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Hot carriers in mixed Pb-Sn halide perovskite semiconductors cool slowly
while retaining their electrical mobility
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The electron-phonon interaction controls the intrinsic mobility of charges in metal halide perovskites, and
determines the rate at which carriers lose energy. Here, the carrier mobility and cooling dynamics were directly
examined using a combination of ultrafast transient absorption spectroscopy and optical pump, THz probe
spectroscopy, in perovskites with different lead and tin content, and for a range of carrier densities. Significantly,
the carrier mobility in the “hot phonon bottleneck” regime, where the LO phonon bath keeps carriers warm,
was found to be similar to the mobility of cold carriers. A model was developed that provides a quantitative
description of the experimental carrier cooling dynamics, including electron-phonon coupling, phonon-phonon
coupling and the Auger mechanism. In the Pb and Sn alloy the duration of the hot carrier regime was extended
as a result of the slower decay of optical phonons. The findings offer an intuitive link between macroscopic
properties and the underlying microscopic energy transfer processes, and suggest new routes to control the
carrier cooling process in metal halide perovskites to optimize optoelectronic devices.
DOI: 10.1103/PhysRevB.102.245204
I. INTRODUCTION

In recent years the rapid development of metal halide perovskites has established their potential in photovoltaic devices
due to their compelling power efficiencies [1–4]. Significant
attention has been paid to the underlying photophysics and
photochemistry of halide perovskites, in particular the fundamentals of light absorption and emission, and electrical
transport [1,2,5,6]. Photons with energies that substantially
exceed the band gap of the light absorber create “hot” carriers
whose excess energy is often dissipated as heat, leading to
losses in solar cells. It is therefore of fundamental and applied
interest to study this energy loss mechanism in candidate materials for photovoltaics. Moreover, the extraction of carriers
while hot may provide a route to increase the power efficiency above the Shockley-Queisser limit at room temperature
(around 34%) [7].
Interestingly, in halide perovskite semiconductors the socalled “hot phonon bottleneck” (HPB) appears: in certain conditions of high injected carrier densities (∼1018 –1019 cm−3 )
and high photon energies (well above the band gap), hot
carriers persist for surprisingly long times [8], permitting
transport of hot carriers over significant distances [9] and
at densities lower than found in prototypical semiconductors
such as GaAs [8]. This has driven a strong interest in understanding the dynamics of hot carriers in halide perovskites
[7,8,10,11]. Hot carrier relaxation has been extensively stud-
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ied in MAPbI3 [8,10] and other lead-based perovskites [7],
and also in FASnI3 [12], which showed intriguingly slow
relaxation. Most works focused on the study of a single compound or on a small set of compounds, and hence it is not clear
how changing the composition influences hot carrier cooling.
There is therefore a necessity for more systematic studies on
various compositions to understand which parameter, or set of
parameters, control hot carrier cooling (HCC).
Transient absorption spectroscopy (TAS) is used widely
to investigate nonequilibrium processes on an ultrafast
timescale, and has been applied extensively to the study of
halide perovskite semiconductors [13–15], in particular to
extract carrier temperatures and study the dynamics of the
cooling of hot carriers [8,10,16–19]. Recently, optical pump,
terahertz probe (OPTP) spectroscopy has also been applied
to study the carrier cooling dynamic in perovskites [20–22].
OPTP spectroscopy is a flexible and powerful technique that
has been successfully applied to the study of perovskite
semiconductors [6,23], thanks to the possibility of extracting
recombination times and mobilities in a noncontact fashion.
OPTP can further provide information on the carrier cooling
dynamic by studying the dynamical rise in the photoconductivity [24,25]. Both OPTP and TAS have been applied to the
study of carrier cooling in perovskites, sometimes with apparently contradictory results: almost all experiments performed
with TAS show an extremely long carrier cooling time, exceeding 100 ps [8–10], an effect which is usually absent in
OPTP measurements on samples with the same or similar
composition [21,22]. This apparent contradiction raises the
question of how best to compare the outcomes of these two
experimental techniques.
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The diffusion length LD of a semiconductor is an important
figure of merit and is often used as a predictor of√solar cell
efficiency. In the diffusive transport regime LD = DτR and
can exceed a few microns in the halide perovskites, as a result
of slow charge carrier recombination times (τR > 100 ns)
combined with reasonable diffusivities D [6]. The ambipolar
diffusion coefficient D can be determined from optical methods that include transient absorption microscopy [9] and PL
microscopy [26], which spatially and temporally resolve the
carrier density to track the diffusion process. The effective
values of D reported vary widely and may even change dynamically, varying depending on
√ the timescale probed by the
experiment [9,26]. Since D = μkB Tc /e for a nondegenerate
semiconductor, changes to the mobility μ or to the carrier
temperature Tc may account for some of the variation reported
in D. Therefore, to better understand the migration of hot
carriers in halide perovskites it is particularly desirable to obtain independent measures of μ and Tc under nonequilibrium
conditions, including in the HPB regime.
In this work we report a study of hot carrier cooling in
mixed metal halide perovskites using a combination of OPTP
and TAS, experimentally resolving both μ and Tc independently. We developed a model of hot carrier relaxation that
describes the coupling of carriers at temperature Tc to LO
phonons at temperature Tp , both above the lattice temperature
TL . By comparing the model and experiment we identify three
distinct cooling stages: (1) the Fröhlich regime (Tc > Tp ),
dominated by cooling through electron-LO phonon scattering;
(2) the HPB regime (Tc ∼ Tp > TL ), characterized by a hot
LO phonon population that slows the carrier cooling rate, and
dominated by the phonon-phonon interaction; (3) the Auger
cooling regime (Tc ∼ Tp  TL ), evident at longer delay times
for high initial carrier temperatures, and dominated by Auger
processes that keep carriers hot. With reference to this model,
we elucidate the information accessible by each experimental
method, by showing that TAS probes all stages of cooling,
while OPTP is sensitive predominantly to stage (1). By determining the mobility and temperature of hot carriers in the
HPB stage we demonstrate that hot carriers retain similar
mobilities to cold carriers. This justifies the high diffusivities
reported in the literature at early times after photoexcitation
[9], by directly determining the carrier mobility and temperature for the same samples and experimental conditions.
Additionally, a more persistent hot carrier population was
found for a Pb-Sn alloy, in comparison to the pure Pb- or
Sn-perovskites, and which was linked to slower LO phonon
decay.

