a distinct mechanism. Photocarriers with energy less than
the thermally broadened band-edge emission energy are
excited from the valence band to the bottom of the conduction
band. Emission at a higher energy may be achieved by thermal
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equilibration of carriers within the conduction band before
optical recombination.'’™"” Alternatively, electrons can be
excited from the valence band to just below the band edge.
Excitation into the conduction band is possible via phonon
assisted absorzption or via thermal equilibration within a sub-
gap state.”’”>* Because ASPL in semiconductors does not rely
on excitation from thermally activated ground state—that is,
excitation from the valence band is possible even at absolute
zero—it is theorized that semiconductors can be optically
cooled to much lower cryogenic temperatures than REGs or
organic dyes.'”"” The hypothetically lower temperature that
can be achieved, in combination with the variety of established
optoelectronic technologies based on semiconductor device
platforms, entails that optical cooling in semiconductors has
been a long-sought goal. A major challenge, despite the
sufficiently high internal quantum efficiency of many photo-
luminescent semiconductors, is that total internal reflection
traps ASPL within the solid, making it extremely challenging to
achieve the external PLQY necessary for cooling.'” Only
recently has optical cooling been observed in semiconductor
nanostructures,”’ including CsPbBr; NCs.! The subwave-
length size of these NCs entails that total internal reflection
does not occur, and near unity PLQY is routinely achieved for
colloidal suspensions. Hence, CsPbBr; NCs are a promising
road forward in the development of optical cooling
technology.”**

Although optical cooling has been demonstrated in CsPbBr;
NCs, there remains a lack of understanding regarding the
ASPL mechanism, so the theoretical cooling limits and possible
paths toward optimization are unclear. Initial models of ASPL
in CsPbBr; and other semiconductor nanostructures that show
ASPL have assumed that sub-gap optical excitation promotes
photocarriers to a mid-gap state, followed by thermalization to
the conduction or valence band edge that is mediated via
electron—phonon coupling.”>*® The energy gains possible
during ASPL are greater than any single phonon mode that has
been measured in CsPbBr; NCs so it is believed to be a
multiphonon process.””””® The precise nature of the sub-gap
state which assists ASPL is disputed. Though there is evidence
that shallow defect states or surface states associated with
dangling bonds, energetically within the band gap, can
promote ASPL in similar material systems,””*"****** our
previous research has shown that ASPL efficiency increased by
as much as a factor of 3 when CsPbBr; NCs were treated post-
synthetically to reduce trap states and defects.’”’ Given that
ASPL is observed even for CsPbBr; NCs that exhibit near-
unity PLQY (>98%) alternative mechanistic pictures have
been proposed that do not rely on defects that also promote
non-radiative recombination. Further, in CsPbBr; NCs we
observe no spectroscopic structure in the absorption edge or
ASPL yield, implying the existence of discrete sub-gap states
with well-defined energy, see Figure 1B below. Alternatively,
mid-gap polaron states (MGP), hybrid electron—phonon states
caused by distortions in the crystal lattice that modify the
energy of a photocarrier, have been proposed as the relevant
sub-gap state. The relevant MGPs may result from thermally
induced lattice fluctuations, or from photoexcitation in the
form of self-trapped excitons (STEs).””*>*> However, STEs
rely on above-gap excitation to induce a lattice distortion, and
this is inconsistent with up-conversion. In comparison,
thermally induced lattice fluctuations induce MGPs with an
exponentially decreasing density of states below the band edge,
and the resulting perturbation to the intrinsic electronic
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Figure 1. (A) ASPL spectra with different sub-gap excitation
wavelengths. Scattering from the excitation source can be seen as
narrow peaks which are labeled. The absorbance curve of CsPbBr;
NCs is shown in solid gray for reference. The dashed blue line
shows an example fit for the contribution from the ASPL emission,
and the dashed red line shows an example fit for the contribution
from the excitation source. (B) Comparison of the Urbach tail
region and the integrated ASPL intensity at different excitation
energies. The log scale of absorbance is shown in the solid blue
line with a dashed dark gray line indicating the linear fit and the
log scale of integrated ASPL intensity is shown in orange circles,
with a double-dashed light gray line indicating the linear fit.

structure is pronounced in lead halide perovskites due to the
relatively soft ionic lattice.**™°

