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The relaxation of high-energy “hot” carriers in semiconductors is known to involve the redistribution of
energy between hot and cold carriers, as well as the transfer of energy from hot carriers to phonons.
Over the past few years, these two processes have been identified in lead-halide perovskites (LHPs)
using ultrafast pump—probe experiments, but their interplay is not fully understood. Here we present
a practical and intuitive kinetic model that accounts for the effects of both hot and cold carriers on
carrier relaxation in LHPs. We apply this model to describe the dynamics of hot carriers in bulk and
nanocrystalline CsPbBrz as observed by multi-pulse “pump-push—probe” spectroscopy. The model
captures the slowing of the relaxation dynamics in the materials as the number of hot carriers increases,
which has previously been explained by a "hot-phonon bottleneck” mechanism. The model also

Received 25th March 2020, correctly predicts an acceleration of the relaxation kinetics as the number of cold carriers in the samples

Accepted 21st July 2020 is increased. Using a series of natural approximations, we reduce our model to a simple form containing
terms for the carrier—carrier and carrier—phonon interactions. The model can be instrumental for

evaluating the details of carrier relaxation and carrier—phonon couplings in LHPs and other soft opto-
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1. Introduction

Lead-halide perovskites (LHPs) are rapidly emerging as a
promising class of semiconducting material for future opto-
electronic applications. Since the first report of 3.8% power
conversion efficiency (PCE) in 2009," laboratory-scale LHP solar
cells can now routinely achieve PCEs above 20%, with a record
PCE over 25%.”> Compared to the top PCEs of other third-
generation solution-processable photovoltaic materials, this
value is impressively close to the ~33% PCE given by the
theoretical “Shockley-Queisser” limit for single-junction solar
cells.® A key factor underpinning this limit is the rapid dissipa-
tion of energy from “hot” carriers following the photoexcitation
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of the semiconductor above its bandgap. Early work by Ross
and Nozik postulated that the performance of a solar cell could
be dramatically enhanced if the hot carriers could be utilised.*
The efficiency of this utilisation depends on how quickly the hot
carriers dissipate their excess energy, reflected by the relaxation rate.

The intraband relaxation rate depends on many factors
which control the carrier dynamics, including the interaction
between carriers (i.e. redistribution of heat between the carriers,
called thermalisation), and the interactions between carriers and
phonons (i.e. the removal of excess energy through lattice
vibrations, called cooling).” Cooling has been studied extensively
in LHPs using pump-probe methods. A common finding is
a slowdown of the cooling kinetics with increasing carrier
density.*** This phenomenon has also been observed in tradi-
tional semiconductors such as GaAs,'®'* and is often referred to
as the “hot-phonon bottleneck”. For LHPs, this behaviour is
thought to occur when polarons (i.e. localised distortions of the
lattice surrounding a carrier) spatially overlap, leading to the
reabsorption of hot phonons by adjacent carriers.'> We pre-
viously demonstrated that this behaviour in LHPs is sensitive to
the material composition, and is particularly pronounced in the
all-inorganic CsPbBr; compared to its hybrid counterparts with
vibrationally active organic cations."®

Most commercially available transient absorption methods
do not have the prerequisite time resolution to observe
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thermalisation, but high-resolution two-dimensional electronic
spectroscopy has been employed to demonstrate this effect in
LHPs.'”*® These studies show that the high-energy carriers pro-
duced by above-gap excitation reach a thermal distribution through
carrier scattering at the early stage of relaxation (<100 fs), followed
by the carrier-phonon interactions where the heat is dissipated in
the lattice (~500 fs). These reports provide valuable mechanistic
insights, but the methods lack the ability to distinguish the roles of
the hot and cold carriers on carrier relaxation.

Here, we propose a practical kinetic model to describe the
effects of the hot and cold carrier populations on the carrier
relaxation kinetics in CsPbBr; bulk and nanocrystal (NC) films,
and apply this model to explain the results of “pump-push-probe”
measurements.'® Our results convey two competing pathways for
the dissipation of the excess hot carrier energy into either optical
phonons or cold carriers. By applying simple approximations,
we reduce this model into a single intuitive equation containing
terms for the carrier-carrier and carrier-phonon interactions.
At sufficiently high cold carrier concentration, the interactions
between hot and cold carriers dominate over the hot-phonon
bottleneck behaviour, leading to accelerated carrier relaxation.

