
Revealing Ultrafast Charge-Carrier Thermalization in Tin-Iodide
Perovskites through Novel Pump−Push−Probe Terahertz
Spectroscopy
Aleksander M. Ulatowski, Michael D. Farrar, Henry J. Snaith, Michael B. Johnston, and Laura M. Herz*

Cite This: ACS Photonics 2021, 8, 2509−2518 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Tin-iodide perovskites are an important group of
semiconductors for photovoltaic applications, promising higher
intrinsic charge-carrier mobilities and lower toxicity than their lead-
based counterparts. Controllable tin vacancy formation and the
ensuing hole doping provide interesting opportunities to investigate
dynamic intraband transitions of charge carriers in these materials.
Here, we present for the first time an experimental implementation
of a novel Optical-Pump−IR-Push−THz-Probe spectroscopic
technique and demonstrate its suitability to investigate the intraband
relaxation dynamics of charge carriers brought into nonequilibrium by an infrared “push” pulse. We observe a push-induced decrease
of terahertz conductivity for both chemically- and photodoped FA0.83Cs0.17SnI3 thin films and show that these effects derive from
stimulated THz emission. We use this technique to reveal that newly photogenerated charge carriers relax within the bands of
FA0.83Cs0.17SnI3 on a subpicosecond time scale when a large, already fully thermalized (cold) population of charge-carriers is present.
Such rapid dissipation of the initial charge-carrier energy suggests that the propensity of tin halide perovskites toward unintentional
self-doping resulting from tin vacancy formation makes these materials less suited to implementation in hot-carrier solar cells than
their lead-based counterparts.

KEYWORDS: ultrafast spectroscopy, visible-pumpIR-pushTHz-probe, tin-triiodide perovskites, hot-carrier cooling

Metal-halide perovskites have received significant atten-
tion from the scientific community over the past decade

because of their excellent optoelectronic properties, including
high absorption coefficients,1 long charge-carrier diffusion
lengths,2−4 and low exciton binding energies,5−7 which make
them well suited to photovoltaic (PV) applications. Since the
first implementation of lead-free perovskites in PV,8,9 intense
research has investigated the properties of tin-iodide perov-
skites, which promise higher fundamental charge-carrier
mobilities than archetypal MAPbI3

10,11 as well as an absence
of toxic lead. However, the most significant challenge for tin-
containing perovskites is the formation of tin vacancies and
iodide interstitials,12−15 which induce hole self-doping of the
material and promote oxidation of Sn2+ to Sn4+, commonly
reported in the literature.16,17 This self-doping effect increases
the recombination rate of photoexcited charge carriers and
reduces the charge-carrier mobility of the perovskite through
the introduction of additional carrier-scattering processes.18,19

Several additives have been shown to reduce tin vacancy
formation and tin oxidation,15,20−25 which has led to efficient
tin-iodide perovskite PV devices. Interestingly, these inves-
tigations have also yielded perovskite semiconductors with
controllable hole doping levels,18,19,25 which is still an elusive
goal in most lead halide perovskites because of their low

barriers to ionic migration and the associated phase
segregation.26,27

In addition to their advantageous properties of nontoxicity
and high charge-carrier mobility, tin-halide perovskites have
also been postulated to exhibit slow cooling of hot charge
carriers following above-gap excitation, lasting tens of pico-
seconds28 to nanoseconds.29,30 Slow carrier cooling times may
potentially allow for more efficient harvesting of the energy of
hot carriers31 in suitably designed hot-carrier solar cell
architectures, with efficiencies that could exceed the standard
efficiency limit for a device operating in thermal equilibrium.32