We sought to gain greater insight into the up-conversion
mechanism through a study of the thermal activation of ASPL.
As we detail below, the yield of ASPL exhibits very clear
Arrhenius behavior, allowing for determination of an activation
energy, E, associated with the up-conversion process. The
activation energy is determined by the rate limiting step of the
ASPL mechanism. Therefore, an analysis of E, can give insight
into the energetic requirements of up-conversion that may not
be apparent in the absorption or emission spectra, if these
spectra are only diagnostic of the initial and final state in the
mechanism, respectively. We measured the activation energy of
ASPL for colloidal solutions of CsPbBr; NCs while varying the
sub-gap excitation energy, in order to analyze the dependence
on the up-converted energy gain, AE. We found that E, is not
equivalent to AE, and that there is an additional energy cost
beyond AE which increases linearly as AE increases. This
trend is consistent with an energy associated with atomic
rearrangement in the NC lattice (Egp) that is required for
photocarriers to pass from a MGP state to the free exciton
(FE) state. We also found the ligand coverage of the NCs has a
large impact on Ey, further supporting a mechanistic picture in
terms of thermally activated structural rearrangements on the
NC surface.

RESULTS AND DISCUSSION

ASPL in CsPbBr; Perovskite NCs. The CsPbBr; NCs
studied in this paper are approximately 8.7 + 2.1 nm on an
edge, and range in emission from 511 to 515 nm (see Figures
S1 and S2). As is expected for NC of this size, the absorbance
spectra do not show evidence of quantum confinement.
Studies from our laboratory and others show that the yield of
ASPL from CsPbBry NCs displays a linear power law over
many orders of magnitude, indicating that up-conversion is a
single photon process, when excited as far as 95 meV below the
band edge (see Figure S3 and Table $1).2%*"*” However,
when excitation is further red-shifted, the much smaller cross
section for two-photon absorption becomes relatively signifi-
cant, so that the power law for up-converted photo-
luminescence gains superlinear character. As reported by
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Figure 2. (A) Energy level schematic of ASPL mechanism illustrating how different excitation energy leads to different up-conversion energy
gains, AE. (B) Arrhenius plots of the thermal activation of ASPL intensity with different AEs. The blue, green, yellow, and orange traces
represent data where AE is 28, 37, 50, and 72 meV, respectively. The lines of best fit, shown as dashed black lines, represent the best fit to

—-E

the linear Arrhenius equation: In(ASPL) = (

— )(%) + In(C). The data have been offset along the y-axis for ease of viewing. (C) The
b

activation energy, E,, versus the up-conversion energy gain, AE, as shown in (B). The data points are shown in blue, with line of best fit
shown in dashed blue. The gray dashed line represents the hypothetical scenario where E, = AE.

Grandados del Aguila et al, and observed in studies in our
laboratory (see Figure S4), two photon up-conversion starts to
become si%niﬁcant when exciting between 150 and 200 meV
below-gap.””** When sub-gap excitation decreases in energy
there is an exponential decrease in ASPL intensity (see Figure
1A). For excitation energy with small detuning, where two-
photon process does not contribute, throughout the spectral
region known as the Urbach tail, it is reasonable to expect that
the spectral-dependent decrease in ASPL intensity may simply
be proportional to the exponential decrease in absorbance.
This Urbach tail region corresponds to the temperature
dependent broadening of the band edge electronic states, and
it can be caused by crystal strain, defects, phonon coupling,
and NC size polydispersity. The extent of this energy
broadening can be quantified as the Urbach energy, E,, using

