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One of the main approaches for inhibiting carrier cooling in semiconductor systems enabling the study of
hot carrier solar cell protocols is the use of concentrated illumination to obtain high power densities and
create a phonon bottleneck. This, however, typically also increases the lattice temperature of the solar
cells significantly. Accordingly, solar cells subjected to high concentration illumination also need to
withstand high operating temperatures. Having previously demonstrated the high temperature tolerance
of triple halide perovskite (FAggCso2Pbio2ls4BrosClooz) solar cells, here the hot carrier relaxation
dynamics are studied in these devices using high power transient absorption (TA) measurements. In
addition to monitoring TA spectra obtained at different time delays, the thermalization mechanism of hot
carriers is mapped with power dependent TA to extract the carrier cooling time in this system under in
operando conditions and various bias conditions that reflect the Js., Vinax, and Vo of these structures,
and subsequently deconvolve the underlying physics of carrier relaxation, as well as track the dynamics
of thermalization close to working conditions of the solar cells. These measurements uncover a complex
interaction of hot carrier thermalization involving temporal carrier density, transport, extraction, and
apparent non-equivalent contributions with respect to non-equilibrium photogenerated electrons and
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Broader context

Historically, the application of solar cell technology started in space to power satellites. But today one of the main missions for solar cell research is the pursuit of
sustainable and renewable energy sources to mitigate climate change by transitioning away from fossil fuels, aiming to achieve carbon neutrality through
efficient conversion of sunlight into electricity, while also considering factors like cost-effectiveness, grid integration, and environmental impact throughout the
solar energy production lifecycle. The primary work to maximize the utilization of the Sun's energy lies in addressing the largest loss mechanisms within solar
cells, notably thermalization and transmission losses. Thermalization occurs when high-energy photons are absorbed by the solar cell, creating high energy
carriers that thermalize to the band edges. This process results in the biggest loss in solar cells: approximately 35% of the solar spectrum is wasted due to
thermalization. Hot carrier solar cell architectures aim to increase the intra-band relaxation time of photogenerated carriers to values close to the carrier
extraction time, such that carriers retain their kinetic energy upon collection, so that thermalization loss is minimized. Significantly, if achieved, such hot carrier
solar cells promise power conversion efficiencies close to 60% for single junction solar cells.

investors while conserving water through a substantial reduc-
tion in irrigation.** The new generation of electric vehicles

Introduction

Historically, the application of solar cell technology started in
space to power satellites."”” Today, however, solar panels have
become ubiquitous and come in many different forms, finding
applications beyond conventional rooftop and utility solar
installations, such as agrivoltaics, where the dual utilization of
land for agriculture and solar farming proves lucrative for
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incorporates solar roofs, capable of generating extra driving
miles exclusively from sunlight, particularly advantageous in
sunny cities.>” Despite these advancements, the full potential of
solar cell technology is yet to be realized.

The primary work to maximize the utilization of the Sun's
energy lies in addressing the largest loss mechanisms within
solar cells, notably thermalization and transmission losses.®®

Thermalization occurs when high-energy photons are
absorbed by the solar cell, creating high energy carriers that
thermalize to the band edges.® This process results in the
biggest loss in solar cells: approximately 35% of the solar
spectrum is wasted due to thermalization and the resulting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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parasitic heat generation.**° The second significant loss in solar
cells is transmission loss, whereby photons with energies lower
than the band gap pass through the device.® Both of these loss
mechanisms can be somewhat reduced by using multijunction
solar cell technology. However, the cost of this technology is
currently prohibitive and therefore to date limits its use to only
space photovoltaics (PV).'"*?

The hot carrier solar cell (HCSC) has long been considered as
a potential protocol to circumvent thermalization losses in
single band gap solar cells and aims to harvest high energy
electrons (holes) prior to excess energy dissipation."*'* Specifi-
cally, in semiconductors, excitation above the band gap results
in high energy “hot” carriers (HCs) with a distribution
temperature 7, (that forms via carrier-carrier interactions) far
exceeding that of the lattice.”®"” In most cases, the hot carrier
population reaches a quasi-equilibrium state on a sub-
picosecond time scale. Subsequently, slower carrier cooling
ensues through predominantly carrier-phonon scattering,
which is dominated by the emission of LO phonons in polar
semiconductors - such as the metal halide perovskites studied
here - until thermal equilibrium between the carriers and the
lattice is reached.'*'