II. METHODS
A. Sample fabrication

Thin films of the perovskite Cs0.05 (FA0.83 MA0.17 )0.95
Pbx Sn1−x I3 , with x = 0, 0.25, 0.5, 0.75, or 1.0, were produced
on z-cut quartz substrates by a spin-coating method [27]. As
Sn-containing perovskites are known to be more sensitive to
degradation in the air [28] samples were prepared in a nitrogen
glove box (<1 ppm oxygen) and fully encapsulated to prevent oxygen or moisture exposure during measurement. Films
were encapsulated with a second z-cut quartz substrate and

sealed by an epoxy. This choice of substrate ensured excellent
transparency across the UV, visible, and THz ranges.
B. Ultrafast spectroscopy

The optical-pump, THz-probe spectrometer used has been
described previously [20]. Transient absorption spectra were
measured using a UV pump, white light probe spectrometer
fed by an ultrafast Ti:sapphire amplifier (Newport Spectra
Physics Spitfire Ace, 13 mJ, 1kHz, 40 fs). The 400-nm pump
was generated from an 800-nm beam using a BBO crystal,
while the white light continuum was generated by focusing
a 1300-nm beam, generated via an optical parametric amplifier (TOPAS C, Light Conversion), onto a sapphire window.
Time resolution was provided by a motorized delay stage.
Measurements were performed in transmission by measuring the difference of the unpumped and pumped transmitted
intensities (collected by a fiber-coupled spectrometer), to determine the change in optical density upon photoexcitation.
The change in optical density is defined by
mOD = 1000 log10

I
,
I0

(1)

where I and I0 are the pumped and unpumped transmitted
intensities. Both experiments were performed under nitrogen
to limit exposure to oxygen and moisture.
III. RESULTS AND DISCUSSION

Previous work suggested that altering the A-site cation
from fully inorganic (Cs) to organic (MA or FA) does
not significantly alter the hot carrier cooling times [18,21].
Our work focuses, for the first time, on the study of hot
carrier cooling in triple cation mixed lead-tin perovskites
Cs0.05 (FA0.83 MA0.17 )0.95 Pbx Sn1−x (I1−y Br y )3 . The choice of a
triple-cation on the perovskite A-site was made to improve the
sample response thanks to their increased mobility, to enhance
their chemical and photostability over time and, finally, to
make the findings directly relevant to the current state-of-theart for perovskite solar cell materials [29], which often contain
a small amount of Br. Samples were prepared with y = 0 (pure
iodine) for different Pb/Sn ratio (x = 0, 0.25, 0.5, 0.75, or
1.0, with x = 1 corresponding to pure Pb), and also for x = 1,
y = 0.17.
A. Optical characterization

The absorption and photoluminescence (PL) spectra were
recorded to assess the sample quality, to provide information
on the band-gap energy, and to determine the fraction of
photons absorbed at the different pump wavelengths used.
The energy gap was determined from Gaussian fits to the PL
spectra and from the absorption coefficient [30] for all compositions studied, as reported in Fig. 1(a) for the series with pure
iodine (y = 0). It is evident that the band gap derived from
absorption (red squares) and from PL (blue circles) both show
a strong bowing of the gap. The change in band gap with x
can be written [31]
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FIG. 1. (a) Band gap versus lead concentration, as determined
from absorbance (red squares) and photoluminescence (blue circles).
Solid lines are fits following Eq. (2). The dotted line represents the
change in band gap in the absence of band bowing, while the arrow
indicates Eg. A strong band bowing is evident, with a minimum
band gap at x = 0.5. (b) FWHM of the PL spectra (black circles)
versus Pb concentration.

