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ABSTRACT: Ultra-long cooling times are the most crucial ingredient
for the successful development of a hot-carrier solar cell. Recent experi-
mental reports for metal halide perovskites show the possibility of reach-
ing these relevant values using Sn-based perovskite compositions, due to
their low effective mass. In this work, the governing underlying physics is
uncovered by investigating the interplay between band filling and the
hot phonon bottleneck effect. By using ensemble Monte Carlo simula-
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tions and through comparison with time-resolved photoluminescence 4

measurements, it is demonstrated that solely the combination of these Vi -

two phenomena is sufficient to reproduce ultra-long carrier cooling b 4

times. The dependency of band filling on material parameters is ana- c;','l::;"‘i"‘ges

lyzed, and it is crucially shown that carriers affected by band filling
remain hot in terms of their Fermi—Dirac temperature for the remainder
of their energy relaxation period. Our results are important in the discussion regarding the suitability of metal halide perovskites for future
HCSC applications, and function as a road-map towards the successful construction of a perovskite-based HCSC.

he aim of a hot carrier solar cell (HCSC) is to break the Additionally, the HPB effect was shown to play a central
Shockley—Queisser limit by harvesting photo-excited car- role, especially for organic—inorganic perovskites.'®*” Due to
riers before they have lost their surplus of thermal energy."”? shorter dephasing times of the relevant phonon modes, caused
The crucial feature a HCSC material should possess is a very by increased anharmonicity due to additional rotational
long carrier cooling time.>* Carrier cooling or relaxation times degrees of freedom of the organic cation, the formamidinium
should be on the order of radiative recombination times, which (FA) or methylammonium (MA) based perovskite systems
comes down to nanosecond timescales.>® exhibit stronger phononic coupling, resulting in higher pho-
Nanosecond relaxation times are highly unusual, as carriers non upconversion probabilities and therefore an amplified
typically cool down within a picosecond.” Promisingly, HPB effect.'®?*
several recent experimental studies regarding Sn-based metal In a recent paper,”” we have shown that the HPB effect can
halide perovskites (MHP), have reported cooling times up to lead to cooling times that are significantly longer than the pho-
several nanoseconds.” non lifetime. At low carrier densities, the cooling time is pre-
Carrier cooling times in MHPs show significant variation for dif- dominantly set by the phonon lifetime. However, carriers also
ferent chemical compositions.'®'* A range of physical phenomena reabsorb phonons, and the reabsorption rate increases with
has already been put forward in an attempt to explain the underlying the phonon concentration. At high carrier densities, the phonon
photophysics.'**! To explain the ultra-long cooling times, a combi- occupation number increases, and reabsorption of phonons by
nation of two physical phenomena, band filling and the hot phonon carriers outcompetes phonon decay. As a result, charge carriers
bottleneck (HPB), was suggested by the authors.*'® can remain hot as any phonon emission is quickly compensated
Photoinduced band filling is also known as the dynamic for by phonon reabsorption.?’
Burstein—Moss (BM) effect.””*> The BM effect is shown in
Figure 1 and characterized by a BM shift: An apparent blueshift- Received: February 20, 2026
ing of the peak energy in the photoluminescence spectra. A BM Revised:  July 15, 2026
shift is the result of the occupation of lower-energy states by Accepted: July 24, 2026

previously photo-excited carriers that have relaxed back down
after LO phonon emission.”**® Enhanced band filling is
expected for Sn-based perovskites due to the very narrow elec-
tronic density of states at the valence band edge.'®**
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Figure 1. The Burstein—-Moss (BM) effect. Lower lying energy states
are being filled by photo-excited carriers that are cooling down, result-
ing in an apparent increase of the bandgap energy by AEg,,. Image
adapted from ref 25.

While the ability of the HPB effect to extend cooling by orders
of magnitude has been established,'*”**7! the potential of band
filling is unclear. Furthermore, the question whether carriers are
still ‘hot’” in terms of the Fermi—Dirac temperature is still an open
question.'® Understanding the synergy of band filling and the
HPB effect is crucial in fully capturing the potential of these
effects to extend cooling times to the nanosecond range.