Hot carrier solar cell architectures aim to increase the intra-
band relaxation time of photogenerated carriers to values close
to the carrier extraction time, such that carriers retain their
kinetic energy upon collection."® Significantly, if achieved, such
hot carrier solar cells promise power conversion efficiencies in
excess of 60% for single junction solar cells."***

At present, there are two primary mechanisms for obtaining
hot carrier solar cells that aim at slowing down non-equilibrium
carrier cooling: (1) engineered quantum confinement accom-
panied by high illumination intensity in systems such as
nanocrystals or multiple quantum well structures; (2) creating
a phonon bottleneck in systems through high excitation
densities using concentrated photoexcitation.”**' Note that
both cases require high level illumination intensity. Fig. S1,
which shows the room temperature power dependent TA results
for the samples in this study, shows how the population of hot
carriers increases dramatically with an increase in illumination
power. In both scenarios, the cooling time may be extended to
tens of picoseconds, influenced by the synergistic effects of the
intrinsic phonon bottleneck, intensified Auger heating effects,
and recently reported effects of valley scattering.'*>>-**

While considerable work has been performed on traditional
III-V materials,” recently there has also been growing interest
in metal halide perovskites as potential systems for the reali-
zation of HCSCs with many recent studies suggesting the
presence of long-lived hot carriers in these systems.*>%2°
However, there is some debate in the community regarding the
carrier thermalization pathways and the competing thermali-
zation mechanisms.'>?”**3? Recently there has been evidence of
hot carriers in perovskite device structures,**”** in addition to
evidence of long hot carrier diffusion lengths in these
materials,** providing encouragement for the potential of
metal halide perovskites in hot carrier device applications.

Much of the early research in this field focused on hot carrier
dynamics using ultrafast spectroscopy (using pulsed lasers),

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

EES Solar

while solar cell devices operate in the CW or steady-state
regime. Key innovations in the new cell architecture, which
enabled high power pulsed and steady-state assessment of
perovskites, have boosted their stability under both elevated
temperatures and high-fluence photoexcitation, which are
necessary to stimulate non-destructive hot carrier
populations.*”*73¢

While CW spectroscopy and time resolved techniques have
traditionally been used to assess hot carriers in optical struc-
tures, here hot carrier effects and dynamics in metal halide
perovskite solar cells in the ultrafast regime are assessed in
operando. Specifically, the cooling dynamics of the hot carriers
in triple halide perovskite (FAq sCsSo.2Pb1.0215.4BT0.6Clo.02) solar
cells are studied using power dependent (PD) transient
absorption (TA) measurements under various biasing condi-
tions including: (1) at V,. open circuit with no current extrac-
tion, (2) at V; = 0.02 V, close to J,. with maximum current
passing through the solar cell and (3) at Vyax or the maximum
power point of these devices.

These data provide interesting insight into hot carrier
dynamics in solar cells under practical operating conditions
and the role that carrier absorption and extraction play in the
formation and dissipation of hot carrier distributions in these
systems. All these measurements were therefore performed
using both front and back illumination, the orientation of
which is described more fully below.

Materials and methods

The perovskite precursor chemicals were utilized in their orig-
inal form and stored in a nitrogen glovebox. The preparation of
perovskite solutions and the deposition of the film were carried
out in the same nitrogen glovebox. Solutions for wide-gap
perovskite precursors created by dissolving for-
mamidinium iodide (Greatcell), cesium iodide (Sigma-Aldrich),
lead () iodide (TCI), lead(u) bromide, and lead(u) chloride (Alfa
Aesar). This resulted in a 1.2 M solution of FA, gCsg,PbI, 4-
Br, ¢Cly.o, in DMF : DMSO, with a volumetric ratio of 3: 1. It is
important to note that the inclusion of a small amount of Cl is
intentionally in stoichiometric excess.*®

ITO-coated glass substrates from Thin Film Devices under-
went an initial cleaning process involving sonication in acetone
and propan-2-ol, followed by UV-ozone treatment for 10
minutes. Poly-TPD (poly(N,N'-bis-4-butylphenyl-N,N'-bisphenyl)
benzidine) was applied through spin-coating from a 1 mg
per mL solution in anhydrous chlorobenzene at 4000 rpm for 30
seconds. The solution was deposited dynamically and subse-
quently annealed at 110 °C for 10 minutes.*

PFN-Br (poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-flu-
orene)-alt-2,7-(9,9-dioctylfluorene)]) was utilized as a wetting
layer, spin-coated from a 0.5 mg per mL solution in anhydrous
methanol at 5000 rpm for 20 seconds. The solution was
deposited dynamically. The perovskite film was then spin-
coated at 5000 rpm for 60 seconds, with the solution spread
on the substrate before spinning. Additionally, 120 pL of
anhydrous methyl acetate was deposited onto the spinning wet

were
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film at 25 seconds into the spin cycle. The resulting film
underwent annealing at 120 °C for 20 minutes.*