where Eg,i are the band gaps of the pure compounds and b is
the bowing parameter. Band bowing is visually represented in
Fig. 1(a) as the difference Eg = b/4 between the hypothetical band gap line in the absence of bowing and the actual band
gap of the x = 0.5 alloy. This expression was fit to the experimental results, from which we obtained b = 0.95 ± 0.10
for the absorbance data and b = 1.20 ± 0.12 for the PL data.
The value of b is similar to that found by a study of band
bowing in FAPbx Sn1−x I3 , which reported b = 0.73 eV from
absorbance at room temperature [30]. Here the different A-site
cations may account for the larger b as the crystal structure, in
particular the metal-halide bond lengths and angles, will be
subtly different.
The PL linewidth has been suggested to serve as an indicator of whether alloying increases the disorder of the film:
local fluctuations in the Pb or Sn concentration may broaden
the PL inhomogeneously [30]. Here the linewidth was around
100 meV for all samples [Fig. 1(b)]. Overall, the PL and
absorption results demonstrate the successful formation of
perovskite alloys with controllable Pb/Sn ratio.
B. Carrier temperature from transient absorption

Ultrafast transient absorption spectroscopy was used to extract the carrier temperature dynamic in samples with different
composition. A 400-nm pump pulse excited the perovskite
films with 3.1-eV photons, giving excess energies in the range
1.6–1.8 eV (varying slightly with x as a result of the band
bowing reported above). We defined the excess energy as
hν − Eg, where hν is the pump energy and Eg is the energy
gap measured by photoluminescence (PL). We note that due
to their similar effective masses [16] we assume that the energy is evenly distributed between electron and holes. A high
excess energy was adopted in order to access the HPB regime
[32], and a range of pump fluences 40–400 μJcm−2 was used.
A broadband white light probe provided spectral coverage of
the pump-induced absorption change, α, close to the band
edge. An example of data obtained for x = 1 is reported in

FIG. 2. (a) Transient change in absorption (in mOD)
versus probe energy and pump-probe time delay t for
Cs0.05 (FA0.83 MA0.17 )0.95 PbI3 . Three prominent features are observed
in the spectrum and are discussed in the text: a quick and narrow
photoinduced absorption region at the band gap, a strong absorption
bleach just above the band gap, and a broad photoinduced absorption
at higher energies. The fluence was 70 μJcm−2 and the excess
energy was 1.8 eV. (b) Transient absorption spectra at different
pump-probe delays. Spectra correspond to the time slices in panel
(a) are indicated with matching colors. The dashed lines correspond
to fits used to extract the carrier temperature.

Fig. 2(a), where the color represents α (in mOD) versus
probe energy (x-axis) and time (y-axis). Only the first 1.2 ps
are reported for clarity. The colored lines represent slices at
different pump-probe delays, as reported in Fig. 2(b).
Shortly after t = 0, three prominent features appear: a
strong negative α at 1.6 eV, just above the band gap
(1.54 eV); a short-lived positive absorption feature at the
band gap; and a weak broad photoinduced absorption (PIA)
at higher energies. The negative α is readily identifiable as a
ground-state bleach (GSB) from the accumulation of carriers
near the band extrema [8,10]. The quick PIA has been alternatively interpreted in different works as arising from excitons
[33], band-gap renormalization [10] and polaron formation
[34]. The broad PIA region is generally observed [8,10] and
was attributed to a photoinduced change of the refractive
index [10]. The band-gap PIA quickly disappears within 1 ps,
while the broad PIA remains along with the bleach even 2.5 ns
after photoexcitation. In Fig. 2(b) spectra at t = 158 ps and
at t = 2506 ps are also presented. The amplitude of the GSB
grows slowly to a maximum around 158 ps delay, indicative of
slow carrier cooling towards the band edge on this timescale
[14,35].
Following an established methodology [8,10,18], the carrier temperature Tc was extracted from the high-energy tail of
the GSB at different pump-probe delay times. The function
α = A0 e−E /kB Tc + α0 was used, where A0 is the equilibrium absorption coefficient and α0 is an offset added to take
into account the influence of the broad PIA at higher energies.
Following Ref. [8] the TA spectra were fitted at energies well
above the band edge (starting >0.1 eV above the band gap) to
allow any influence of electron-hole correlations (excitons),
present near the band edge, to be ignored. Although it has
been suggested that the cooling dynamics of electron and
holes could be different [17], for simplicity we assume that
the electron and hole temperatures are equal, on the basis that
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FIG. 3. (a) Carrier temperature Tc versus time for
Cs0.05 (FA0.83 MA0.17 )0.95 Pb(I0.83 Br 0.17 )3 at low fluence (40μJcm−2 ,
blue circles) and high fluence (400μJcm−2 , green circles).
Continuous lines are fits to Tc using Eq. (3), while dashed lines
are the hot phonon temperatures calculated using Eq. (4) and
the parameters from the fit to Tc . The elevated temperatures in
the 1 to 30 ps range are a product of the hot phonon bottleneck,
where Tc  Tp , while the slower recovery at later times results
from the Auger effect. (b) Cooling dynamic and fit parameters for
Cs0.05 (FA0.83 MA0.17 )0.95 Pbx Sn1−x I3 at 70 μJcm−2 . The red line is
a fit using the TTM, as detailed in the text, for x = 1. The inset
(c) reports the fit parameters τ+ and τ− for different concentrations
x. The short time constant, τ+ (blue squares, right-hand axis),
represents the first cooling stage, while the second, slower cooling
stage has time constant τ− (red circles, left-hand axis).