the expression a ~ exp(E—), where E is the excitation energy,

and « is absorbance.”*™*" When the band edge absorbance and
the spectrally integrated ASPL vyield are overlaid on a log plot,
it becomes clear that the exponential decrease in ASPL yield is
not proportional to the Urbach tail (see Figure 1B). Both
trends can be fit to the expression for E,, with the fit to the
ASPL intensity of E**™ = 15.7 + 0.1 meV and the fit to the
absorption edge of E} = 21.9 + 0.3 meV for the measured
sample. Variations in EAS" and EZ values between different NC
synthesizes as well as trends in EJ with different NC sizes
reflected in photoluminescence emission peak can be found in
the Figures SS and S6. Despite variations in explicit EA*™" and
E{ values the difference between them, with EJ consistently
being greater, remains apparent. The discrepancy between the
band edge absorbance and ASPL intensity throughout the
Urbach tail spectral region may suggest the role of
intermediate steps between optical absorption and ASPL
emission. These trends further indicate the complex spectral
dependence of quantum yield for ASPL. This data appears to
be consistent with observations made by Zhang et al. of
decreases in the efficiency of up-conversion as excitation is
detuned from the band edge of surface-deposited CsPbBr; NC
samples.”” Additionally, the smooth exponential decay in ASPL
suggests a continuum of sub-gap states, as opposed to a single
discrete electronic state assisting in up-conversion.
Up-Conversion Energy Gain (AE) and Activation
Energy (E,). The ASPL emission from samples of CsPbBr;
NCs occurs at the same wavelength as the band-edge
recombination observed during above-gap excitation (see

Figure S7),37 and the ASPL emission energy is constant as
excitation energy is detuned to lower energy (see Figure 1A).
The energy gain from up-conversion, AE, is defined as the
difference between the average energy of the absorbed photons
and the emitted photons during the ASPL process, and it is
equivalent to the anti-Stokes shift. This value is significant in
optical cooling as it describes the quantity of energy that is
removed from the system with each up-conversion event. As
ASPL emission of CsPbBr; NCs is independent of the energy
of the sub-gap excitation, AE can be increased by red-shifting
the energy of excitation (see Figure 2A). A larger AE value
means that more energy is removed from the system with each
ASPL up-conversion event, however the trade-off is that higher
excitation powers are needed to offset for the exponential
decrease in absorbance as excitation is red-shifted below the
band gap.

Over temperature ranges where other temperature-depend-
ent processes such as crystalline phase transitions or other
thermally activated non-radiative losses do not play a
significant role,”**"*? the increase in ASPL intensity with
temperature exhibits Arrhenius behavior. Therefore, it is
possible to analyze the yield of ASPL in terms of an energy
of activation, E,, which is a measure of the thermal energy
required to overcome the rate-limiting step during ASPL, using
the linear Arrhenius equation

In(ASPL) = kfﬂ (%) +In(C)

(1)

Here, ASPL is the integrated intensity of ASPL at temperature
T (in Kelvin), k, is Boltzmann’s constant, and C is the
Arrhenius pre-exponential factor. Notably the calibration of the
Arrhenius behavior of the ASPL emission has been used to
quantify the temperature of CsPbBr; NCs during previous
optical cooling studies."

Importantly, E, and AE are distinct energetic parameters
that describe the ASPL process. AE is dependent only on the
energy difference between the absorbed and emitted photon,
while E, is a measure of the intermediate step of the up-
conversion mechanism that requires the greatest quantity of
thermal energy. An apt analogy can be made to chemical
reaction kinetics, where AE is the difference in energies of the
reactants and products, while E, is defined by the rate limiting
step, i.e., the most energetically costly step, of the reaction. By
measuring how E, correlates with AE, we gain some insight
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into intermediate steps of the up-conversion process that may
be missed by only looking at spectral indicators.

We measured ASPL intensity from colloidal suspensions of
CsPbBr; NCs over a temperature range of 0 to 20 °C. The
colloidal suspensions had a concentration of 0.20 M and a
PLQY of 80%. The temperatures are plotted as In(ASPL)
versus (1/T), and the slope of best fit determines E,, according
to eq 1. This experiment was repeated as the excitation
wavelength was detuned to lower energy, to probe the
relationship between E, and AE (see Figure 2B). A summary
of this trend is displayed in Figure 2C. We note the E, values
reported here are significantly lower than E, values at similar
AEs that our laboratory reported previously.””" In our earlier
studies NCs were deposited as films encapsulated in
polystyrene, while all measurements in this paper were
performed on NCs in colloidal suspensions. These different
environments apparently result in large changes to E, The
experimentally measured E, values are shown in blue with a
dashed blue line indicating the line of best fit. Additionally, the
hypothetical scenario when E, = AE is also plotted using a
dashed gray line. The activation energy is routinely greater
than the corresponding AE, and the difference between the
values increases as AE increases. The difference is clearly
quantified by comparison of the line of best fit of the data with
the gray E, = AE. The linear fits for E, versus AE with varying
excitation power densities is summarized in Table 1. A slight