Following perovskite film deposition, a 1 nm layer of lithium
fluoride was thermally evaporated at a rate of 0.1 A s™*. Subse-
quently, 30 nm of Cg, (Lumtec) was thermally evaporated at
a rate of 0.2 A s~ for the first 10 nm and 0.5 A s™"' for the
remaining 20 nm. A thin ALD nucleation layer of PEIE (poly-
ethylenimine ethoxylated) was deposited through spin-coating
a 0.025 wt% solution, prepared by diluting the purchased
PEIE/water solution (40 wt%, Sigma-Aldrich), with anhydrous
propan-2-ol. This layer was spin-coated at 5000 rpm for 20
seconds and deposited statically before spinning. The films
were then annealed at 100 °C for 2 minutes.

Subsequently, 20 nm of SnO, was deposited via ALD (Beneq
TFS200 ALD), followed by 2 nm of zinc tin oxide (ZTO). An ITO
electrode was deposited through room-temperature sputtering
using a shadow mask (300 nm) in a Denton Explorer sputter
tool. Finally, an oxide encapsulant layer was deposited via ALD,
comprising 50 nm of Al,O; interspersed with cycles of TiO,.

The perovskite solar cells are measured using various char-
acterizing techniques. The photovoltaic characteristics are
examined through /-V measurements under the AM 1.5G solar
spectrum, employing a Newport Oriel Sol2A solar simulator. A
Keithley 2400 SourceMeter is employed to apply bias to the test
cells and simultaneously measure the extracted current from
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the device.** Pump-probe transient absorption (TA) measure-
ments were carried out at room temperature under various
electrical bias conditions using a HELIOS TA spectrometer
manufactured by Ultrafast Systems. The measurement
employed a pump beam at 442 nm and 2 kHz of an Apollo-Y
Optical Parametric Amplifier (OPA). The white light probe was
generated in a sapphire crystal located inside the HELIOS
spectrometer using the focused 1064 nm 2 kHz output of
a Hyperion femtosecond amplified laser. The pulse duration of
both the pump and the probe is approximately 350 fs.

Results and discussion

Fig. 1(a) shows a schematic of the energy band diagram of the
solar cell assessed in this work. This architecture follows
a typical perovskite solar cell comprising a heterostructure
device, which consists of a poly-TPD hole transport layer (HTL)
with Cgo and SnO, electron transport layers (ETLs). These
encapsulate a 400 nm halide perovskite absorber layer and the
structure is completed with both upper and lower ITO layers to
enable good device contact, while allowing for front and back
transmission measurements. The “front side” of the device is
the side through which solar irradiation typically impinges in
these devices through the glass substrate and the subsequent
HTL (see Fig. 1(a)). Based on this notation, the “back” of the
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(a) Schematic illustration of the band diagram of the metal halide perovskite solar cell under investigation. (b) Illustrative depiction of the

structure of the solar cell indicating the front and back side orientation. (c) A comparison of the current density—voltage (J-V) response of the
solar cell measured in forward (dashed red line) and reverse (solid black line) directions under 1 sun AM 1.5G. The vertical dashed lines indicate the
voltages applied for the various TA measurements presented below. (d) Representative heat map of the transient (TA) at intermediate power at
300 K. The blue color indicates a small change in the absorption (—AA) and red indicates a larger change in absorption (—AA).
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device therefore describes an orientation in which excitation
occurs through the ITO covered SnO,/Ceo ETL.

Fig. 1(b) shows the full stack structure of the solar cell and
illustrates the direction of the co-incident and overlapping
pump (442 nm) and probe (white light visible range) beams
under front side excitation (approx. 100 um in diameter). The k-
vector of the incident probe beam is perpendicular to the device
layers, as also shown in Fig. 1(b).

Fig. 1(c) shows the light /-V graph of the solar cell taken
under 1 sun AM1.5 conditions. The j~V measurement is per-
formed in forward and reverse directions with negligible
evidence of hysteresis, demonstrating the high quality of the
device. While the J;. of ~13 mA cm ™ reflects the non-optimum
absorber thickness fabricated to facilitate absorption
measurements, the quality of this device is evidenced by the
high V,. of ~1.1 V measured for these structures. The -V
response shown in Fig. 1(c) also indicates as vertical dashed
lines the biases at which the power dependent TA (PD-TA)
measurements were taken on this device. An additional TA
measurement was also performed where the solar cell was not
electrically contacted (true V,.), and this condition is hereafter
referred to as the “open circuit”.