the excess energy is evenly distributed between electron and
holes (as their masses are similar).
In Fig. 3 the extracted carrier temperatures are reported
for the composition x = 1, y = 0.17 at low (40 μJcm−2 , blue
circles) and high (400 μJcm−2 , green circles) fluence. At
low fluence the carrier temperature starts at about 800 K but
within 1 ps drops to close to room temperature, i.e., only a
single, fast decay process is evident. The carriers cool to the
lattice temperature, TL = 363 ± 3 K, which remains above
room temperature for the rest of the experimental time window (3 ns) as a result of the low thermal conductivity of
halide perovskites [36]. In contrast to the low fluence case,
at high fluence an abrupt change to a slower dynamic can be
clearly seen from 1 ps onwards. This effect has been observed
many times in metal halide perovskites [8,10] and inorganic
semiconductors, and can be attributed to the hot phonon bottleneck. A fluence of 70 μJcm−2 was found to be sufficient
to access the HPB regime for x = 1, y = 0, and hence this
fluence was adopted to examine the influence of Pb content
(samples with varying x).
Before returning to the experimental results, we first elucidate the different mechanisms contributing to carrier cooling
in more detail, with reference to a model that captures the
relevant microscopic physical processes and that links them
to macroscopic parameters.
C. Modeling hot carrier cooling dynamics

We developed a phenomenological approach based on the
three-temperature model (TTM), which was applied previ-

ously to the electron-phonon interaction in the metals Au and
Ag [37] and to spin-lattice relaxation in manganite oxides
[38]. Our approach is intended to provide an intuitive and
quantitative way to describe the different cooling regimes,
including the hot phonon bottleneck mechanism, in halide
perovskites. Previously, two analysis methods have been reported: an empirical approach, aimed to obtain a quantitative
fit to experimental data but without links to the microscopic
mechanisms [19], and a more complete microscopic approach [16]. This second approach calculated the energy loss
rate including the heating of the phonon population in the
Fröhlich scattering model. This is complex to implement,
computationally demanding, and requires a detailed knowledge of microscopic quantities such as the effective mass,
static, and high frequency dielectric constants, and LO phonon
energies. Some of these constants are difficult to measure in
particular halide perovskites: for instance Sn-rich compounds
exhibit high levels of p-doping, making it difficult to determine phonon frequencies and the static dielectric constant
[39]. Further, these parameters are often unknown for more
complex compounds, such as the triple cation alloys investigated in this work.
1. TTM: Mathematical description

Here, in the TTM a pair of coupled rate equations describe
the interaction of the carrier temperature Tc with the phonon
temperature Tp , and the coupling of the phonons to the lattice,
at temperature TL . Note that this approach is sometimes called
the two temperature model in the literature: we refer to it as the
three temperature model to highlight the independent temperatures of the three subsystems. The rate equations proposed
are as follows:
dTc
= −Gcp (Tc − Tp ) + GA (Tg + Tc ),
dt
dTp
= +Gcp (Tc − Tp ) − G pp (Tp − TL ),
Cp
dt
Cc

(3)
(4)

where Cc , Cp , Gcp , G pp are the carrier heat capacity, the
phonon heat capacity, the electron-phonon coupling constant,
and the phonon-phonon coupling constant, respectively. The
terms ±Gcp (Tc − Tp ) correspond to coupling between hot carriers and hot phonons, while the coupling of hot phonons
to the lattice is described by G pp (Tp − TL ). The last term in
Eq. (3) represents Auger heating, where Tg = 2Eg/3kB and
GA = kA N 2 (t ) for Auger recombination rate kA and carrier
density N (t ). These equations are not solvable analytically,
so a numerical solution is, in general, necessary. The experimental carrier temperature was fitted using a numerical
solution to Eq (3). As reported in Fig. 3(a), an excellent match
with the experimental data was obtained, yielding: Gcp /Cc =
2.3THz, G pp /Cp = 0.2THz, and GA (0)/Cc = 0.14THz. The
Auger heating term is thought to be important for perovskites
[16] and its inclusion was necessary here to model the longlived tail in Tc evident at high excitation fluences (e.g., at
400 μJcm−2 in the figure). The dashed lines in Fig. 3(a)
indicate the phonon temperature calculated using the same
parameters in Eq. (4), and allow the HPB regime, Tc = Tp ,
to be readily identified.
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At lower fluence (<100 μJcm−2 ) the Auger term was not
needed to correctly reproduce the dynamics. Hence, lower
fluences were used to investigate different compositions in
this work. This has the benefit of yielding analytical solutions
to the rate equations: when the Auger term can be neglected,
and subject to the initial conditions Tc (t = 0) = T0 and Tp (t =
0) = TL , the carrier and hot phonon temperatures are
Tc (t ) = TL + A+ (T0 − TL )e− /τ+ + A− (T0 − TL )e− /τ− , (5)
t

t

Tp (t ) = TL + B+ (T0 − TL )e− /τ+ + B− (T0 − TL )e− /τ− . (6)
t

t

After the pump pulse has rapidly heated the carriers to T0 , the
hot carrier temperature recovers exponentially, with a fast time
constant τ+ , and a slower decay given by τ− . The decay rates
k± = 1/τ± are
Gcp + G pp Gcp
1
=
+
τ±
2Cp
2Cc