However, to assess the potential of this technology, the full
dynamic energy exchange and loss processes of hot carriers
needs to be understood as they ultimately define the intrinsic
voltage losses that could be averted in a nonstandard device
geometry. Following above-bandgap photoexcitation, charge
carriers quickly exchange their energy through carrier−carrier
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scattering, leading to a broad Maxwell−Boltzmann distribution
of charge carriers in their respective bands that is characterized
by a temperature Tc, higher than that of the lattice.33 This so-
called thermalization process has been investigated in lead-
halide perovskites through two-dimensional electronic spec-
troscopy and was shown to last tens of femtoseconds. An
increased charge-carrier concentration and excess energy of the
excitation was shown to accelerate the dynamics because of the
concomitant increase in carrier−carrier scattering rates.34

Following this thermalization process, charge carriers cool to
the lattice temperature in a slower process dominated by
interactions with optical and acoustic phonons. During this
process, the excess energy of carriers in the high-energy tail of
the Maxwell−Boltzmann distribution can be extracted in a
suitably designed hot-carrier device,31 indicating that materials
with slow carrier cooling would allow for higher efficiency of
this energy harvesting process. Such charge-carrier cooling
times have been investigated for metal-halide perovskites with
ultrafast photoluminescence and transient absorption spectros-
copy, with reported time scales ranging from hundreds of
femtoseconds35 to tens of picoseconds,28 with some reports of
nanoseconds lifetimes.29,30,36 Importantly, cooling time scales
were prolonged by higher charge-carrier densities, and by
higher excess excitation energies because of the phonon
bottleneck effect, for which a buildup of hot phonons prevents
effective transfer of thermal energy from charge carriers to the
surrounding lattice.
While the above-mentioned investigations of charge-carrier

thermalization and subsequent cooling dynamics have
provided interesting fundamental insights, they unfortunately
do not fully reflect the intraband relaxation processes
encountered in a photovoltaic cell operating under solar
illumination conditions. The majority of studies investigating
hot-carrier relaxation dynamics have utilized short excitation
pulses with a relatively narrow spectrum (compared with sun
light) to create a substantially larger population of non-
equilibrium charge carriers than present in a photovoltaic
device during operation, with a sharp energy distribution above
the bandgap.28−30,34,36 This scenario is fundamentally different
to hot-carrier relaxation processes in photovoltaic devices, in
which any charge carrier newly created with excess energy
above the band gap encounters an already present thermalized
population of cooled carriers that had been created by the
continuous, broad-band illumination of sunlight some time
ago. As pointed out by Richter et al.,34 newly created
nonequilibrium charge-carrier pairs may therefore scatter
effectively with an already present ocean of cold electrons
and holes, meaning that their excess energy will be transferred
to a larger population of carriers through a fast thermalization
processes, reducing the overall temperature of the carrier gas
much quicker than any study using a narrowband resonant
excitation would imply. Such interactions of hot carriers with
cold carriers have been studied in perovskites only at very high
nonequilibrium photoexcitation densities,37−40 for which
relaxation rates may still be dominated by carrier-phonon
interactions, slowed down by the hot phonon bottleneck effect.
Moreover, no such studies have been performed on tin-iodide
perovskites, in which the inevitable self-doping and the ensuing
thermalized hole population in the valence band can
exacerbate scattering processes between hot and cold carriers.
Such materials with a high propensity toward self-doping
therefore require a particularly careful assessment of their
suitability for hot-carrier extraction devices, as the very large

population of cold holes at the top of the valence band can
effectively absorb the energy of a relatively small population of
hot carriers photoexcited by solar illumination. Because of the
large imbalance between the charge-carrier density injected
under solar illumination conditions (∼1016 cm−3)4 and the
background doping density typically present in tin iodide
perovskites (∼1017−1020 cm−3),41 rapid thermalization of
photoinjected charge carriers would be expected to only
marginally increase the temperature of the carrier gas available
for above-bandgap extraction. Determining the rate at which
such interchange occurs is therefore important for the
assessment of tin iodide perovskites for hot-carrier photo-
voltaic applications.
In this study, we investigate the intraband relaxation