2. Experimental methods
2.1 Sample preparation

CaF, substrates (12 mm diameter, 1 mm thickness, EKSMA
Optics) were first treated with O, plasma to improve wetting.

The bulk CsPbBr; films were prepared by dissolving 1:1 mole
ratio of PbBr, (Alfa Aesar, 99.9%) and CsBr (Alfa Aesar, 99.9%) in
dimethyl sulfoxide (Sigma-Aldrich, 99.9%) with concentration
of 0.4 M and stirring at 50 °C overnight. Afterwards, ~35 pl of
the as-prepared solution was dropped onto the substrate and spin-
coated at 3000 rpm for 2 min. The solvent extraction method was
then applied by using 300 ul chloroform after 1 min spinning.”**'
The as-formed thin films were then thermally annealed on a hot
plate at 100 °C for 10 min inside the glovebox.

The CsPbBr; NCs were synthesised according to a previously
reported method.*” 1 mL lead-oleate (0.5 M in 1-octadiene
(ODE)), 0.8 mL Cs-oleate (0.4 M in ODE), 0.0445 g of
N,N-(dimethyloctadecylammonio)-propanesulfonate and 10 mL
ODE were added to a 25 mL three-neck flask and heated to
130 °C under vacuum. As soon as the reaction temperature was
reached, the atmosphere was changed to nitrogen and 0.42 g of
oleylammonium bromide, dissolved in 3 mL of toluene, was
injected. The reaction mixture was immediately cooled to room
temperature by means of an ice bath.

The crude solution was then centrifuged at 29500 g for
10 min. The precipitate was discarded and ethylacetate (30 mL)
was added to the supernatant (ca. 15 mL). The mixture was
centrifuged at 29500 g for 10 min and the precipitate was
dispersed in toluene (3 mL). This solution was subjected to
three additional rounds of precipitation with ethylacetate
(6 mL) and centrifugation at 29 500 g for 1 min and subsequent
redispersion using toluene (3 mL). All films were determined to
be ~300 nm thick by UV-vis ellipsometry.
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2.2 UV-vis spectroscopy

In order to determine the carrier density induced by the pump,
the absorption cross section of the samples was calculated from
the linear absorption spectra. These spectra were obtained
from a UV-vis spectrometer (Shimadzu 2600, equipped with
an ISR-2600Plus integrating sphere). A 1 nm sampling interval
was used with a 5 nm slit width.

2.3 Ultrafast infrared differential transmission
measurements

A Ti:sapphire regenerative amplifier (Astrella, Coherent) was
used to pump two optical parametric amplifiers (TOPAS-Prime,
Coherent) with 1.55 eV pulses at a repetition rate of 4 kHz and
pulse duration of ~35 fs. The signal output (~0.95 eV) of
one of the optical parametric amplifiers was directed into a
B-barium borate crystal (EKSMA Optics) along with the residual
part of the fundamental (1.55 eV) from the regenerative ampli-
fier. Sum frequency generation yielded the 2.5 eV ~ 60 fs pump
pulse. The idler output (0.6 eV, ~50 fs) of the other optical
parametric amplifier was split in a 9: 1 ratio. The more intense
portion was used as the push, and the weaker portion was used
as the probe. The pump and probe beams were collinearly
overlapped and focused onto a ~0.2 mm diameter spot on the
sample. The push was focused onto the same spot less tightly
(0.4 mm) in a non-collinear (~5°) geometry with respect to the
pump/probe. Beam diameters were confirmed with pinholes.
The transmission of the probe through the sample was recorded
with an amplified PbSe photodetector (PDA20H-EC, ThorLabs).
This was connected to a lock-in amplifier (SR-830, Stanford
Research Systems) coupled to a chopper in the pump beam.
The chopper operated at half the repetition rate of the amplifier
to block every other pump pulse. The delay between the pump,
push and probe beams were controlled with mechanical delay
stages. The sample was measured in a nitrogen-purged quartz
cuvette.