Table 1. A Summary of the Linear Fits of E, Versus AE for
Multiple Excitation Power Densities

excitation power density 3.5 27 100
(mW/cm?)

slope of linear fit of E, vs AE 14+02 13+0.1 12+ 0.1
(meV/meV)

y-intercept of Linear fit of E, vs AE  —4 + 8 -3x9 -5+38
(meV)

decrease in deviation from the hypothetical E, = AE scenario is
observed as excitation power density increases and could be
the result of a bottleneck effect or saturation of the lowest lying
states mediating up-conversion. The growing discrepancy
between E, and AE indicates that there is significant energy
cost for up-conversion in addition to AE, which increases as
the energy gained from up-conversion increases.

Surface Polaron Sub-Gap States. The discrepancy and
growing deviation between E, and AE suggest that ASPL in
CsPbBr; NCs is not the result of inelastic scattering from a
phonon mode—e.g. an instantaneous Raman-like process—
because no energy barrier would be expected in addition to the
inelastic energy shift. Further, the large AE values that are
greater than any phonon modes in the material, and the
smooth exponential decrease in ASPL with red-shifted
excitation, suggest that up-conversion is not the result of
resonant absorption of a single phonon mode. Future time-
resolved studies may be able to provide more insight into the
time scales associated with the microscopic steps of ASPL,
helping to further distinguish mechanisms.

The growing difference in energy between E, and AE is
indicative of MGP assisted ASPL and can be analyzed in terms
of Marcus Theory. Marcus Theory was originally developed to
describe electron transfer reactions in solution and has been
extended to model the kinetics of carrier trapping and polaron
behavior in semiconductor NCs. The theory considers how the
movement of electrons between structurally distinct electronic
states is associated with an additional energy cost that accounts
for the atomic rearrangement.*’™* In our experiments the
difference in energy between E, and AE suggests that ASPL is
assisted by mid-gap polaron states (MPG) with an associated
energy of rearrangement, Ep, when electrons move from the
structurally distorted MGP state to the standard free exciton
state (FE), as depicted schematically in Figure 3A. In the
diagram each gray parabolic energy well corresponds to a
distinct atomic configuration associated with a MGP state, with
the energy of the electron in the MGP further modified as the
atoms are displaced around their equilibrium positions. MGPs
with lower electronic energy are associated with greater lattice
distortion and are shifted more along the nuclear coordinate
axis compared to the free exciton, FE, state.*® As AE increases
(corresponding to more red-shifted excitation), charge carriers
are excited into MPGs at lower energy. Because of the greater
structural distortion of MPG states at lower energy, more
thermal energy is required for the atomic rearrangement when
carriers move from the MPG to the FE. In other words, the
increase in the apparent barrier height between the MPG and
the FE reasonably explains the growing discrepancy between E,
and AE as AE increases. Given our interpretation, these data
also give insight into the quantity of energy that is required to
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Figure 3. (A) Proposed model for ASPL in CsPbBr; NCs assisted by mid-gap polaron states. The difference between E, and AE is the
additional energy required for the atomic rearrangement (Ez) when moving between states. Sub-gap light excites charge carriers into an
exponentially decreasing density of mid-gap polaron states (MGP), charge carriers are then thermally activated into the FE conduction band
(CB) state, overcoming the energy barrier of E,, followed by radiative relaxation to the ground state. Ey increases with AE because MGPs
with lower electronic energy are more distorted along the nuclear coordinate compared to the FE state. (B) Plot of energy of rearrangement
(Eg) versus up-conversion energy gain (AE). The Ey values are calculated from measured E,. The AE are shown in blue, the dashed gray line

is the line of best fit.
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rearrange the lattice, Ep, during ASPL. The value of Ey is
calculated by subtracting AE from E,. Figure 3B shows Ep
values calculated using this method, compared to AE values. It
can be noted that there is sufficient thermal energy at room
temperature (~2k,T) to overcome the measured Ey values. We
find it helpful to further analyze trends in terms of Ep going
forward.

