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The next-generation hot-carrier solar cells, which can overcome the Shockley—Queisser limit by harvesting excess
energy from hot carriers, are receiving increasing attention. Lead halide perovskite (LHP) materials are considered as
promising candidates due to their exceptional photovoltaic properties, good stability and low cost. The cooling rate of hot
carriers is a key parameter influencing the performance of hot-carrier solar cells. In this work, we successfully detected hot
carrier dynamics in operando LHP devices using the two-pulse photovoltage correlation technique. To enhance the signal-
to-noise ratio, we applied the delay-time modulation method instead of the traditional power modulation. This advancement
allowed us to detect the intraband hot carrier cooling time for the organic LHP CH3NH3PbBr3, which is as short as 0.21 ps.
In comparison, the inorganic Cs-based LHP CsPbBr3 exhibited a longer cooling time of around 0.59 ps due to different
phonon contributions. These results provide us new insights into the optimal design of hot-carrier solar cells and highlight
the potential of LHP materials in advancing solar cell technology.

Keywords: two-pulse correlation spectroscopy, lead halide perovskites, hot carrier cooling, ultrafast dynamics
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1. Introduction

Hot carriers are the carriers with high energy above the
band edges, which are not in thermal equilibrium with the lat-
tice. In solar cells, the hot carriers dissipate their excess energy
via carrier—phonon scattering in a sub-picosecond timescale
before reaching the band edges for carrier extraction. These
thermalization energy losses set a maximum thermodynamic
limit, known as the Shockley—Queisser limit, of approximately
34% for a ~ 1.3 eV bandgap at 1 sun AM1.5 for solar to elec-
tric power conversion efficiency.!'! To design a new type of
solar cell that can overcome the Shockley—Queisser limit, it
is crucial to extract hot carriers before they cool to the lattice
temperature. Thermodynamic calculations reveal that the con-
version efficiencies of these new hot-carrier solar cells in a sin-
gle junction can reach around 66% under 1 sun illumination. !
The extraction efficiency of hot-carrier energies depends on
the cooling time: the longer cooling time usually leads to the
higher efficiency.

Recently, perovskite materials have emerged as promis-
ing candidates for hot-carrier solar cells due to their ex-
ceptional photovoltaic properties, good stability in air, low
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cost and ease of production.l*7! Previous studies on hot
carrier cooling in perovskite materials have primarily re-
lied on optical methods, such as time-resolved photolumi-
nescence (TRPL),!3! transient absorption (TA),!'%!! pump—
push—probe (PPP),['>131 and so on.[!4-1%] In this work, we em-
ployed the two-pulse photovoltage correlation technique to ex-
tract dynamics information in a two-terminal device configu-
ration, which is more relevant to real application. For the first
time, we successfully probed the hot carrier cooling process in
operando perovskite-based devices.

2. Experimental details

Lead halide perovskite (LHP) materials can provide fun-
damental insights into the dynamics of photoexcited car-
riers and their crystals are easy to produce. We grew
CH3NH3PbBr3 crystals in solution following the procedure
described in Ref. [17] and obtained large crystals with sizes
up to 5 mm (Fig. 1(a)). To evaluate the quality of the crystal,
we used scanning tunneling microscope (STM) to characterize
the sample surface at the atomic scale. Imaging organometal

halide perovskites using STM has been challenging primarily
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due to the difficulty in obtaining a clean, atomically flat sur-
face. The perovskite crystals are typically produced via solu-
tion process methods, which are low cost and facilitate large-
scale production. However, these processes often result in
surface contamination with adsorbates and surface polycrys-
tallinity. We addressed these issues by employing an in situ
cleaving method under ultrahigh vacuum conditions. This ap-
proach allowed us to obtain CH3;NH3PbBr3 crystals with clean
and flat surfaces, which are free of contaminants.
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Fig. 1. (a) Optical image of CH3NH3PbBr3 crystals with different sizes.
Inset: Schematic of the fabrication process of CH3NH3PbBrj3 crystals.
(b) Atomically resolved STM topography image. Image size: 30 x 30 A2,
a=7.8A,b=8.6A. Scan parameters: Bias = —8 V and / = 0.1 nA. In-
set: Schematic of the cleavage process of CH;NH3PbBr3 crystals, show-
ing that the CH3NH;3—Br surface is exposed.