3. Experimental results

The linear absorption spectra of the bulk and NC samples are
shown in Fig. 1(a). As expected, the NC sample exhibits a
slightly blueshifted absorption onset due to weak quantum
confinement.?® The NCs studied here have a cubic shape and
an average edge-length of 8 £ 2 nm, as confirmed by the
electron micrograph in the inset of Fig. 1(a). A more lengthy
discussion of the material properties of the two samples is
given elsewhere.'® Taking together the weak confinement and
ordered packing of the NCs, we anticipate that carriers can
move within and between NCs. The high mobility of carriers in
films of similarly sized CsPbBr; NCs was recently demonstrated
by optical pump-terahertz probe experiments.>*

To investigate the intraband relaxation dynamics in the
samples, we used a “visible pump-IR push-IR probe” pulse
sequence, which has been outlined in previous works."'®*%2%:2¢
and recently adapted to study hot carrier extraction in LHPs.””
As depicted in Fig. 1, a 2.5 eV pump generates excited carriers

This journal is © the Owner Societies 2020
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Fig. 1 (a) UV-Vis absorption spectra of bulk and NC CsPbBrs thin films. Inset:
High-angle annular dark field scanning transmission electron micrograph of
the ~8 nm edge length NCs; scale bar = 20 nm. (b) Pulse sequence. The
pump and probe are co-linear. (c) Three-level model used to interpret (d) the
differential probe transmission (for the NC sample) in response to the pump
and push pulses. n§9 = 1.1 x 10 cm™> nf°t = 5.8 x 10 cm>.

which promptly relax to the band edges. These free carriers are
monitored by the differential transmission of a near-IR probe at
0.6 eV, which corresponds to an intraband absorption in
LHPs.”®% After a fixed delay (12 ps), an intense 0.6 €V push
pulse converts the cold carriers into hot carriers, which is
observed as a bleaching of the differential transmission signal.
As the hot carriers relax, the pump-probe signal recovers. We fit
the recovery of the probe signal with a monoexponential curve
to extract the relaxation time, 7,jax. The intensity of the pump
and push pulses are used to control the cold and hot carrier
densities, respectively. The representative fluence-dependent
pump-probe decay kinetics in Fig. S1 (ESIt) are not purely
exponential, which is suggestive of free carrier as opposed to
monomolecular exciton recombination.

The total number of (hot and cold) carriers per unit volume
in the system, ney, is calculated using eqn (1). Ej,. is the
incident energy per pump pulse, A is the absorbance of the
sample at the pump photon energy Ec,, R is the beam radius
and d is the sample thickness.

Einc(1 —1074)

-\ - J 1
TR2AE ¢ (1)

nexc

The initial hot carrier density, nh° can be obtained from the
product of n.. and the ratio between the amplitudes of the
push-induced bleach and the signal before the arrival of
the push pulse, labelled II and I in Fig. 1(d). The dependence
of Trelax ON the initial density of the hot and cold carriers is
outlined in Fig. 2. For a given value of n§>? (cold carrier density
just before the push), we find that 7., increases with nhet,
These dynamics agree with the literature®** and our own
previous findings which invoke the hot-phonon bottleneck
effect.'®'® Interestingly, we also find that 7. tends to
decrease with increasing 7.y, suggesting that the hot-phonon
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bottleneck plays a lesser role in intraband relaxation when
there are many cold carriers in the system. From this, we
can deduce that the carrier relaxation occurs vig at least two
competing pathways. When there are few cold carriers, carrier—
phonon interactions dominate over the hot-cold carrier inter-
actions, and the hot-phonon bottleneck primarily governs the
relaxation dynamics. At higher cold carrier density, relaxation
via carrier-carrier interactions starts to dominate, resulting
in the overall faster relaxation and the reduced impact of the
hot-phonon bottleneck."®

4. Kinetic modelling

We interpret our experimental data as the relaxation of hot
carriers in the LHP samples through carrier—carrier and/or
carrier-phonon interactions. To gain more insight into the
interplay between these processes, we have developed a numer-
ical model describing each process that is eventually reduced to
a single equation, shown later. To fully describe the data, we
take the following approximations:

e For simplicity, and based on the small binding energies
and comparable effective masses of electrons and holes,*" we
ignore exciton effects and assume that electrons and holes
exhibit similar behaviour;

e Carriers can be either hot or cold, hence the sum of the
number of hot and cold carriers (n,0c and n.014) is equal to the
total number of carriers (7ex);

e Here, hot carriers have an excess energy of ~0.6 eV,
comparable to the push energy. Just before the push arrives,
Nhot 1S Negligible;

e Carrier relaxation involves two co-existing pathways, each
with characteristic rates; (i) carrier-carrier interaction, when a
hot carrier scatters with other hot or cold carriers and loses
(some of) its excess energy; and (ii) carrier-phonon interaction,

Phys. Chem. Chem. Phys., 2020, 22,17605-17611 | 17607
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when the excess energy is transferred into an unoccupied
phonon mode. The phonon mode becomes occupied, and the
carrier relaxes;

e Total number of phonon modes (Npy,) is a constant for the
material. The modes can be either occupied or unoccupied.