Gcp + G pp Gcp 2 4G2cp
1
±
−
+
,
2
Cp
Cc
CcCp

[37]. In this limit, the parameters G pp /Cp and Gcp /Cp of
the TTM are small compared to Gcp /Cc , and phonon-phonon
coupling does not contribute significantly to the cooling rate.
For this case the carrier temperature decays at a rate k+ 
Gcp /Cc = k0 with a negligible slow component (A−  0). To
elucidate the microscopic processes contributing to Gcp we
discuss the following simple approach. We assume scattering
from a single LO phonon mode cools electrons within a single,
spherical band. The rate of change of the carrier temperature
can be approximated by dTc /dt = −k0 (Tc − Tp ). This expression is equivalent to the Fröhlich energy loss rate described
previously [20], which allows the temperature loss rate to be
linked to the strength of the electron-LO phonon interaction,
mediated by the Fröhlich coupling constant, α. This approach
yields
k+  k0 =

Gcp
Cc
5

4αkB  2 K0 (/2Tc ) sinh [(Tc − Tp )/2Tc Tp ]
, (8)
 √
√
sinh (/2Tc )
3 π h̄ Tc (Tc − Tp )

(7)

and the amplitudes of the terms in Eqs. (5) and (6)
are A+ = (k0 − k− )/(k+ − k− ), A− = (k+ − k0 )/(k+ − k− ),
B+ = ( kk−0 − 1)A− , B− = ( kk+0 − 1)A+ , with k0 = Gcp /Cc . The
dimensionless amplitudes A± control the relative weight of
the fast and slow components, and obey the expression A+ +
A− = 1.
We note that Eq. (5) corresponds to the sum of two exponential decays, for which the amplitudes and decay rates
are the fit parameters if TL and T0 are known. The amplitudes
and decay rates can be reliably determined from one Tc (t )
curve as the decays have quite different rates. An excellent
agreement of the fit from Eq. (5) with the experimental Tc dynamic was obtained, as evident for a sample with x = 1, y = 0
in Fig. 3(b), where the fit yielded τ+ = 0.49 ± 0.02 ps and
τ− = 20 ± 1.3 ps, while A± = 0.72 and 0.28, respectively.
We now provide physical insights into the TTM model and
its free parameters, which from Eq. (7) are the rates Gcp /Cc ,
Gcp /Cp , and G pp /Cp .
2. TTM: Physical description

The TTM assumes that the carrier temperature is coupled
with the phonon temperature via a coupling constant Gcp .
When the carrier temperature Tc is high, the efficient carrierLO phonon interaction transfers energy from carriers to the
LO-phonon bath, raising its temperature Tp . This process takes
around 1 ps [Fig. 3(a)]. The LO-phonon bath tries to reduce
its temperature by LO-phonons decaying into lower-energy
acoustic and/or optical phonons, at a rate controlled by the
coupling constant G pp . In general, the fast and slow decay
times τ± cannot be uniquely identified with carrier-phonon
coupling and LO-phonon decay, as both terms enter into
Eq. (7). However, we now describe the underlying physical
processes in detail to gain insights into their relative magnitude, and show that for certain values of the parameters the
fast decay time τ+ is dominated by carrier-phonon coupling,
while τ− is controlled by the hot phonon decay rate.
In general, the phonon contribution to the heat capacity at
room temperature is larger than the electronic contribution

where  = h̄ωLO /kB for an LO phonon with angular frequency ωLO ; K0 is the modified Bessel function of the second
kind; and the strength of the electron-LO phonon interaction is
∗
1/2
e2
given by α = 4πε
( m ) ( ε1∞ − ε1s ), where εs and ε∞ are
0 h̄ 2 h̄ωLO
the static and high frequency dielectric constants and m∗ is the
bare electron mass. In the TTM model we assume that k0 is a
constant, rather than depending on the carrier temperature and
the phonon temperature as described in Eq. (8). However, we
can argue based on Eq. (8) that τ+ decreases (k+ increases)
when the phonon frequency increases, or when the Fröhlich
constant is higher.
Returning now to consider the general case including coupling between hot LO-phonons and the lattice (k+ = k0 ): the
magnitude of G pp is expected to be smaller than Gcp because
the phonon-phonon interaction is an anharmonic process.
There are different ways in which a zone-center LO phonon
can decay: the Klemens channel, where an LO phonon decays
into two acoustic phonons of opposite wave vectors [40]; the
Ridley channel, creating a transverse optical and an acoustic
phonon [41]; and the Vallée-Bogani channel, where another
LO phonon and an acoustic phonon are produced [42]. Other
channels such as the Barman-Srivastava and four-phonon processes are not relevant as they are connected, respectively, to
the wurzite structure and to higher temperatures [43,44]. We
therefore express the phonon-phonon coupling rate as
G pp
1
1
1
=
+
+
,
Cp
τK
τR
τV B

(9)

where τK , τR , and τV B are the Klemens, Ridley, and ValléeBogani decay times. Explicit formulas for the various decay
rates are reported in Barman and Srivastava [43].
The power of the TTM lies in the simple and quantitative
picture of the various stages of cooling and in the connection
to quantities that can be directly measured, concentrating all
the microscopic parameters in few effective constants. Unfortunately, apart from a few reports for MAPbI3 [45,46] accurate
measurements of the heat capacity and of the coupling
constants are lacking. Therefore, to estimate feasible values
of the parameters, we first calculated how the decay time
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FIG. 4. (a) Calculated τ+ from TTM as a function of Gcp /Cc , for different values of Cp /Cc . (b) Dependence of τ+ (right, blue, linear y axis)
and τ− (left, red, logarithmic y axis) on G pp /Cp , for a fixed Cp = 10Cc and Gcp /Cc = 2 THz.