processes in FA0.83Cs0.17SnI3 thin films, for the first time
using a novel ultrafast pump-push-probe (PPP) technique. We
exploit the controllable level of doping in tin-iodide perovskites
through tin-fluoride addition18,19 to examine the impact of a
cold charge-carrier gas on the relaxation dynamics of hot
carriers. We show that our newly developed Optical-Pump−
IR-Push−THz-Probe spectroscopy is a powerful tool that can
be used to reveal the effects of intrinsic chemical doping and
transient photodoping on the terahertz (THz) conductivity
following the illumination of the material with an ultrafast sub-
bandgap, infrared (IR) excitation pulse. A transient decrease of
conductivity upon this IR excitation in both photo- and
chemically doped materials is reported and associated with
intraband photoexcitation of free charge carriers and their
subsequent interaction with the THz probe. Such non-
equilibrium charge carriers subsequently relax toward the
edges of their respective bands, with time scales of hundreds of
femtoseconds depending strongly on the excess energy
provided by the IR “push” pulse. For the relatively low
densities of generated nonequilibrium charge carriers, we find
hot-phonon bottleneck effects to be absent, with intraband
energy loss deriving mostly from scattering with already
present cold electrons and holes, which competes with carrier−
phonon scattering. Finally, we investigate the origin of negative
THz photoconductivity in a literature context,42−47 finding
that stimulated THz emission from pushed charge carriers is
most likely to be responsible for the observed negative
photoconductivity response to intraband excitation.

■ RESULTS AND DISCUSSION
We start our investigation with a determination of the doping
level present in thin films of tin-iodide perovskite using
terahertz time-domain spectroscopy (THz-TDS), for which
single-cycle THz radiation acts as a noncontact probe of
sample conductivity.48 The transmission of this radiation
through a thin film sample is measured using an optical gating
method and, by comparison with the transmission through a
bare substrate, the frequency-dependent conductivity of the
thin film is calculated,49,50 as explained in detail in Section IV
A of the Supporting Information.
Figure 1 shows the calculated conductivity spectra in the

dark (no photoexcitation) of FA0.83Cs0.17SnI3 thin films for the
two cases of either no (blue filled circles) or 20% (red filled
circles) of tin fluoride having been added to the precursor
solution during deposition (see Section II in the Supporting
Information for film processing details). As seen in the figure,
the addition of the SnF2 significantly reduces the dark
conductivity of tin iodide perovskite films by suppressing the
presence of tin vacancies and the concomitant hole self-doping
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of the material.15,19,20 We note that when 20% SnF2 has been
added, the remnant conductivity spectrum mostly reflects
contributions from broad optical tin-iodide phonon modes, as
discussed previously.19 The inset of this figure shows that the
high conductivity of the FA0.83Cs0.17SnI3 thin film with no tin-
fluoride added leads to a reduction of the electric field strength
of the transmitted THz probe, here shown in the time-domain.
Upon addition of tin fluoride to the perovskite during
deposition, a similar transmission to that of the bare quartz
substrate is recovered, indicating negligible conductivity of the
thin film. Using an analysis of THz transmission through these
thin films,19,51 we determine a background doping density of 5
× 1019cm−3 for the FA0.83Cs0.17SnI3 film without tin-fluoride
additive. Existing studies evaluating tin vacancy suppression
methods in tin-halide perovskites have found that the minimal
doping levels achievable through tin-fluoride addition in these
materials are >1017cm−3.8,18,20,52 In our case, in the
FA0.83Cs0.17SnI3 thin film fabricated with 20% SnF2 addition,
the doping concentration falls below the level detectable within
our measurement accuracy (∼2 × 1018cm−3);19 therefore, the
two samples (with 0% SnF2 and 20% SnF2 added) represent
two convenient scenarios of the highest and lowest hole doping
densities attainable in tin-halide perovskites. We note,
however, that even in the perovskite film to which 20% SnF2
had been added during fabrication, the doping level is high
when compared with the density of photoexcited charge
carriers typically present under solar illumination (∼1016
cm−3).4