All simulations are presented for the unit volume (cm™>).
The initial system of equations is shown in eqn (2) with the
initial conditions shown in eqn (3):

% = fpushnmld — WNexcMhot — PhiphMhot
df’;c;)]d _ di:ihlot — Knealteord (2)
dg‘;h = — Prphitnor + v(Nph — Mph)
Mot =0
Heold = 16" 3)
Nph = Nph

where Nyt Neolga and Nexe are the number of hot, cold and total
number of carriers, respectively; N, and np, are the total
number of phonon modes and the number of unoccupied
phonon modes, respectively; 7§ is the cold carrier density at
t = 0 (just before the push pulse arrives); J,ysn is the number of
photons absorbed from the push pulse per unit time, expressed
as a time-dependent Gaussian envelope function; o is the rate
constant for the carrier—carrier interaction; f in the rate con-
stant for carrier-phonon interaction; k... is the rate constant for
the recombination of carriers; and v is the rate constant for
phonon vacancy freeing.

The hot-phonon bottleneck arises from the —fnpnnpee com-
ponent of the rate equation for n;; this component is propor-
tional to the unoccupied phonon density, which depletes during
the carrier-phonon interaction. The bottleneck becomes promi-
nent if the rate of phonon depletion is greater than or compar-
able to the rate of phonon scattering (the dissipation of hot
phonons to the lattice), i.e. —fnnodipn = Y[Npn — 7pn). The effect
of carrier density is expressed in —o7exclhor; an increased rate of
carrier—carrier interactions is expected for a greater number of
carriers. When carrier relaxation is modelled without this term,
Trelax iNCreases exponentially with respect to npe. This is clearly
not what we observe in the experimental data in Fig. 2. Fig. S2
(ESIt) shows that a similar issue arises when —ore. is substi-
tuted for —ancqq, Where 71¢01q is obtained from 7ey. — Mpor. These
findings corroborate the occurrence of strong carrier—carrier
interactions when carriers are elevated to the hot state and a
significant proportion of the cold carriers are depleted by the
push pulse. Based on this, we are confident that we can neglect
the absolute temperature of the carriers in our model. In any
case, the sub-ps hot carrier lifetimes we observe are consistent
with other pump-probe studies that use a Maxwell-Boltzmann
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Fig. 3 Simulated carrier and phonon population dynamics. The dynamic
occupied phonon density, Npnocec = Npn — NMpn. (@) Results using the initial
conditions from eqgn (2) and (3). Constant parameters used: « = 1.4 x
1078 ecm®ps™ f =27 x 107 cm® ps, kree = 1072 ps™, v = 107 ps~L.
Boundary conditions used: n§*® = 1.0 x 10¥ cm~3, nI°* = 6.0 x 10 cm~3,
Npn = 2.0 x 10 cm™3. Pulse duration: 35 fs. (b) Results using the simplified
conditions from eqgn (4) and (5) and the same boundary conditions
as (a). Constant parameters used: o = 1.4 x 107 cm® ps™, = 2.7 x
107" ecm® ps7, v = 107! ps~t. All parameters are on the same order of
magnitude as the experimentally determined values.

temperature model to describe a Fermi-Dirac distribution of
carriers.”™

This system can be numerically solved to provide a full picture
of the process, as shown in Fig. 3(a). The result is comprehensive
but involves too many parameters for the analysis of carrier
dynamics. Considering that the ~50 fs push pulse is shorter
than the ~500 fs cooling times,'>'® we can assume that the
intraband excitation is immediate and hence fpushncold ~ 0 after
100 fs, i.e. the time window of interest. Furthermore, the recom-
bination lifetime is relatively slow (> 100 ps),** and thus can be
neglected (k.. & 0). Consequently, n.,. becomes a constant
(Mexe = nSOld) and the rate equation for n.,4 becomes obsolete.
The system simplifies into the form shown in eqn (4), with the
initial conditions shown in eqn (5):

dnnot
d: = —WNexchhot — ﬁnphnhol

4 (4)
Nph

d—]; = _ﬁnphnhot + V(Nph - nph)

This journal is © the Owner Societies 2020
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hot
. Mhot = 1)
eqalign 5
qalig { non = Ny (5)
where nh°t is proportional to fpush. The solution of these

equations provides the time dependence of np, and rnpp,
plotted in Fig. 3(b).