The prevalence of polarons in perovskites has been widely
discussed,”***” and polarons have previously been proposed
as assisting in CsPbBr; NC up-conversion.””*>** Previous
measurements have identified distortions of the PbBrg
octahedral as being most often associated with polaron
formation.***>*® Though it is difficult to ascribe a single
phonon mode to the up-conversion mechanism as the AEs
which are attained are much greater than any single phonon-
mode measured in CsPbBr; NCs. Therefore, several
researchers have proposed that up-conversion is the result of
a multiphonon process.””** Prior studies have suggested that
STEs are the particular class of MGP states that facilitate ASPL
up-conversion in CsPbBr; NCs.”> STEs are localized
distortions in the crystal lattice, induced by light, that stabilize
bound excitons in ionic materials with strong electron—
phonon coupling. STEs are identified by their broad, red-
shifted emission spectra and can arise from material defects or
inherent material properties. They have been detected across a
broad range of halide perovskite materials.”>*>**** Nonethe-
less, the formation of STEs typically depends on excitation
energies larger than the band gap, which makes them
improbable as the MGP states that promote ASPL in CsPbBr;
NCs.

Alternatively, we propose that the MGP states which assist
in ASPL are likely formed spontaneously by thermal
fluctuations in the crystal lattice either before or simulta-
neously with optical excitation. Lead halide perovskites are
known to have a “soft”, compliant lattice that readily undergoes
thermal fluctuations that polarize and distort the atomic
structure, especially the PbBr; octahedral sub unit of the
cell>**>* These transient, thermally induced distortions
significantly modify the band edge electronic state structure,
and the net result is a continuum of phonon-coupled electronic
states that spectrally broaden the absorption edge near the
band gap.*>"*° We hypothesize that such transient, thermally
induced MGP states may be stabilized by the occupation of a
photocarrier in a manner that is analogous to how STE polaron
states are stabilized by the presence of an exciton. Relatively
long lifetimes for the states that mediate ASPL are required for
thermal activation from MGP state to FE state to out-compete
other recombination pathways. Research is ongoing in our
laboratory to query the temperature dependence of the Urbach
tail for insight into the formation and time scales of these
states, as well as how they may impose bounds on the
efficiency of optical cooling via ASPL.

Surface Environment and Ligand Coverage. The MGP
states are expected to primarily form on the surface of NCs,
because the motion of surface atoms is less constrained than
that of atoms in the center of the lattice, making them more
susceptible to lattice distortion and the formation of polaron
states. This effect is widely acknowledged such that the red,
broadband emission from STEs is sometimes simply referred
to as surface emission.*® Likewise, thermal fluctuation induced
MGPs are most prominent at the surface.”” Indeed, we find
that modification of the surface environment of the NCs has a
pronounced effect on Ej.

CsPbBr; NCs are capped with organic ligands during
synthesis, which help control the growth of the NCs and act as
passivating agents for surface defects, decreasing defect states
that promote non-radiative recombination.*” Oleic acid and
oleylamine are commonly used ligands that provide samples
with very high PLQY, however these ligands only weakly bind
to the surface of CsPbBr; NCs. Consequently, colloidal
solutions of CsPbBry; NCs at low concentrations suffer from
poor ligand coverage and low PLQY. Equilibration between
surface-bound ligands and ligands that freely dissolve in the
solvent phase favors unbound, freely dissolved ligands when
NCs are at low concentrations.””* The lower surface ligand
coverage in more dilute NC suspensions was confirmed by
performing NMR DOSY studies of the diffusion coeflicient of
the surface ligand (see Figure S8 and Table S2). Figure 4A

—— Synthesis A| §
-4~ Synthesis B -
-4 Synthesis C =

40 60 80 40 60 80
A E (meV) A E (meV)

Figure 4. (A) Eg versus AE plot for different colloidal
concentrations. (B) Eg versus AE plot for three different syntheses
of varying concentrations and similar PLQYs. Synthesis A:
concentration of 0.20 uM, PLQY of 80%. Synthesis B:
concentration of 0.64 uM, PLQY of 81%. Synthesis C:
concentration of 0.64 uM, PLQY of 82%.

shows the effect of concentration on the relationship between
Er and AE. Three solutions of concentrations 0.64, 0.40, and
0.25 uM, with PLQYs of 82, 78, and 70% respectively, were
measured. Solutions with high colloidal concentrations, and
therefore high ligand coverage, show a steep increase of Ep
with AE. As NC concentration and ligand coverage decrease,
the increase in Ep becomes less pronounced. At the lowest
concentration, the trend is constant, or possibly reversed
within our experimental resolution, with E; weakly decreasing
as AE increases. However, in general, at low colloidal
concentrations PLQY decreases, because there is a lack of
ligands to passivate defects. In samples with low PLQY,
thermal activation of non-radiative recombination in parallel
with ASPL could have an impact on the fitted trend
determining E..