An atomically resolved STM topography image of the
CH;3;NH3PbBr; surface is shown in Fig. 1(b). The large bias
(~ —8 V) was used for scanning due to the insulating na-
ture of the sample. The crystallographic plane observed is the
(010) surface. The bright protrusions can be assigned to the Br
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atoms and the intercalated CH3NH§r organic cation is not vis-
ible in the STM images according to the previous work. 18191
These Br atoms are arranged in an alternating fashion, exhibit-
ing short and long interatomic distances, forming a dimer-type
structure. This dimer structure arises from the electrostatic
interaction between the negatively charged Br~ ions and the
dipole of the polarized CH3NH§L. The Br~—Br~ pairs are
linked by different sides of the CH3NH§r neighbors. When
the positive side of the dipole (the N atom) is nearby, the at-
tractive interaction shortens the Br~—N distance, driving the
pairs of Br ions to get closer. In contrast, the Br ions are re-
pelled by the negative side of the dipole (the C atom). From
the STM images, it can be seen that the CH3NH3PbBr3 crystal
is of very high quality with few defects, making it well-suited
for studying the intrinsic optoelectronic properties of the crys-
tal.

3. Results and discussion

In order to extract carrier dynamics information in the
true state of operation, we fabricated a simple two-terminal
LHP solar cell. This device had a symmetric lateral config-
uration of Au/LHP/Au, where the Au electrodes with thick-
ness of ~ 50 nm were deposited directly onto the LHP crystals
using electron-beam lithography (see the device schematic in
Fig. 2(a)).

(b)
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Fig. 2. (a) Illustration of the LHP solar cell device and the laser circuits. (b) Laser pulse manipulation and delay time modulation method, #4 is

the time delay and At is the delay modulation.

The dynamics measurement system is very similar to an
optical pump—probe setup. The system includes two main
components: a Ti:sapphire femtosecond laser (MaiTai, pulse
width 100 fs, repetition rate 80 MHz) and a CCD camera
(see laser circuits in Fig. 2(a)). The femtosecond laser il-
luminated the electrode—perovskite junction and excited hot
carriers. Time-resolved signals were recorded via measur-
ing photovoltages at the electrodes. The CCD camera was
used to monitor the focused laser beam through a confocal
light path. The time delay between the two laser paths can
be adjusted by a high-precision displacement stage (New-
port GTS150). The electro optic modulator (EOM) was trig-
gered by a pulse/pattern generator (Agilent 81130A), which
was synchronized to the femtosecond laser. The rise time of

the EOM was faster than 10 ns. With an edited waveform,
individual laser pulses can be selectively passed or blocked
(Fig. 2(b)).

Conventional laser power modulation method (such as
the one using choppers) can induce inevitable thermal effects,
which may obscure weak signals. In order to increase the
signal-to-noise ratio, we chose to modulate the delay time.
By alternately selecting odd or even numbers of laser pulses
(pump 2 in Fig. 2(b)), an AC modulation was added to the
delay time (¢q) at a frequency of 300 Hz. As a result, laser
pulse pairs with a given delay time (Az, for example 12.5 ns)
at a particular modulation frequency can be obtained. With the
help of a lock-in amplifier, the weak photovoltage (V) can be
extracted from the background. When 7 is set to a value much
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larger than the relaxation time of the excited state (f — oo),
the lock-in output is simply related to the difference between
V(t) and V(t — ).[?91 This two-pulse photovoltage correla-
tion measurement is sensitive to the population of the total
photoexcited carriers, offering important and unique insights
into carrier dynamics./?!!