The rate equation for 7y, involves a variable (n,p). This can
be eliminated using the following expression from the rate
equation of ny,q and npy,. All other parameters are constants.

dnpo T OMexclhot — ﬁnphnhol __ Olexc + ﬁnph

= ~ 6
dnph 7ﬁnphnhot + V(Nph - nph) ﬁnph ( )

We can neglect the »(Npn — npp) term based on the assump-
tion that the phonon scattering is significantly slower than the
carrier-phonon interaction. This notion is valid as long as the
phonon lifetimes are not substantially shorter than the carrier-
induced cooling,**™*® and is confirmed by comparing the static
and dynamic phonon behaviour, shown later.

Using the initial condition shown in eqn (5):

thm [nph OMexc + ﬁnPh*

ldnhot* =
nhot ,Bnph*

dy’ ?)

Nph

which simplifies to:

fph = Nph exp( (Anno — Anph)) (8)

€xc
where Mot = Mot — 70° and npp = M — Nphe

In order to derive the equation for further simplification, and
extract a physical quantity related to polaron overlap, we assume
that each hot carrier occupies a specific volume, V', where
carrier-phonon coupling can occur."”® Then we divide a unit
volume (V) of the lattice into uniform cells with the volume V'.
The hot carriers can occupy any of the cells, and can either
overlap or not overlap with each other. The phonons are
assumed to be evenly scattered across the lattice, and only
one of the overlapping hot carriers can interact with the
phonon modes in the cell. When (nlo“’t — Nhot)V carriers are
coupled and dropped into the cells with the volume V' in a
lattice with N, phonons per unit volume, then the average
number of accessible phonons per unit volume (n,,) can be
expressed by eqn (9):

V’) (=) V o)

nph = Nph<1 —7
!

. V. . .
Given that — is a small number, the following approxi-
mation can be made:

Nph = Npn €Xp(V' thot) (10)

Fig. 4(a) and (b) compare the expression of np, from the
eqn (4), (5) and (10) in the time domain. We demonstrate that
the use of eqn (10) is a reasonable approximation of 7, in
eqn (4) and (5), especially at early times <1 ps.

The rate equation for ny,c can be expressed as:

dnpet h
3 = MexcMhot — BNph exp (= V' Ang® ) nnor

(11)
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Fig. 4 Simulated hot carrier and phonon population dynamics, accounting
for the dynamic occupied phonon density, Npnoce = Nph — Npn, With values
obtained from egn (4) and (5), and the static occupied phonon density,
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All other parameters are kept constant: « = 1.4 x 1078 cm® ps™, f = 2.7 x
10 em®ps ™ =107 ps, Nexe = 1.0 x 10 ecm™3, V' = 7.0 x 1078 cm®.
Boundary condition: Ny = 2.0 x 107 cm™>.

where o, f§, V' and Ny, are constants. In this expression, « is the
rate constant for the carrier—carrier interaction, f is the rate
constant for the carrier-phonon interaction, V' is the carrier-
phonon interaction volume and Npy, is the number of unoccu-
pied phonon modes per unit volume in the lattice.

Eqn (11) includes the product of two arbitrary constants
(BNpn), allowing the elimination of a parameter. f§ is defined as
the average spatial volume around a hot carrier where a phonon
mode will interact with the carrier with ~100% probability in
1 ps. fNpn can be substituted by pV’, where V' is the volume of
space around a hot carrier where phonons are coupled, and p is
the number of carrier-phonon interactions per unit volume
per 1 ps. Both SNy, and pV’ represent the number of carrier-
phonon interactions per hot carrier per 1 ps. Hence, the rate
equation can be expressed as:

dnh t h
d[o = —WHexcMhot — P V' exp(f V/An()m)nhot

(12)

The hot-phonon bottleneck arises from the reduced number
of available phonon modes with increasing hot carrier density,
expressed as pV’ exp(—V'nb). The carrier—carrier interaction is
contained in the —anexnhor component; the rate of the inter-
action is proportional to the carrier density. The relaxation time
is calculated using the following expression:

hot
n
0
e dr
Trelax = dnhot (13)
”gn/ dnhm

Based on this equation, we fit the experimental data from
the CsPbBr; NCs and bulk material for comparison. The fits
and experimental data are shown in Fig. 2 and 5 for the
respective samples. It should be emphasised that all data are
globally fit with a handful of free parameters, and slight
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deviations are to be expected. Overall, the model qualitatively
describes the whole data set, and quantitatively describes most
of the data set. Table 1 contains the derived material constants.