A representative TA heatmap (a color 2D plot of —AA vs.
energy and time in picoseconds) is shown as an example in
Fig. 1(d). This TA response exhibits the typical bleaching feature
associated with interband absorption at the band gap energy
with a high energy tail at early delay times, attributed to the
presence of a high energy hot carrier population, enabling the
investigation of hot carrier dynamics in these systems.*>***’

In order to fully interpret the hot carrier dynamics in TA
measurements, the role of recombination and its effect on
temporal carrier population are critical. The upper panel of
Fig. 2 describes the evolution of the non-equilibrium carrier
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distribution modeled using a standard Fermi gas formalism
and the mechanisms that dissipate excess energy following the
photoexcitation of carriers on a timescale spanning from
femtoseconds to one second. Following photoexcitation, within
a matter of several hundred femtoseconds, the initial carrier
distribution, dictated by the energy and intensity of the pump,
promptly undergoes elastic scattering via carrier-carrier inter-
actions. This process leads to the establishment of a Fermi-
Dirac distribution characterized by an extremely high non-
equilibrium carrier temperature. Over the subsequent tens of
picoseconds, the carriers experience inelastic scattering, effec-
tively thermalizing the distribution.

The lower panel of Fig. 2 illustrates the effect of thermali-
zation on the carrier distribution (calculated for the system
studied here), over almost 2 orders of magnitude in the
temporal window from sub-ps to tens of ps. Within the sub-
picosecond regime (red region), elastic carrier-carrier scat-
tering facilitates the redistribution of energy among photog-
enerated carriers as shown in the distribution labeled 0.4 ps.
The photogenerated electrons (holes) rapidly attain a global
non-equilibrium carrier distribution within the conduction
(valence) band, known as hot carrier distribution, accompanied
by a carrier temperature exceeding the lattice's equilibrium
temperature (¢ < 2 ps). However, within a few tens of picosec-
onds post-light absorption (amber region, picoseconds range),
carrier-phonon interactions dominate, leading to gradual
thermalization of the carriers and the subsequent dissipation of
excess energy and heat from the system in the 500 ps range.

Fig. 3(a) shows the evolution of the TA spectra with
increasing pump-probe delay times, for the case of the non-
contacted solar cell (V,.) illuminated from the front side.
Before providing a fuller discussion with respect to trends in the
data and evolution of the photogenerated carriers, some points
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Fig. 2 The upper panelillustrates the sequence of processes of a semiconductor following photo-excitation, as depicted in the order shown.
These include hot carrier formation within tens of femtoseconds, hot carrier thermalization over tens of picoseconds, carrier extraction from the
solar cell occurring within a few to tens of nanoseconds, and carrier lifetimes that can extend up to microseconds. The lower panel focuses on
the thermalization phase, showing the calculated carrier distribution for the studied system at various delay times. At 0.4 picoseconds, the data
reveal the highest population of hot carriers, with longer delay times corresponding to a reduced population of these carriers.
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Fig. 3 (a) Transient absorption of the solar cell excited from the front s

ide of the structure. The red dotted lines represent the fitting of the high

energy side of the curves with a generalized form of Planck’s radiation law, eqn (1). The extracted carrier temperatures, T, for front (b) and back

side (c) illumination, respectively.

regarding these measurements need to be made: (1) the same
experiment is performed with various powers, external biases,
and from both front and back sides of the solar cells (the results
for other biases and conditions are presented in the SI, Fig. S2).
(2) Since a very high-power pulsed laser beam is used, it is
crucial to have a control protocol to assess the performance of
the cells after each round of TA measurements. Current
density-voltage (/-V) measurements are performed after each
round of TA experiments for this purpose. The results of these
experiments are presented in Fig. S3. As Fig. S3 indicates, there
is not a noticeable change in the performance of the cells after
TA experiments, indicating that high power TA measurements
have not affected the cells meaningfully. (3) Table 1 shows the
pulse peak power densities used for the TA measurements and
associated carrier densities generated in the solar cell through
front and back side illumination. For the same powers used for
front and back side illumination, the generated carrier density
is different due to the difference in absorption of the HTL and
ETL as will be discussed in more detail shortly.