In this work, an investigation of the interplay between band
filling and the HPB effect is presented. Remarkably, it is demon-
strated that a combination of these two phenomena alone is
able to produce ultra-long carrier cooling times. Crucially, we
establish that carriers remain at an elevated FD temperature
for the entirety of the cooling process.

Our findings show the desired ultra-long cooling times spe-
cifically for tin-based perovskite systems, indicating its strong
potential for future HCSC applications. These results are
important in unraveling the underlying physics of slow hot car-
rier cooling in MHPs and the discussion regarding the suitabil-
ity of metal halide perovskites for HCSC applications. With this
work, we present a roadmap towards the successful construc-
tion of a perovskite-based HCSC.

The investigation is executed by performing hot carrier sim-
ulations using an ensemble Monte Carlo framework.>~>¢ The
EMC is a proven methodology for handling nonequilibrium
charge transport problems,*” and is the perfect vehicle to inves-
tigate the interaction dynamics of multiple physical phenom-
ena. For further details on the EMC method, we direct the
reader to the Methods section in the Supporting Information
and our previous papers.'>*’

The model describes the carrier-LO phonon interactions via
the Frohlich interaction under a single-mode approximation.
Although an accurate description of certain transport observ-
ables, such as the temperature dependence of the mobility,
requires several phonon branches to be retained,>®%° the atten-
dant complexity can be sidestepped by folding the branches into
one effective mode.**™** Such an effective mode blends the con-
tributions of the individual branches and oscillates at a single
representative frequency.

For the following simulations, we have turned off the HPB
effect to focus solely on the dynamics of band filling.

A BM shift can be expressed in terms of the effective mass
and carrier density (Figure 1):**

h
BM __ 2.\2/3
AE" = —(37"n) (1)

2
2p
where p is the reduced effective mass given by p' = m, ' +
m, ", and n the carrier density.

A BM shift characterizes a degenerate semiconductor, show-
ing adherence to Fermi—Dirac (FD) statistics. The Pauli exclu-
sion principle forces electrons to consecutive higher-lying
energy states. Particles are distributed according to the FD dis-
tribution function, given by

f(E)= m ()

The classical Maxwell-Boltzmann distribution, characterized by
the exponential function exp(~E/k,T), no longer holds when quan-
tum effects become non-negligible, as is the case at sufficiently low
temperatures, or in our case, sufficiently high chemical potential.

The temperature of a FD system is inversely proportional to
the magnitude of the slope of the FD function evaluated at the
Fermi level via:

df 1 (3)

dE | T 4T

and illustrated in Figure 2.

The second parameter of the FD model, the chemical poten-
tial p, is defined as the energy at which the FD distribution
function equals one-half, f(E) = J for any temperature. It is bet-
ter understood as the energy at which a state has a 50% proba-
bility of being occupied. It is a measure of how many of the
available states are filled, and is therefore directly related to
the BM-shift. It equals the Fermi energy at T = 0, and will be
marginally lower at finite T due to the effect of the temperature
on the distribution.*

All of them are connected via the carrier density given by

- 1
n:/Eming<E)de (4)

with g(E) the density of states. When solving the above equation for
the chemical potential p at T = 0, one ends up with the expression
for the BM shift, eq 1, recognized as the Fermi energy.

In our simulations, the FD temperature and chemical poten-
tial are obtained by fitting the energy distribution to a FD distri-
bution, yielding a value for both.

A stronger BM shift can be expected for a smaller effective mass
and at larger particle density. Equation 1 is recognized as the Fermi
energy at 0 K.* Here, a parabolic band dispersion is assumed.

In Figure 3, the effects of the different parameters influencing
band filling are presented. The effects of the carrier density p,
Figure 3a, and the effective mass m*, Figure 3b, are presented.
Here, a perovskite-like system is used with m* = 0.2, &, = 30,
€, =8,and w, =31 ps~', comparable to a Pb-based perovskite
with a lighter halide such as bromide.'? In Figure 3a, at a higher
particle density, the lower energy states quickly fill up and
inhibit the further decrease of kinetic energy from other carriers.
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Figure 2. The FD distribution for different temperatures 0, 300 and
600 K. In the FD regime, the temperature is evaluated by taking the
derivative at the Fermi-level, and is no longer equivalent to the average
particle energy.
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Figure 3. Effect of the carrier density (a) and effective mass (b) on
band filling. Here, K/K,, is the normalized kinetic energy. The system
relaxes to a higher average kinetic energy at high density and smaller
effective mass. For the effective mass, the time is divided by the square
root of the effective mass to obtain overlap at low density, which is not

the case at high density as an effect of band filling.