D. Optical-pump THz-probe spectroscopy

Wavelength-tunable optical pump terahertz probe spectroscopy was used to study hot carrier mobilities and cooling
times at different excess energies. To allow a fair comparison
of carrier cooling for different alloys, data were obtained at
the same excess energies for different x.
1. Carrier cooling times from OPTP

In OPTP spectroscopy the photoconductivity σ ∝
−E /E , where E /E is the pump-induced relative change
in the amplitude of the transmitted terahertz electric field. In
the low frequency limit, the sheet photoconductance is σ =

enμ, where n is the sheet carrier density and μ is the sum of
electron and hole mobilities. Hence E /E is sensitive to the
carrier mobility. When carriers are hot and high in the band
their mobility will be lower, for instance, as a result of band
nonparabolicity, leading to a small E /E . In contrast when
carriers are cooler they have a higher mobility (larger E /E ).
The time for carriers to cool to the band edge can therefore
be measured from the dynamical rise in −E /E [20,24,25].
Given the reasonably large values of the Fröhlich coupling
constant in metal halide perovskites the charge carriers are
likely to form polarons.
Following this framework, the onset of photoconductivity
was measured and is reported, for a few compositions and
excess energies, in Fig. 5. No significant difference was observed in the onset dynamic for the perovskites for fluences
between 10 and 300 μJcm−2 . The figure reports −E /E
for four samples: in Fig. 5(a) for a GaAs crystal, used as

1.00

(a)

(b)

0.75
0.50
- E/E (Arb. Units)

τ+ varies with Gcp /Cc for realistic ratios of Cp and Cc (with
Cp > Cc ). The results are reported in Fig. 4(a) for Cp /Cc = 1,
10, and 100. The fast cooling time obtained by experiment
is below 1 ps, which can be seen to require k0 = Gcp /Cc ∼
1 THz.
A representative value of k0 = 2 THz and Cp /Cc = 10 was
adopted to explore how changing the phonon-phonon coupling strength G pp alters τ+ and τ− , as reported in Fig. 4(b).
The fast component was almost unchanged when the phononphonon coupling strength was varied over many orders of
magnitude: τ+ decreases substantially only for G pp /Cp 
k0 = 2 THz. In stark contrast, the slow component τ− was
dramatically affected by G pp : an order of magnitude reduction
in coupling constant yields an order of magnitude increase
in decay time. It is therefore possible to conclude that the
initial fast decay in carrier temperature (τ+ ) in stage (1) is
dominated by the Fröhlich interaction, while the slower decay
τ− is linked to G pp /Cp .
While the results from experiment (TAS) and phenomenological theory (TTM) presented thus far have given detailed
information about hot carrier cooling in perovskites, obtaining
Tc (t ) from TAS required detailed fits in a spectrally congested
region (as discussed above). We therefore turned to optical
pump terahertz probe spectroscopy to provide an independent
experimental study of hot carrier cooling dynamics, and to
determine the carrier mobility.
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FIG. 5. Normalized photoinduced change in THz electric field
for (a) GaAs and (b)–(d) x = 1.0, x = 0.5, and x = 0.0, respectively,
at different excess energies above the band gap. The fluence was
around 150 μJcm−2 for the perovskite samples and 5 μJcm−2 for
the GaAs sample.
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FIG. 6. (a) Carrier cooling times τ (E ) measured from OPTP for three different samples: y = 0 and two samples with y = 0.17 made with
two different solvents [27]. The two Br-added sample made with different solvents have a compatible carrier cooling time at each excess energy
studied, which confirms the reproducibility of these experiments. Their values are, however, consistently smaller than the values obtained for
the sample without Br. (b) Carrier cooling times τ (x, E ) measured from OPTP for different compositions and excess energies. By increasing
the excess energy for a specific sample the cooling times get longer. (c) Product of quantum yield and total carrier mobility, φμ, for different
compositions, and shown with a logarithmic y-axis to better illustrate the variation with x.

a reference, and for Cs0.05 (FA0.83 MA0.17 )0.95 Pbx Sn1−x I3 with
x = 1.0, x = 0.5 and x = 0 in Figs. 5(b), 5(c) and 5(d), respectively. In all four cases low and high excess energies are
presented. As previously reported [20,24], the rise in GaAs
is relatively quick, taking a few hundred fs to reach the maximum at low excess energy. At higher excess energy the rise
becomes substantially slower due to intervalley scattering. For
the perovskites the rise is faster than for GaAs, at all excess
energies.
The E
dynamics were fitted by assuming the electrons
E
are initially injected by the pump to a state with negligible
mobility. Those carriers then pass (cool) to a lower state
(equivalent to the band edge) with high mobility, before finally
recombining. This approach yields
−