In a separate experiment, three different NC samples were
synthesized and purified to produce colloid suspension at
different concentrations. However, all samples display PLQY of
~80% after dilution, with similar absorption and emission
spectra. We note that there is stochastic variation in the PLQY
of NCs from batch to batch, enabling this study. Synthesis A
resulted in higher quality NCs and achieved a PLQY of 80% at
a concentration of 0.20 M, while syntheses B and C were
measured at a concentration of 0.64 yM. As all three syntheses
have the same PLQY, it can be assumed they all have a similar
ratio of non-radiative recombination. Nonetheless, for purified
samples, the desorption of surface-bound ligands is an
equilibrium effect that is dictated by the overall concentration
of NCs in the colloid suspension, so synthesis A had less
surface-bound ligands and more solution-phase ligands. Figure
4B shows the trend in Ejy, for syntheses B and C. These samples
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were measured at the same concentration, and we observe a
very similar trend in Ey that increases with AE. In contrast
synthesis A shows a less steep increase in Ep. The behavior is
consistent with what was observed in the study summarized in
Figure 4A. Here again, we observe that greater ligand coverage
increases the energetic cost of ASPL.

Returning to the physical picture in terms of Marcus Theory
(see Figures 3 and S9), a change in Ep for the same AE
indicates a change in the energetic cost for atomic displace-
ments along the nuclear coordinated associated with the MGP
state. A greater Ep value would imply a narrower parabola.
That is, small atomic displacements have a large energy cost,
indicating a less mechanically flexible structure. Conversely, a
lower Eg value implies a shallower parabola associated with the
MGP. In the latter case it is easier for thermal activation to
move charge carriers from the MGP to the FE state, or
equivalently to induce the required structural distortion.

We hypothesize that increased ligand coverage modifies the
energetics of MGPs in such a way that atomic displacements
become more energetically costly, i.e. the energetic parabola
narrows. Samples with higher ligand coverage show a greater
increase in Ey with AE, implying that high ligand coverage has
a restrictive effect on MGPs, decreasing the magnitude of
thermally induced structural distortions. Samples with lower
ligand coverage likely have more flexible MGPs, because we do
not observe as steep of an increase in E; with AE. When low
ligand coverage and poor PLQY are combined (as in the case
with 0.25 uM sample in Figure 4A) the Ep/AE relationship
becomes more complicated and may result from more flexible
MGPs as well as contributions from the thermal activation of
non-radiative recombination. Alternatively the trend could be
indicating the MGP-to-FE transition is in the “inverted region”
described in Marcus Theory.”' Whether the relevant atomic
rearrangement involves surface ligand rearrangement, ligand-
NC bonds, or the crystal structure near the surface is unclear at
this time.

CONCLUSION

In conclusion we quantified the Arrhenius behavior of ASPL in
CsPbBr; NCs to probe how much thermal energy is required
to promote optical up-conversion by an amount AE. We find
that significantly more thermal energy is required than AE, and
we hypothesize the additional energy cost is required for
atomic rearrangement when photocarriers pass from mid-gap
polaron (MGP) states to the FE state. That is, our data
suggests that ASPL in CsPbBr; NCs occurs via a MGP-assisted
mechanism. Our interpretation is further supported by the
larger energetic cost for ASPL when the NC surface ligand
coverage is more robust, as the relevant MGPs likely form
primarily on NC surfaces. We note that MGPs can be
associated with surface sites, or within the bulk-like interior of
NCs. Our data highlights how changes to surface environment
modifies Ep, suggesting the importance of MGPs at the NC
surface. These findings suggest that surface ligand systems that
preserve near-unity PLQY but that do not impede polaron
formation may benefit the strategic design of CsPbBr; NCs for
optical cooling.