We further proceed by probing the dynamics of the transient
photoinduced conductivity for FA0.83Cs0.17SnI3 in the presence
of high and low hole doping levels. We note that an extension
of the above-mentioned THz TDS technique, Optical-Pump−
THz-Probe (OPTP) spectroscopy, has been widely used in
recent years to investigate charge-carrier dynamics over
picosecond-to-nanosecond time scales in perovskite semi-
conductors.53−58 In this type of experiment, a semiconducting

perovskite is photoexcited with an ultrafast (tens of fs) optical
laser pulse with above-bandgap photon energy, and its
photoinduced conductivity subsequently probed with a THz
pulse. By using optical delay stages, this method allows
mapping of the photoconductivity transient with subpico-
second time resolution, revealing charge-carrier recombination
dynamics and mobility.4 Here, we report a novel approach that
extends this technique by adding an additional ultrafast
infrared pulse, a so-called “push”, which induces low-energy
optical transitions in an already photoexcited material.37,39,40 A
schematic diagram of this experiment is shown in Figure 2A, in
which a thin film deposited on a quartz substrate is first
photoexcited by an optical pump pulse (red), subsequently
illuminated with an IR push pulse (black), and finally probed
with THz radiation (blue). The timings between the pump and
push pulse arrival (t1) and push and probe arrival (t2) are
controlled with optical delay stages. Crucially, such Optical-
Pump−IR-Push−THz-Probe (PPP) experiments allow us to
probe intraband transitions, such as those leading to charge
carriers being “pushed” higher within their band, and their
subsequent relaxation back toward the band edge.
Figure 2B demonstrates the effect of such push pulses on the

transient photoconductivity of an FA0.83Cs0.17SnI3 thin film for
which self-doping had been suppressed by addition of 20%
SnF2 during the fabrication process.19 Here, the sample is
photoexcited with a 800 nm wavelength laser pulse (arriving at
a nominal delay of −5 ps) which results in generation of free
charge carriers and an associated sharp rise in photo-
conductivity. The transients were measured for different
excitation fluences varying between 16 μJ/cm2 (red line) and
111 μJ/cm2 (blue line), with increased initial free charge-
carrier generation leading to an expected increase in photo-
induced conductivity. An IR push pulse of 1450 nm
wavelength arrives 5 ps later, at nominal time = 0, and causes
a distinct feature, a short drop of conductivity, denoted Δσ in
the figure. We find that this negative photoconductivity
recovers to the original value (before the IR pulse arrival) on
subpicosecond time scales. As detailed further below, we
suggest that this transient negative conductivity results from
THz stimulated emission, generated when free electrons are
excited higher into the conduction band by the IR push pulse
(or in the case of holes, lower into the valence band), after
which they interact with the THz radiation, emitting photons
of energy matching those of the THz probe. These “pushed”
hot carriers subsequently relax toward the edge of the band,
reflected by the time scale of the decay of the transient THz
conductivity change. The recovery of the original photo-
conductivity value also demonstrates that such nonequilibrium
charge carriers are retained as free carriers in the conduction
band, suggesting an absence of hot-carrier trapping mecha-
nisms that has previously been observed through transient
absorption spectroscopy in MAPbBr3 and MAPbI3 nanocryst-
als.39 We therefore demonstrate that bulk tin iodide perovskite
appears to be less susceptible to such detrimental effects,
possibly as it offers lower surface-to-volume ratio than
nanocrystalline materials. Furthermore, we find that the
attribution of the push-induced conductivity drop Δσ to
intraband optical excitations of free charge carriers is supported
by its magnitude being directly proportional to the density of
photoexcited charge-carrier pairs n, as shown in Figure 2C. We
note that a very small rise of conductivity after the push arrival
can be seen even if no pump pulse had arrived prior to the
push (black curve in Figure 2B). As detailed in Section V of