E
= A(e−t/τR − e−t/τ ),
E

(10)

where τ is the rise time and τR is the recombination time.
The full Sn sample had a fast (picosecond) recombination
dynamic, likely caused by a high density of traps or a high
background hole density [47], and consistent with its lower
mobility (reported below) and a broader Urbach tail in the
absorption. For Sn-rich perovskites, the relative ease of
oxidizing Sn2+ to Sn4+ creates high defect densities, which
can be mitigated against by defect control strategies [20,47–
49] that were not adopted in this work. Equation (10) was
therefore used to model data for x = 0 and x = 0.25. At
larger x, τR increased to τR = 2.3 ns for x = 0.5. In the case
that τR
τ , Eq. (10) can be approximated to
−

E
= A(1 − e−t/τ ).
E

(11)

This simplified version was applied to model data obtained
for x = 0.5, 0.75, and 1.0, which had long recombination
times exceeding 2 ns. The expression for E /E was then
convoluted with an instrument response function (IRF),
assumed to be a Gaussian shape (standard deviation 150 fs),

following the approach of Bretschneider et al. [21]. By
including the IRF we can, in principle, recover times lower
than the instrument response time (around 150 fs), and instead
limited by the duration of the laser pulse (around 50 fs).
The carrier cooling times obtained from OPTP are reported
in Fig. 6(a) for different excess energies for x = 1, y = 0 and
for two samples (prepared with different anti-solvents) with
x = 1, y = 0.17. Changing the antisolvent, used to promote
crystal formation, from chlorobenzene (CB) to tolulene did
not alter the cooling time τ for x = 1, although the solvent
can modify the mobility of Sn-containing perovskites [27].
The measured times τ < 1 ps are consistent with those previously measured for organic-inorganic lead perovskites by a
variety of methods [8,21,50]. The influence of composition
is discussed below in Sec. III E. At a given composition, τ
increases with excess energy, for instance from 0.2 to 0.6 ps
for x = 1, y = 0. This trend can be qualitatively explained
with reference to the simple approach adopted in Eq. (8) based
on the Fröhlich interaction [20]. In this picture, the energy
loss time can be estimated as the loss of one phonon (with
energy h̄ωLO ) in one scattering event τLO , then averaged over
the Maxwell-Boltzmann distribution [51]. For energies higher
than the LO phonon energy the cooling time increases with
excess energy because more events are required to lose the
initial energy.
2. Comparison between OPTP and TAS

The cooling time measured by OPTP, τ , is in good quantitative agreement with the fast cooling time τ+ obtained from
TAS when compared at similar excess energies. For instance,
for x = 1, y = 0 and an excess energy 1.7 eV, TAS determined
τ+ = 0.35 ± 0.04 ps, while OPTP determined τ = 0.39 ±
0.04 ps at a similar fluence. Changing the fluence did not alter
the Fröhlich cooling time obtained from either technique.
Individually the two experimental methods employed have
advantages and disadvantages. In the OPTP experiment, when
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carriers have relaxed in energy to close to the band edge, the
mobility will not differ significantly from the point value.
For this reason, OPTP does not provide information about τ− ,
and just tracks τ+ . OPTP therefore provides a straightforward
tool to measure the initial, rapid carrier cooling process (the
Fröhlich stage), without the modeling assumptions of TAS.
However, TAS probes the carrier’s energy distribution close
to the band gap, and hence has the advantage of being more
sensitive to the cooling dynamics at lower carrier temperatures
(later times) than OPTP. Together, they enable a complete
picture of carrier cooling and mobility, as is now discussed.
E. Influence of composition on cooling dynamic

The hot carrier cooling dynamics were strongly influenced
by the Pb/Sn ratio, although in different ways for the different
cooling stages. Considering first the influence of composition
on cooling stage (1), we examine results from OPTP at lower
excess energy (0.6 and 1.0 eV), where carriers were directly
injected closer to the band edge. As reported in Fig. 6(b), the
cooling time is longest for the full lead sample (τ = 0.4 ps),
and steadily shortens with increasing Sn concentration (lower
x) to a minimum at x = 0.25. In this case the fit was limited by
the instrument response function, and we can only conclude
that τ  100 fs. For the full tin sample the cooling time
increased marginally to τ = 300 fs.
These differences can be assigned to a modification of
the carriers’ effective mass or to changes in the LO phonon
modes. Indeed, as Eq. (8) indicates, the decay rate k0 =
Gcp /Ce in the Fröhlich regime is a function of ωLO and m∗ .
The phonon modes for x = 0 will be higher in frequency
in general than for x = 1 since Sn is lighter than Pb: this
trend can be seen for instance in the Debye temperatures
for MASnI3 (230 K) and MAPbI3 (175 K) [52]. A larger
phonon frequency increases k0 , consistent with the lower τ
and τ+ observed in experiment for smaller x. Additionally, the
prominent band bowing for the alloys implies changes to the
effective mass, which will modify α and thereby k0 . This may
account for the apparent minimum in τ at x = 0.25 rather than
at x = 0. In particular it will be intriguing to establish whether
the nonlinear behavior of the band gap of the alloy (evident in
Fig. 1) is driven by crystallographic changes that also create
bowing in the phonon frequencies.
For the pure Pb compound the partial substitution of I by
Br induces a faster cooling time, as can be seen in Fig. 6(a). Br
substitution is known to blue-shift the frequencies of the optical phonons associated with the metal halide octahedra [53].
The enhanced phonon frequency may increase the electronphonon cooling rate, for the same reasons as outlined for Sn
substitution.
Examining instead the high excess energy regime (e.g.,
1.7 or 2.5 eV) the Fröhlich cooling time does not appear
to vary substantially with x for the x = 0.5–1.0 samples, as
can be seen in both OPTP (Fig. 6) and TAS (Fig. 3) results.
At higher excess energies the approximations in Eq. (8) are
not valid, and the cooling rate will depend on details of
the electronic bandstructure (e.g., the influence of band nonparabolicity or different bands).
The HPB can be accessed at high excess energies and
studied via TAS, and the influence of x on the slow component