METHODS

CsPbBr; NC Synthesis and Characterization. The CsPbBr;
NCs were synthesized using a hot-injection method adapted from
procedures described by Protesescu.”” PbBr, was heated in
octadecene at 120 °C for 1 h to drive off impurities. CsCO; was

combined with oleic acid in octadecene and heated at 110 °C for 1 h
to form Cs-oleate and drive off impurities. A 1:1 ratio of dried oleic
acid and oleyl amine was added to the PbBr, solution which was then
heated again. Cs-oleate was injected as the limiting reactant into the
PbBr, solution at approximately 178 °C, after which the reaction flask
was immediately cooled in an ice bath to quench the reaction. The
reaction solution was then centrifuged for 10 min at 3000 rcf, the
supernatant, containing the octadecene, was discarded. The
precipitated NCs were dissolved in 2—4 mL of hexane and centrifuged
again for 10 min at 3000 rcf, to remove the largest particles. The
precipitate was discarded, and supernatant was treated with NH,SCN
for approximately 30 min to reduce surface traps.”* No anti-solvents
were used in the cleaning of the NCs.

Each batch was characterized using photoluminescence and
absorbance spectroscopy at room temperature, using a DH-2000-
BAL deuterium and halogen lamp and a Flame miniature
spectrometer, both from Ocean Optics. Colloidal concentrations
were calculated with Beer’s Law using absorbance values at 335 nm
and the molar extinction coefficient reported by De Roo et al.*

PLQY Measurement. PLQY measurements were taken at room
temperature with an integrating sphere fitted with a monochromator
and Si detector. A SuperK Fianium laser fitted with a LLTFContrast
wavelength selector was used as an excitation source. The 470 nm
excitation beam was chopped, and the signal was processed by a 830
Stanford Lock-in Amplifier. The whole system was calibrated for
detection response. In order to correct for reabsorption, measure-
ments of multiple samples with different concentrations were
performed.*

Arrhenius Measurement Experimental Set Up. CsPbBr; NCs
were diluted to the desired concentration using hexane. The sample
was prepared under inert atmosphere in a standard quartz cuvette
with a magnetic stir bar. A bath of acetone and dry ice was used to
cool down the sample and measurements were taken periodically as
the sample and bath warmed up to room temperature, both sample
and bath were stirred using magnetic stir bars to ensure thermal
equilibrium. A digital thermometer in the bath was used to monitor
the temperature. Lab gas was blown along the outsides of the
temperature bath to prevent the formation of condensation that could
interfere with measurements. Measurements were started when the
bath temperature reached 0 °C and concluded when the bath reached
room temperature, typical temperature range for measurements was
between 0 and 18 °C. Joule heating of the sample is considered to be
negligible due to the colloidal nature of the samples, the low
excitation powers used and the low absorbance cross section in the
probed region. A SuperK Fianum laser fitted with a LLTFContrast
wavelength selector was used as an excitation source, the power
density was controlled with a neutral density filter. A Flame miniature
spectrometer from Ocean Optics was used to measure the ASPL
spectra at different temperatures. We note the relatively low excitation
powers used in comparison to other recent studies of ASPL in
CsPbBr,.*" The longer excitation path length (1 cm) through the
sample, in combination with improved collection efficiency, allows for
significantly lower overall excitation power to obtain sufficient signal-
to-noise.

Arrhenius Data Analysis and E, Calculation. The high energy
side of the spectra were fit to a Voigt function, to edit out the
scattered excitation line. The Voigt function was integrated to get the
ASPL intensity. The data was plotted on a In(ASPL) vs 1/T plot and
a line of best fit was calculated for the data. Using the linear form of

the Arrhenius equation In(ASPL) =

Ea
k

(%) + In(A), the slope of
b

a

;Eb , and E, can be easily calculated using

Boltzmann’s constant k. The reported uncertainty of the E, values is
the 95% confidence interval of the linear fit.

Absorbance and AE ASPL Measurements. Absorbance
measurements were taken at room temperature with H-2000-BAL
deuterium and halogen lamp and a Flame miniature spectrometer,
with 25 pum aperture, all purchased from Ocean Optics. AE
dependent ASPL measurements were taken using a SuperK Fianum

this line is equal to
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laser fitted with a LLTFContrast wavelength selector and a Flame
miniature spectrometer as a detector. ASPL intensity was calculated
using a Voigt fit as described in the Arrhenius data and E, calculation
section.
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