While individual pulse peak power density values are
extremely high, the highest average power density is approxi-
mately equivalent to 815 times the Sun's intensity at the surface
of the Earth, which is within the typical range in concentrated
solar systems that are appropriate platforms for the application
of hot carrier solar cells.*®*° The latest generation ultrafast laser
system described in the Materials section of this paper enables
us to access higher carrier concentrations without excessively

Table 1 Pulse power densities used for the TA measurements and
their associated carrier densities generated within the perovskite
absorber layer for front side and back side illumination

Carrier density

Pulse power density Frontside Backside

12 x 10'° W cm ™2 5 x 10*° em ™3 41 x 10> em™?
9 x 10" W em ™2 3.75 x 10*° em™® 3.1 x 10> em ™
6 x 10" W ecm ™2 2.5 x 10*° em ™3 2.05 x 10*® cm ™3
3 x 10" Wem™2 1.25 x 10*° em™® 1x10*°em™
1.5 x 10" W cm ™2 6.25 x 10 em ™3 5.1 x 10*° em™3
0.7 x 10" W cm 2 3.1 x 10" em ™3 2.6 x 10 em ™3

832 | £ES Sol, 2025, 1, 828-838

heating the sample. The temporal separation between the pul-
ses (500 ps) is usually much longer than the thermalization of
the hot carriers while the overall duration of pulses is extremely
short (350 fs). This allows the carriers to cool down before the
next pulse arrives, preventing overheating of the sample and
enabling studies under such extreme excitation levels, vital for
hot carrier physics. Femtosecond laser systems remain the only
way to investigate the hot carrier dynamics at extremely high
excitation levels without the downside of damaging the solar
cells.

According to Fig. 3(a), spectra recorded at early delay times
exhibit a high energy tail associated with the distribution of hot
carriers.* At long delay times, the photobleach experiences
a redshift and linewidth (I') narrowing associated with hot
carrier thermalization and carrier cooling to the band edge.*>**
It is worth mentioning that in some materials the photobleach
behavior is opposite in terms of the full width at half maximum
(FWHM), reporting broadening of I' for longer delay times.*
Upon photoexcitation, the Burstein-Moss effect (which reflects
state filling due to the high rate of carrier generation) competes
with band gap renormalization (which is associated with
coulombic repulsion due to the high density of photogenerated
carriers), which induces a competing redshift.

In addition to the dynamics related to the band gap bleach,
photo-induced absorption (PIA) is also evident in the TA on
both sides of the main photobleach peak Fig. 3(a). While below
band gap PIA is explained through (probe-induced) excitation of
photogenerated (pump-induced) carriers, above-band gap PIA
has also previously been ascribed to the change in the imagi-
nary part of the refractive index in metal halide perovskites,
which serves to modulate the optical response of these
materials.'>**

On inspection, the TA shown in Fig. 3(a) shows that up to ~6
ps, the magnitude of photobleaching increases, while the
FWHM of the TA narrows (TA curves focused in this time
window are depicted in SI, Fig. S4). This pattern qualitatively
follows the Fermi-Dirac distribution of the electrons in the
conduction band (holes in the valence band) illustrated in Fig. 2
after excitation, which is explained by the relaxation of hot
carriers to lower energy levels in the conduction band. At

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increasing delay times, ¢ > 6 ps, the magnitude of the bleach
systematically decreases due to a combination of radiative
recombination and lateral redistribution of the carriers towards
regions outside of the probe beam zone. Also, the presence of
built-in fields at both interfaces (HTL and ETL) of the absorber
layer, which extend towards the center of the metal halide
perovskite layer, causes drifting of carriers towards the trans-
port layers. This reduces the carrier density (n,) in the absorber,
which can lower the magnitude of the bleach. The reduction in
the carrier density is accounted for when plotting the hot carrier
distribution at longer time delays up to 500 ps in the lower
panel of Fig. 2.

As seen in Fig. 3(a), while the low energy side of the TA curves
is relatively unchanged (except for the reduction of the PIA at
longer delay times) with time, the high energy side changes
dramatically. These changes reflect the temporal evolution and
thermalization of the photogenerated hot carrier distribution.
The carrier temperature, T, can be extracted from the high
energy side of the TA curves using the Fermi-Dirac distribution
function, which, under hot carrier conditions ((E — Er) > kpT),
is approximated using the Maxwell-Boltzmann distribution,
yielding*>**

ho — E
—AA(hw) = —Ao(hcu)exp( — TTCF) (1)
Or alternatively one can use the relation
AT E - Ep
7(E)°‘CXP(— Tl ) (2)

where Er is the quasi-Fermi level, kg is the Boltzmann constant,
and T, is the hot carrier temperature. This is a technique
developed by the HC community to evaluate HC dynamics and
temperature across several systems.'>**¢*® Here, simple “tail
fitting” is used to perform a qualitative assessment of high
energy carrier relaxation/dynamics as well as the role of bias
and/or excitation geometry. Examples of the “fits” used to
determine T, from eqn (2) are shown as red dotted lines in
Fig. 3(a) for the device under non-contact bias-free front side
illumination.