Figure 1. The effect of tin-fluoride addition to FA0.83Cs0.17SnI3
perovskite on the THz dark conductivity spectrum of thin films.
Filled blue and red circles show the real part of the THz conductivity
in the absence of photoexcitation, for FA0.83Cs0.17SnI3 films fabricated
when either no or 20% SnF2 had been added to the precursor
solution, respectively. The inset displays the corresponding time-
domain electric field strength T of the transmitted THz probe through
the thin films (blue and red lines) and through a bare z-cut quartz
substrate (black line).
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the Supporting Information, the quadratic dependence of this
signal on push fluence suggests an origin in two-photon
excitation across the bandgap. This two-photon absorption
obscures the dynamics of the photoconductivity transient upon

IR pulse arrival. In order to fully account for this effect and to
extract the lifetime of the decreased conductivity, a full
investigation of the dependence of the two-photon absorption
on the push-fluence as well as the initial pump-fluence would
need to be performed. Fortunately, as shown in Figure S3 of
the Supporting Information and as also visible in Figures 3 and

S4, no such two-photon absorption is evident in the highly
doped FA0.83Cs0.17SnI3 thin film (no tin fluoride added). This
lack of increased conductivity after the IR pulse arrival could
be caused by the lower charge-carrier mobility for the highly
doped perovskite compared with that of the thin film made
with tin-fluoride additive, as well as a blue-shifted absorption
spectrum of the doped film resulting from Burstein−Moss
effects.19 A lower charge-carrier mobility implies a lower
conductivity for the same amount of two-photon excitation,
and a blue-shifted absorption spectrum may result in reduced
IR absorption. We therefore carefully assess the hot-carrier
cooling dynamics based on the measurements performed on
the highly doped tin-based perovskite (no tin-fluoride
additive) as detailed below.
We note that in our pump-push-probe scheme, an ultrafast

photoexcitation pulse was used, with photon energy just above
the measured bandgap of these materials.19 Because of the
sufficiently slow charge-carrier recombination dynamics
observed in FA0.83Cs0.17SnI3 with 20% SnF2 added,19 the
photoinduced conductivity of the material is almost constant
over time scales of the order of a few picoseconds, as evident
from Figure 2B. We note that pulsed excitation (“pump”) has
benefits in terms of allowing an extraction of charge-carrier
mobilities from OPTP; however, an interesting extension of

Figure 2. Optical-Pump−IR-Push−THz-Probe (PPP) experiments
on a FA0.83Cs0.17SnI3 thin film with low hole doping (20% SnF2). (A)
schematic diagram of the PPP experiment featuring a thin-film sample
deposited on a transparent substrate, photoexcited with an ultrafast
laser pulse of above-bandgap photon energy (the “pump”) and
subsequently illuminated by an infrared pulse (the “push”) and THz
radiation (the “probe”) in order to determine its time-dependent
conductivity. (B) Time-dependent photoconductivity transients
measured in such an experiment for a FA0.83Cs0.17SnI3 thin film,
fabricated with an addition of 20% SnF2 to the precursor solution.
The negative value of the relative change in THz field amplitude
transmission (−ΔT/(T + ΔT)) is proportional to the change in
conductivity. The colors of the transients correspond to different
fluences of the initial 800 nm wavelength pump photoexcitation,
which arrives at time = −5 ps. The IR push pulse of 1450 nm
wavelength arrives at time = 0. (C) Dependence of the push-induced
conductivity change on the initially photoexcited charge-carrier
density n. Here, the push-induced decrease in conductivity Δσ is
evaluated as the average photoconductivity change recorded over the
gray-shaded region shown in (B) from which the average photo-
conductivity before the push arrival and the effect of push-pulse
excitation only (pump beam blocked - black solid line) had been
subtracted. The initially generated charge-carrier density n has been
estimated from the fluence of the pump and absorption data,
assuming 100% photon to charge-carrier pair conversion. The error
bars represent measurement uncertainty due to laser power drift over
the time of the experiment.