In Figure 3b, the normalized kinetic energy is plotted against
the time over the effective mass. This way, we filter out the
dependence of the Frohlich interaction on the effective mass.
At low carrier density, cooling happens on the same timescale

for both effective masses, as no band filling is occurring. At high
carrier density, enhanced band filling is observed for the system
with the smaller effective mass. The elevated average kinetic
energy is a result of a larger BM shift due to a smaller effective
mass (see eq 1).

It is crucial to find out whether or not carriers affected by
band filling remain hot in terms of their FD temperature. In
Figure 4, a comparison between the behavior of the kinetic
energy, chemical potential, and FD temperature is presented
for a perovskite-like system of different carrier densities
throughout 200 ps. Here a smaller effective mass of m* =
0.1,* and smaller phonon frequency of @, = 6 ps™" is used,
making the system comparable to tin-based perovskites. Also
in these simulations the HPB is turned off.

During the initial 10 ps shown in Figure 4b,c, the system has
not yet reached quasiequilibrium; consequently, a FD tempera-
ture cannot be accurately assigned. Hence, the assignment of a
temperature is not physical. We did not include carrier—carrier
interactions in the simulations of Figure 4. Even though it has
been shown that at these densities carrier—carrier interactions
are relevant,'>*” they do not play a role in the cooling dynam-
ics. Incorporation of the Coulomb interaction in the Pauli exclu-
sion principle would complicate the simulation unnecessarily.

The behavior of the average kinetic energy in Figure 4a is
very similar to what was presented in Figure 3; the average par-
ticle energy becomes elevated for a degenerate system.
Similarly, Figure 4b shows a similar shift for the chemical poten-
tial |, as the Fermi level shifts up and into the band.

Via the Sommerfeld expansion, one can find that, for a
degenerate Fermi system, the average kinetic energy approaches
the Fermi-level:*®

3
<Ekin>$geF (5)

Substituting the values for the kinetic energy (~0.16 eV) and
the chemical potential (~0.24 V) for the highest carrier density
(p = 5 x 10" cm™) confirms that the system is indeed
approaching this limit.

The FD temperature in Figure 4c continues to reach 300 K, even
though the average particle energy was observed to shift upward.
We can clearly see that the classical Maxwell-Boltzmann approxi-
mation, and Ey, = %kg Tnp no longer holds. As the carrier density
increases, the FD temperature cooling time gets extended. This is
dramatically visible at p = S X 10'® cm™. Even after 200 ps, the
FD temperature is still above 600 K.

These results show that indeed an energy shift induced by
band filling cannot directly be translated into an increase in
temperature. An energy shift for a degenerate system, where
FD statistics play a role, is related to a shift in the FD temper-
ature, together with a shift in the chemical potential or Fermi
level.*>** The Maxwell-Boltzmann temperature approximation
is only valid in nondegenerate, classical systems,* which is obvi-
ously not the case in systems where a BM shift occurs.

The importance of differentiating between the FD tempera-
ture, MB temperature, and the average kinetic energy can fur-
ther be understood when examining the theory behind hot
carrier solar cells. A hot carrier solar cell harvests carriers at
an elevated FD temperature T, ,, above the lattice temperature
T, . In Figure 5, the architecture of a hot carrier solar cell is pre-
sented. From Figure S, we see that the open-circuit voltage V-
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Figure 4. (a) Average kinetic energy, (b) chemical potential, and
(c) Fermi-Dirac temperature for a tin perovskite-like system at differ-
ent densities. For increasing densities, cooling times are extended as
energy transfer is limited due to band filling. The FD temperature con-
tinues to reach 300 K, while the average kinetic energy is shifting
upwards together with the chemical potential, indicating a transition
towards the degenerate FD regime.