Fig. 3(b) and (c) show the laser fluence (power/carrier
density) dependence of T, extracted from a non-contacted
(Vo) device illuminated through the front side glass substrate
(see Fig. 1(a)) and also back side illumination (SI, Fig. S5 shows
the same data for cases V;_and Vimax)- Within the femtosecond
time frame (red section in Fig. 2) after photoexcitation, the
photogenerated carriers form a high temperature hot carrier
distribution. Over tens to hundreds of femtoseconds, elastic
carrier-carrier interactions dominate, resulting in non-
equilibrium carrier temperatures, T., as high as 5000 K, in
this case. As shown in Fig. 3(b) and (c), higher T. values are
achieved for higher power densities. For example, for a carrier
density of 3.1 x 10'® em ™ (a pulse peak power density of 0.7 x
10w cmfz), T. reaches ~1000 K, while for a carrier density of
5 x 10*° em? (12 x 10"® W cm ™ ?), the temperature is >4000 K.
The power independent regimes evident in these data at ¢ > 10-
20 ps are considered the equilibrium regime, where the carriers
are thermalized and are nearly at the lattice temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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When considering the direction of excitation, illumination
through the glass substrate and subsequent HTLs (denoted
“front”) results in higher T, as compared to the illumination
through the “back” (bc) and ETLs. Specifically, T, at 0.4 ps for
the highest pulse power density of 12 x 10'® W cm ™2 is ~4700 K
for front side (fr) excitation and ~3600 K for back side illumi-
nation. The main reason for this difference in hot carrier
temperature is the higher carrier densities generated within the
perovskite absorber layer in the case of front side illumination,
as presented in Table 1.

Although understanding the non-uniform T, with respect to
excitation direction requires further investigation, the non-
uniform carrier temperatures suggest a subtle interplay
between carrier absorption and extraction/transfer in these
architectures. Under front side illumination, more photons are
absorbed within the active perovskite layer (with respect to back
side illumination through Ce,/Sn0O,) due to the relatively thin
wide gap poly-TPD layer that comprises the HTL, which that
absorbs little of the incident light under direct excitation (see
Fig. S6). The larger relative absorption under front side illumi-
nation increases the generated carrier density within the
perovskite directly, as presented in Table 1, in the MHP layer,
leading to an increase in both the hot carrier temperature and
the relative phonon bottleneck that would be generated.

As is illustrated in Fig. 1(a), incident light on the back side
initially traverses and is absorbed in a relatively thicker electron
transport layer comprising Cgo and SnO,. Cg, in particular, has
a high absorption coefficient in the visible range (~1.8 eV, direct
band gap), which will inevitably result in approximately 20%
fewer 442 nm photons from the pump beam reaching the halide
perovskite layer under back side excitation, when compared to
illumination of the device through the front side (thinner poly-
TPD). The relative absorption through these two geometries is
illustrated in Fig. S6, which shows a transfer matrix simulation
of the structures under front and back side illumination, with
the lower photon transmission at the back. It is therefore
postulated that the difference in T, observed in Fig. 3(b) and (c)
reflects the difference in photogenerated carriers in the perov-
skite film under the two excitation conditions, which is lower
under back side illumination (with respect to the front)
reducing also the relative phonon bottleneck - which is highly
carrier density dependent - and therefore T, induced under
excitation from the back (relative to front excitation).

However, here it must also be noted that the T, extracted
from the TA reflects the average temperature of the carriers,
comprising both hot electron and hot hole thermalization; as
such, little is known directly regarding the relative temperature
and thermalization of these constituent carriers. It is addi-
tionally postulated that the relative carrier transport and
extraction efficiency affect the “average” carrier temperature
and that depending upon excitation orientation, the respective
thermalization rates of electrons and holes are different. This is
discussed further below.

In Fig. 3(b) and (c), irrespective of the relative carrier
temperature, 7. systematically reduces in both excitation
orientations to a temperature approaching that of the lattice
(equilibrium), a process mediated by carrier-carrier and
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carrier-phonon scattering such that the photogenerated carrier
population equilibrates with the thermal reservoir.