Fig. 5 shows that the overall trend in cooling behaviour as a
function of both the hot and cold carrier density is similar to
that observed for the NC sample. Likewise, the material con-
stants for both systems in Table 1 are almost identical. Trans-
lating the carrier-carrier interaction constant into a carrier
density gives a value of ~10"® cm ™, which is consistent with
the predicted onset of a Mott transition (overlap of polarons),"
and also matches the excitation regime where Auger recombi-
nation begins to influence carrier dynamics in LHPs.'®?”

The fact that we observe similar cooling dynamics and a
comparable carrier-phonon interaction constant in bulk and
NC CsPbBr; tentatively implies that the additional grain bound-
aries in the NC sample do not strongly affect the phonon density
of states, as one might expect for a nanostructured material.*® As
outlined above, our cuboidal NCs are efficiently packed, resulting
in voids which are substantially smaller than the NCs themselves.
Taking this, and the fact that the carrier delocalisation distance in
CsPbBr; is estimated to be ~7 nm?>* (comparable to the NC edge
length), we posit that a phonon originating in a given NC has a
similar pool of phonons to interact with as in the bulk material,
and these phonons do not need to propagate far before encoun-
tering a carrier in an adjacent NC.

Following the argument above, using the derived value of V'
we estimated the propagation distance for non-equilibrium

Table 1 Material constants for the, carrier—carrier interaction («), carrier—
phonon interaction (p) and the carrier—phonon interaction volume (V')
derived from the fit

Material o (107 em® ps™!) p (10" em® ps7) V' (1078 em?)
CsPbBr; NCs  1.08 0.43 7.00
Bulk CsPbBr; 1.95 0.46 7.58
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phonons in each of the materials; in other words how far the
lattice will ““feel”” the presence of a charge. We extract values of
12.1 and 11.9 nm for bulk CsPbBr; and the CsPbBr; NCs
respectively. The fact that these values exceed the average NC
edge implies that there is very efficient exchange of electronic
and vibrational energy in LHP NC solids, which takes place on
the sub-ps timescale. Given this timescale, we can use the
model parameters to compare the carrier-carrier and carrier-
phonon interaction distances. The values above indicate that
for CsPbBr; and its NC analogue, the typical distance at which
carrier-phonon interactions start playing a role is ~12 nm.
This is slightly larger than the typical carrier-carrier interaction
distance which, when deduced from «, is ~7 nm. These
absolute values are higher estimates of the actual numbers
due to the anticipated underestimation of the local carrier
density. However, the estimated « and V' depend on carrier
density in the same way, so the ratio between these parameters
should be captured by the model correctly. Our observation
that the carrier-carrier interactions are active at shorter dis-
tances than the carrier-phonon interactions is consistent with
the notion of polaronic screening in LHPs.>*™*!

5. Conclusion

In summary, we developed a numerical model which includes
“carrier-carrier” and ‘‘carrier-phonon” interaction terms to
describe the role of the hot and cold carriers on the carrier
relaxation kinetics of bulk and nanocrystalline CsPbBr; films
determined by ‘“pump-push-probe” spectroscopy. The obser-
vation of slower relaxation kinetics at higher push intensity
(higher hot carrier density) is explained by invoking a hot-
phonon bottleneck mechanism where overlapping hot polarons
compete for phonons in order to relax. This is incorporated in
our model by the carrier-phonon term which describes the
spatial overlap between the hot polaron states. Meanwhile, the
observation of faster relaxation for higher pump intensity is
attributed to the redistribution of energy from a hot carrier to
adjacent cold carriers, as described by the carrier-carrier term.
By fitting our model to the experimental results, we demonstrate
the interplay between these contrasting effects, and propose a
way to estimate the phonon density of the lattice and the rate
constant for carrier—carrier and carrier-phonon interactions.
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