is proportional to the energy difference AE,, between the
energy-selective contacts. However, not deducible from the fig-
ure is the essential dependence on the carrier FD temperature
T,, of the electron and hole distributions:*°

T T
Voc=Ap,,, — + AEy | 1-— |, 6
qVoc Hen T, h( Teh> (6)

where Ap,, is the difference in quasi Fermi levels Ap,, = p, —
W, The expression assumes T, = T;, = T,, and reduces to
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Figure S. Architecture of a hot carrier solar cell. The absorber layer,
characterized by a temperature T,,, is sandwiched between two
energy-selective contacts that transport carriers towards the contacts,
which remain at T;. Here i, ;, represents the quasi-Fermi level for elec-
trons and holes.

qVoc — Ap,, for the conventional solar cell case, which is
the case when T, = T, = T}. The additional term on the right
hand side is the hot carrier term, which increases for larger T,,.

From this expression, one can directly observe how crucial it
is to extract carriers at an elevated temperature. A mere increase
in quasi-Fermi levels would only lead to a blueshifting of the
apparent bandgap, which would actually lead to reduced
absorption of a device.

For degenerate systems, only a fraction of the particle popu-
lation, ~k;T around the Fermi level, is involved in cooling the
system down. After the initial cooling phase, which lasts
20 ps, the system becomes more and more degenerate as
lower-energy states are being filled. Now, only a band of parti-
cles with energies k;T around the Fermi energy is able to con-
tribute to the exchange of energy, as almost all lower-lying
states are occupied. The Pauli exclusion principle alters the
energy transport properties by limiting the fraction of phase
space that is available for electronic transitions.*® It is the same
reason why at lower temperatures, T << Tp, the electronic heat
capacity for a metallic system is on the order of ~k,T."

Cooling is thus strongly prohibited by band filling, and con-
tinues until all energy is fully dissipated away into the phonon
bath. By tracking the acceptance rate of scattering events, we
see that the acceptance rate drops below 10% at the end of
the cooling curves at p = 5 X 10'® cm ™, which essentially indi-
cates that cooling occurs on a 10-times longer timescale.

Finally, we turn to the question of whether or not band filling
together with the HPB effect can produce ultra-long cooling
times. In Figure 6 and Figure 7, a comparison is made between
carrier cooling times obtained via hot carrier simulations and via
experimentally measured time-resolved photoluminescence
(PL) measurements for a CsSnl, perovskite system.

In our previous work, we have shown that the HPB effect
alone is able to extend carrier lifetimes by orders of magnitude.”’
Its origin lies in a mismatch of timescales in the energy cascade.
Carriers transfer their energy to LO phonons far more quickly
than those phonons can subsequently decay onward. The result
is a surplus of LO phonons that drives the reabsorption probabil-
ity upward. This causes emitted phonons to be recaptured by car-
riers before their energy can be dissipated as heat, thereby
sustaining an elevated carrier temperature. Once the reabsorption

https://doi.org/10.1021/acsenergylett.6c00547
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Figure 6. The effect of both band filling and the HPB effect together
can extend cooling times to the nanosecond range. Fitting to a simple
exponential yields values of 7, ~ 4 ps and 75, ;;p ~ 470 ps at a carrier
density of p = 3 X 10" cm™.

[*)]

wu

[=]
T

[=)]

o

[=
=1

Ul

o

=)

T
.....‘

500

450 T~636 ps

TTT T T T T

400

Carrier Temperature [K]

350

L L

l 4

A PR L
0 500

N A |
1000 1500 2000

Time [ps]
Figure 7. Extracted carrier temperature as a function of time for
CsSnl; at 9 X 107 cm™ carrier density. Temperatures are obtained

by the Boltzmann fitting of the high-energy tail. The slow cooling com-
ponent is fitted to be around 636 ps.

rate outpaces the LO phonon decay rate at high carrier density,
cooling is extended to timescales well in excess of the phonon
lifetime. Computationally, we track the evolving LO phonon
population after each scattering event and feed the updated occu-
pation back into the LO phonon scattering rates.””¢

A strong HPB effect is expected in MHPs, due to a strong
overlap between different phonon branches.'®** Owing to an
ultralow thermal conductivity, further phonon propagation is
blocked, increasing the overall upconversion probability.