The band diagram of the Au—CH3NH;3;PbBr3 junction is
depicted in Fig. 3(a). Due to the Schottky barrier, there is
intrinsic upward band bending near the metal side. Under
the laser illumination, electron—hole pairs are photogenerated,
quickly relax to the band edges, and then are separated by the
built-in electric field, leading to the accumulation of holes on
the metal side. These holes decrease the band bending and
induce a change in the potential, which is the origin of the
photovoltage. The intensity of the photovoltage is related to
the population of the photoexcited carriers, allowing us to ex-
tract carrier relaxation or recombination dynamics from the
photovoltage.??!
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Fig. 3. (a) The energy band diagram (bottom) of the metal-LHP junction
(top). The Schottky barrier height is ®g (= 0.2 eV). The curved arrow
means the hot carrier cooling. (b) The measured (symbols) and fitting
(solid lines) photovoltage correlation signals |V (¢)| are plotted as a func-

tion of the time delay #q. Pump wavelength: 700 nm, fluence: 64 pJ/cm?.
Temperature: 300 K.

Our measurements (Fig. 3(b)) show that the photovoltage
is suppressed when the two optical pulses arrive simultane-
ously due to saturation of the photoresponse. As the time de-
lay between the two pulses increases from zero, the photovolt-
age starts to recover. The photovoltage recovery, as a function
of the time delay, reflects the carrier dynamics of LHP over

a wide time scale. Upon the laser illumination, electron—hole
pairs are photogenerated within 100 fs. Early-stage processes
in the timescale of subpicosecond—picosecond include charge
relaxation and interfacial charge transfer, followed by trans-
port and recombination processes occurring in a nanosecond—

e.[?3] The photovoltage recovery in our

microsecond timescal
measurements exhibits an ultrafast timescale of 0.21 ps, con-
sistent with the intraband cooling time of the hot carriers. The
transport and recombination processes are too slow to be de-
tected. This rapid cooling is attributed to the coupling of hot
carriers with longitudinal optical (LO) phonons, which estab-
lishes thermal equilibrium between the LO-phonon popula-
tion and the hot carriers.>*?> This hot carrier cooling time
of 0.21 ps is slower than that in most organic semiconductors
(~ 100 fs).[26-27] Potentially, these hot carrier energies could
be efficiently extracted before the hot carriers relax to the band
edges by optimizing the device configuration.

Additionally, the cation in LHPs plays a critical role in
hot carrier cooling. For example, substituting the organic
cation with an inorganic counterpart, such as in CsPbBr3
(Fig. 3(b)), increases the hot carrier cooling time to 0.59 ps
under the same laser fluence. This trend is congruent with
several recent findings in the literatures.?®=3% Along with
Thomas” work,>! we confirm that the phonon scattering is
the main channel for hot carrier energy dissipation. Com-
pared to CsPbBr3, CH3NH3PbBr; has more accessible vibra-
tional modes (< kgT) (e.g., 15 in CH3NH3PbBr3 versus 9 in
CsPbBr3) by breaking the lattice symmetry. These extra cou-
pled cation—lattice modes facilitate faster hot carrier cooling.
Considering the diffusion coefficient of 5 cm?-s~!,[3!] the esti-
mated diffusion length is around 12 nm in CH3NH3PbBr3; and
20 nm in CsPbBr3, making it technically feasible to extract hot

carriers.

4. Conclusion and perspectives

By employing the in situ cleaving method under ultra-
high vacuum, we characterized the CH;NH3PbBrj crystal sur-
face at the atomic scale using STM. Using an improved delay
modulation method, we succeeded in detecting weak signals
of hot carrier dynamics in two-terminal LHP devices via the
two-pulse photovoltage correlation technique. We found that
the intraband cooling time of hot carriers for CH3NH3PbBr3
is as short as 0.21 ps. In comparison, the inorganic Cs-based
LHPs exhibited a longer cooling time of around 0.59 ps due to
the reduced number of phonon modes for carrier—phonon cou-
pling. Our work highlights the critical role of the cation in the
hot carrier dynamics of LHPs and underscores the importance
of careful materials design for the utilization of hot carriers in

prospective photovoltaic applications.
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