In addition to the data presented in Fig. 3(b) and (c) at Vi, T
was also extracted under bias at 0.02 V-V, _and 0.8 V - V.« (see
Fig. S5) as deduced from the j-V response under ambient
conditions at 1 sun AM 1.5G illumination (see Fig. 1(c)).

Fig. 4 compares the carrier temperatures at (a) the earliest
delay time, 0.4 ps, and (b) after thermalization is mostly
complete, 100 ps, for different powers and biases ((1) Vo, not
contacted, (2) V;_ = 0.02V, and (3) Vimax = 0.8 V) under front side
illumination. The error bars in this figure are our estimated
uncertainties of the fitting procedure of AA curves (see Fig. 3(a)).
The fitting procedure includes two cases: one where the fitting
window covers most of the high-energy side and extends close to
the peak of the photo-bleach curve, and another where the
window similarly spans the high-energy side and extends
toward the tail. The error bars represent the difference between
these two fitting approaches. For an in-depth explanation of
these two approaches, refer to ref. 21. As shown in Fig. 4(a), the
carrier temperature is lowest under /. biasing conditions across
all power levels for a delay time of 0.4 ps. This is expected, as the
maximum current flows through the solar cell under Ji. condi-
tions, influencing the density of states and the availability of
states for hot carrier thermalization.** Additionally, the
increased system dynamics enhance the likelihood of interac-
tions, in favor of inelastic processes.

Interestingly, in Fig. 4(a), in the initial fast decay regime (0.4
ps), there appears a power dependent increase in the carrier
thermalization at Vy,ax, with minor exceptions. In this temporal
regime, carrier cooling is dominated by Frohlich interactions
and cooling via carrier-LO phonon interactions.'®*>** At V,ay,
the carrier transport through the absorber is dominated by
diffuse currents that are strongly coupled to the lattice via the
polar nature of these systems. The power dependence of the
carrier temperature is also seen for the 100 ps data at V., (see
Fig. 4(b)). At Vi, the built-in field actively exerts force on
photogenerated carriers and there is Iy ,x current through the
solar cell. Apparently, the combination of a non-zero internal
electric field and current transfer specifically at high carrier
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densities (high powers) under Vi, conditions impacts the
carrier distribution, promoting carrier—carrier interactions that
lead to higher carrier temperatures (unlike the J;. case). This is
in accordance with the BGR effect (intensified under V.
conditions) in halide perovskites, which dominates at early time
delays before the hot carriers start to thermalize.

There are two intertwined effects that perhaps are also
playing a role. First, metal halide perovskites are known to be
poor thermal conductors® and the role acoustic phonons play
in the dissipation of heat, as well as enabling the creation of
a hot phonon bath,**?* should not be overlooked. Recently,
studies on III-V quantum well structures have also shown that
the addition of acoustic phonons to theoretical modeling allows
for a more complete model to explain the observed hot carrier
behavior.” Second, the influence of polarons, which are known
to contribute considerably to the optoelectronic properties of
metal halide perovskites,***® has also been suggested to result
in hot carrier stabilization via hot phonon reabsorption;*
however, this stabilization would have to coincide with the
formation process of the polarons rather than after they are
fully formed.

The carrier cooling time (thermalization rate) is extracted
from full biexponential fits to the temporal evolution of carrier
temperature responses (see Fig. 3(b) and (c)) with the extracted
parameters 7, and 7, describing intra-band relaxation - ther-
malization - of the carriers at open circuit and the dissipation of
excess heat in the system, respectively; for data under the other
various biases, see the SI (Fig. S5). A comparison of cooling
times 7, and 7, - the temporal decays - under various bias
conditions at higher excitation powers is presented in Fig. 5. It
is observed that for higher pulse powers, namely 9 x 10" W
em 2 and 12 x 10'® W em ™2, 7, and 7, have a bias dependence,
while for the low powers, this behavior is not apparent. Fig. 5(a)
and (c) show the relative cooling time at shorter times (¢ < 5 ps)
at12 x 10" Wem ™2 and 9 x 10" W em ™2, respectively; Fig. 5(b)
and (d) show the behavior at ¢ > ~10 ps, also for the two
respective pulse powers discussed.