Figure 6 presents hot carrier simulations for a perovskite-like
system, closely related to CsSnI3,42 with m* = 0.1, g, = 26,
€, =7, @, = 31 ps, at a particle density of p = 3 X 10'® cm™>.
For the longitudinal optical phonon lifetime, a value of
7,0 = 0.1 ps was taken. Both the HPB effect and band filling
are active in these simulations and compared with the case
where both effects are not active.

The difference in cooling time between the two systems in
Figure 6 is remarkable. Fitting both curves from 20 ps onward
to a simple exponential, we obtain values of 7, ~ 4 ps (no
HPB effect and no band filling), and 7, ;;ps ~ 470 ps (both
HPB effect and band filling). The interplay of band filling and
the HPB effect makes cooling down nearly impossible. As soon
as a carrier is allowed to drop down to an empty energy state, an
LO phonon is reabsorbed, promoting the carrier to a higher
energy state again.

Figure S1 exhibits experimentally measured time-resolved PL
traces of CsSnl, under a pump fluence of 2.2 pJ/cm? corre-
sponding to an estimated photogenerated carrier density of
9 X 10" cm™>.? The carrier temperature as a function of time
is obtained by fitting their high-energy tail with a Boltzmann
equation, accounting for parabolic bands of a 3D bulk semicon-
ductor (see Supporting Information, eq S3). Several fitting proce-
dures were carefully examined to ensure robustness of the result
(see Figures S1-S12; Supporting Information section 4).3'53
The resultant carrier temperature vs time curve is shown in
Figure 7. The curves not reaching 300K is likely due to PL
Gaussian broadening.**

A comparison between Figure 6 and Figure 7 demonstrates that
our model is able to reproduce the cooling timescale observed in
experimental measurements quite accurately. The simulated cool-
ing time of 7y, ;;ps ~ 470 ps corresponds well with the experi-
mental value of 7, , ~ 636 ps. While we do not claim that our
model is able to exactly quantify experimental values, we note that
the matching of the timescales strongly suggests that no exotic
physics, beyond the HPB effect and band filling, is required to
quantitatively reach ultra-long carrier cooling times.

Our work should be interpreted as a quantitative minimal
model, providing an explicit benchmark for cooling times in
MHPs. While many exotic and higher-order effects, such as
polaron formation,'!%5%53 Auger reheating,l(”56 anharmoni-
city,”” spin-orbit coupling,®®*” all contribute to the carrier cool-
ing dynamics in MHPs, a connection between each
phenomenon and an explicit quantitative timescale is often dif-
ficult to attribute. This minimal model uncovers that the HPB
effect and band filling together can stretch carrier cooling times
to the nanosecond range.

Both Figure 6 and Figure 7 exhibit more rapid cooling behav-
jor in their initial cooling phase. In the initial phase, the LO
phonon population starts building up by LO phonon emission
of carriers cooling down. This activates the HPB effect by bring-
ing the absorption and emission probabilities closer together.”’
Additionally, lower-lying electronic energy states become popu-
lated, and prohibit further cooling via band filling. From 30—
50 ps onward, carrier cooling is strongly suppressed.

Fitting the high-energy tail of the PL spectrum to a MB dis-
tribution does not contradict the earlier statements made about
FD vs MB temperature. The high-energy tail of the PL is not
affected by the degeneracy of the system and yields the temper-
ature of the distribution indifferent of using a MB or FD fit. The
chemical potential only affects the peak of the distribution, not
the tail. A translation of the peak energy to an indication for the
carrier temperature would be incorrect.

From these results, a significant difference could be expected
between different perovskite compositions. In our previous
work, the parameter sensitivity of the HPB effect was pre-
sented.”” Together with the parameter sensitivity of band filling
depicted above, cooling times could vary by several orders of
magnitude for small differences in, for instance, effective mass,
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phonon lifetime, or phonon frequency. The combination of
both effects is a major factor in explaining the significant differ-
ences found in literature."! Small differences in effective mass
between tin and lead perovskites can translate into large differ-
ences in cooling times.