(τ− ) is reported in the inset to Fig. 3. All compositions show
a HPB, with τ− substantially larger than τ+ for all samples
studied. Remarkably, the slowest cooling dynamic occurs for
the mixed lead-tin compound with x = 0.5: τ− = 120 ps is an
order of magnitude larger than for x = 0 and x = 1. Note that
the short recombination time of the full Sn-based perovskite
(∼1 ps) means that there may be a substantial error in the
value τ− (x = 0) = 8 ps for that composition.
A study of hot carrier cooling in FAPbx Sn1−x I3 has been reported recently [19], with slow components as long as 500 ps
claimed (although extrapolated outside the 100 ps experimental time window). Here, a quantitative understanding of slower
hot carrier cooling (increased τ− ) in the HPB regime can
be given using the TTM formalism described above. With
reference to Fig. 4(b), an order of magnitude reduction in
G pp /Cp is required to account for the larger τ− observed for
the Pb-Sn alloy. One explanation is that the phonon-phonon
interaction strength, G pp , is suppressed in the mixed compound in comparison to the “pure” compounds, as a result of
a reduction in the Klemens decay rate [see Eq. (9)] created by
a larger phonon “band gap.” The phonon band gap, defined
as the difference in the maximum acoustic phonon energy and
minimum optical phonon energy, is expected to increase when
atoms with a significant mass difference are coupled [54],
as for the mixed Pb-Sn alloys studied here. The relevant hot
LO-phonons are at low frequencies (in the THz range), such
as the bend and stretch modes of the metal halide octahedra
[53]. As an alternative mechanism to account for the enhanced
τ− , changes in Cp may also contribute, in particular as Debye
temperatures vary with composition.
F. Carrier mobility

The product φμ of the total mobility (μ, the sum of
hole and electron mobility) and the yield of free charges
(φ) was extracted from the measured THz photoconductivity
using a standard method [23], and is reported in Fig. 6(c).
For samples with x  0.5 the mobility is relatively higher
(φμ  20 cm2 /Vs) in comparison to x < 0.5, where φμ 
2 cm2 /Vs. φμ therefore varies more dramatically with composition than the cooling time τ , which can be seen in
Fig. 6(b) to vary by a factor of 3. This can be understood as
follows: τ is controlled by inelastic LO-phonon and acoustic
phonon scattering processes, which are intrinsic to a given material. The mobility is linked to the total momentum scattering
rate, however, which has additional contributions from extrinsic scattering process such as carrier-impurity scattering, alloy
scattering and interface roughness scattering. Thus the large
variation in φμ with x may be due to extrinsic factors such
as variations in grain size, crystallinity, alloy disorder, and
defect concentration. It is therefore more informative to use
the carrier cooling τ to discuss changes in phonon scattering
rates with composition than to look at φμ.
Finally, by comparing the results of OPTP with the results
of TAS we can conclude that the hot carriers in the hot phonon
bottleneck regime have a mobility comparable to the cold
carriers. For instance, the temperatures deduced from TAS
allow one to identify that for t > 1 ps the perovskite was in the
HPB regime, with T  700 K. Under the same experimental
conditions (same excitation fluence, excess energy, and time
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delay), the photoconductivity reported by OPTP has already
reached a plateau (Fig. 5), indicating that warm carriers in the
hot-phonon bottleneck regime are as mobile as cold carriers.
IV. CONCLUSION

In this work the influence of composition upon hot
carrier cooling rates and the carrier mobility of mixed leadtin perovskites was explored, via a combination of optical
pump terahertz probe spectroscopy, transient absorption spectroscopy, and quantitative modeling. This systematic analysis
has further identified the similarities and differences in the
quantities measured by the experimental techniques, thereby
resolving the apparent contradiction in the literature of disparate cooling times reported by OPTP and TAS.
The cooling dynamic measured through transient absorption spectroscopy was successfully described by a three
temperature model, which allowed us to quantitatively model
data in the different cooling regimes. The fast initial Fröhlich cooling, linked to the electron-LO phonon coupling,
varied with Sn content in a way consistent with a simple
model of the cooling rate. Within the hot-phonon-bottleneck
regime elevated carrier temperatures were maintained by the
fast carrier-LO phonon interaction, but with a substantially
slower phonon decay rate for the mixed compound.
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