The fast and slower heat dissipation regimes observed here
have been reported previously in metal halide perovskites and
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(a) Carrier temperatures at 0.4 ps for all the laser pump powers as a function of external bias. (b) Carrier temperatures at 100 ps for all the

powers of the front side illumination as a function of external bias. Illumination is incident from the front side for both (a) and (b).
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have been attributed to a combination of phonon bottleneck
effects and Auger re-heating effects, at moderate to high carrier
densities.'>**”** More recently, it has also been suggested that
the slower cooling regime observed across metal halide perov-
skites is due to simple lattice heating and their low thermal
conductivity, in general;*>”* that is, only the fast component of
the decay curves relates to the hot carrier dynamics and LO
phonon-mediated thermalization in these systems.
Remarkably, in Fig. 5 it is evident in all cases that the ther-
malization time is faster under front side illumination (black
symbols - via thin poly-TPD) as compared to back illumination
(red symbols - via Cgo-ETL). The error bars in this figure are due
to the results of two fitting windows. One fitting window covers
up to 1 ns and the second window reaches the highest time
delay available for that measurement (our TA system's delay
time limitation is 7 ns). Indeed, despite the relatively cooler T,
and reduced carrier generation in the perovskite absorber layer
with respect to front side illumination (see Fig. 3(b) and (c)), the
carrier lifetime under back side illumination is longer under all
bias conditions (closed red circles - Fig. 5). This may be due in
part to hot carriers photogenerated within the Cgy ETL, which

© 2025 The Author(s). Published by the Royal Society of Chemistry

help sustain the longer-lived hot carrier population observed
during back side illumination.

Here, the initial decay time (t,) is on the order of 1-5 ps
(Fig. 5(a and c)), while the second, longer decay (t,) occurs over
tens of ps (10-300 ps) - Fig. 5(b and d). Previous reports indicate
an enhanced relaxation time with increasing power density
specifically for (t;) consistent with the creation of a hot phonon
bottleneck.’**>* In all cases (with one minor exception), the
cooling times are the lowest for the J;. conditions, similar to
carrier temperatures at earlier times (0.4 ps). This reflects the
effect of the dynamic carrier transport under Js. conditions on
hot carrier lifetime. It therefore appears that carrier thermali-
zation is modulated by carrier extraction (driven by external
biasing).

This behavior further supports the relative role of the
phonon bottleneck in inhibiting carrier thermalization in these
systems. That is, when photogenerated carriers are rapidly
removed from the solar cell under - for example - short circuit
conditions, the thermalization rate decreases and the carrier
dependent phonon bottleneck is reduced. If the photogene-
rated carriers are retained within the device — at open circuit —
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the relative carrier density is higher, leading to a larger phonon
bottleneck that reduces the relative carrier thermalization.

When considering back side illumination through the ETL
(closed red circles - Fig. 5), the behavior is somewhat different
than that of front side excitation (via HTL), but consistent with
earlier work assessing TA measurements of individual HTL/
perovskite and ETL/perovskite sub-stacks of the samples
studied here, which also showed non-equivalent carrier
dynamics in the system.®* Under back side illumination, the
photogenerated electrons travel farther than the holes prior to
collection, while the case is reversed under front side
illumination.

Once again, the T, extracted from the TA (Fig. 1(d)) reflects
the average temperature of the carriers, comprising both elec-
tron and hole carrier thermalization; as such, little is known
directly regarding the relative temperature and thermalization
of these constituent carriers. It is postulated that the collection
of the photogenerated carriers at the back side of the structure
is less efficient than that of the front side photogenerated
carriers and that this increases the relative thermalization rate
of hot carriers under back side illumination, despite the lower
relative carrier density generated in the absorber under this
excitation orientation (Fig. 3(b) and (c)). While further work is
required to support this hypothesis, it is consistent with the
data presented and earlier work that shows parasitic barriers in
similar metal perovskite solar cells at the perovskite/SnO,-Cgq
interface that require an efficient electron tunneling and
thermionic emission rate to operate efficiently and are exacer-
bated at lower temperature.””>%

Conclusion

In this study, it is shown that the behavior of photogenerated
hot carriers in metal halide perovskite solar cells differs
significantly when comparing their dynamics in non-contacted
devices at open circuit, V., to those observed when the cells
operate under short circuit conditions, V;_, or at the maximum
power point, Vi This is attributed to the relative contribution
of carrier density, the role of field aided or diffuse transport
and/or collection and the respective role of these properties in
the creation of a carrier-LO phonon bottleneck particularly in
the sub-ps regime, where strong carrier-phonon dynamics are
at play. Notably, despite the relatively cooler T. and reduced
carrier generation in the perovskite absorber layer with respect
to front side illumination, the carrier lifetime under back side
illumination is longer under all bias conditions.
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