Fundamentally, these findings can be explained by the pecu-
liar material characteristics of MHPs. The polar, but soft, perov-
skite crystal boosts the HPB effect, while a small effective mass,
or narrow electronic density of states, triggers enhanced band
filling. This unique combination of material properties creates
the opportunity for both the HPB effect and band filling to
interact constructively, resulting in the unusual elongation of
the hot carrier relaxation time.

An important factor to touch upon is defects. Defects do cer-
tainly play a role in hot-carrier dynamics; however, they tend to
accelerate cooling rather than elongate it. It has been reported
that hot carriers specifically efficiently couple with defects, pro-
viding additional cooling pathways through defect states.”®°
Several reports find more defective perovskites to have a lower
hot-carrier PL/TA contribution and faster cooling.®"~** Lastly,
neither higher-energy resonances nor saturation of the trap state
is observed in low-temperature carrier density-dependent PL and
TA measurements of FASnl, and CsSnl,.*'® We therefore do
not attribute the slow cooling observed in Figure 7 to defects.

An LO phonon lifetime 7;, of 0.1 ps was chosen, corre-
sponding with typical values for perovskites.*> As the phonon
lifetime is mostly determined by movement of the A-site cation
and the interaction between the two sublattices, we do not
expect a lot of difference between lead and tin systems. By using
larger values of the phonon lifetime, the role of the A-site cation
can be further investigated. Although CsSnl; has longer phonon
dephasing times,'® larger phonon upconversion coefficients and
other higher order anharmonic processes can be captured into
a larger resultant phonon lifetime, described by 7; , in our simu-
lations.”” Doing so would easily extend cooling times to several
nanoseconds, corresponding to experimental values obtained by
Fang et al. and van de Ven et al®® for FASnl, and MASnl,.
Unfortunately, these simulations were technically unfeasible due
to very long simulation times and instability of the system.

Based on the synergistic interaction between band filling and
the hot phonon bottleneck revealed here, we propose the follow-
ing design roadmap for future hot carrier absorber materials.
First, the material must exhibit a low effective mass to minimize
the density of states at the band edges; this maximizes the dynamic
Burstein—Moss shift and points specifically toward Sn-based com-
positions over their Pb-based counterparts. Second, a soft phono-
nic lattice characterized by low-frequency optical modes is
required to lower the energetic threshold for phonon bottleneck
formation. Finally, high material purity is a prerequisite; specifically,
the suppression of background doping is critical to prevent the
rapid cooling associated with cold-carrier thermalization. It is the
simultaneous satisfaction of these electronic, phononic, and chem-
ical criteria, operating under high-injection conditions, that enables
the ultra-long cooling times necessary for practical devices.

In this work, the physics behind ultra-long cooling times in
metal halide perovskites is presented. It is shown how band filling
affects carrier cooling and how carriers affected by band filling
remain hot in terms of their Fermi—Dirac temperature for
extended periods of time. A combination of band filling with the
HPB effect is able to produce ultra-long cooling times for a tin
perovskite system, indicating the strong potential for future hot
carrier solar cell applications.

Crucially, our simulations confirm that the ‘hot’ carriers
maintained by this synergistic mechanism retain a high thermo-
dynamic Fermi—Dirac temperature (T,,,), rather than merely
possessing high average kinetic energy due to degenerate state
filling. This distinction is vital for photovoltaic applications. As
described by the fundamental hot carrier solar cell equation,
the potential open-circuit voltage boost is directly proportional
to the Carnot efficiency term (1 — T, /T, ,). By demonstrating
that T, remains significantly elevated (>600 K) on nanosec-
ond timescales, we confirm that Sn-based perovskites can theo-
retically access this thermodynamic voltage enhancement.
Consequently, the ultralong cooling times reported here repre-
sent a viable pathway to exceeding the Shockley—Queisser limit,
identifying low-effective-mass Sn-perovskites as a priority mate-
rial for next-generation hot carrier devices.
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