Figure 3. Push-only (pump beam blocked) photoconductivity
transients for a FA0.83Cs0.17SnI3 thin film with high hole doping (no
tin fluoride additive). Presented transients were induced by sub-
bandgap photoexcitation centered at 1390 nm wavelength with
excitation fluences indicated in the legend. The relative change in
THz field transmission (−ΔT/(T + ΔT)) is proportional to the
change in conductivity of the thin film. The empty hoops represent
the measured photoconductivity data, and the solid lines show fits of a
monoexponential decay convoluted with Gaussian broadening. The
standard deviation of the Gaussian (representing system resolution)
was determined as s = 200 fs, as described in Section VI of the
Supporting Information. The fit to the highest fluence data yields a
decay time of τ = 357 fs ±10 fs for the relaxation process. This decay
lifetime is then fixed for fitting lower fluence transients due to the lack
of decay dynamics dependence on the push fluence demonstrated in
Figure S3A in the Supporting Information.
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the technique could also be offered by an implementation of
alternate excitation, either continuous wave (CW) or pulsed
“pump”, with the former resembling solar illumination even
more closely.
To examine further such IR-push-induced transitions of free

charge carriers within a band, we explore transient conductivity
dynamics for a FA0.83Cs0.17SnI3 thin film produced without tin-
fluoride addition during deposition. Since this film exhibits a
very high conductivity owing to background hole doping
(Figure 1), the valence band is already partially filled with
holes, obviating the need for initial photoexcitation. We
therefore acquired photoconductivity transients with the pump
beam blocked, measuring solely the effect of an IR push pulse
on the conductivity of the sample (push-probe only). Figure 3
shows that a negative push-induced photoconductivity is
observed, whose recovery dynamics are highly similar to those
following the push-induced change in pump-induced con-
ductivity of the FA0.83Cs0.17SnI3 film with low doping density
discussed above. Through variation of the fluence of the IR
push pulse between 13 and 118 μJ/cm2, we find the magnitude
of the negative photoconductivity to be proportional to the
intensity of the IR push pulse, as demonstrated in Section V of
the Supporting Information, again indicating a single-photon
intraband excitation. Therefore, regardless of the way in which
free carriers are generated, whether through photoexcitation or
chemical doping, an IR push induces intraband transitions of
these charge carriers, leading to a temporal population of
nonequilibrium carriers further from the band edge.
We further analyze these transients in order to determine the

mechanism of the subsequent relaxation process following the
IR-push pulse excitation. We convolute a monoexponential
decay function with Gaussian broadening, reflecting the
temporal resolution of the system, to fit to the photo-
conductivity transients (as detailed in Section VI of the
Supporting Information). The solid lines in Figure 3 show
resulting fits to the data, from which we determine the
relaxation time of the pushed holes to be 357 fs ±10 fs for an
IR push of the highest fluence (118 μJ/cm2) and 1390 nm
wavelength (corresponding to 0.89 eV above-gap excess
energy). We further find the hot-carrier relaxation dynamics
to be push-fluence-independent, as shown in Figure S3A in
Section V of the Supporting Information, and fit the lower-
fluence data in Figure 3 with our decay model, fixing the
relaxation time to that achieved for the highest-fluence
transient. The lack of fluence dependence of hot-carrier
relaxation dynamics suggests that, unlike in previous studies,34

thermalization processes are not dominated by scattering
occurring within the freshly generated nonequilibrium hot-
carrier distribution. Importantly, such push-fluence independ-
ent relaxation times also prove an absence of hot-phonon
bottleneck effects, most likely because we employed much
lower IR-push fluences here than used in previous inves-
tigations of lead-halide perovskites.37 We therefore conclude
that the energy loss of holes pushed into nonequilibrium is
most likely dominated by scattering with the large, thermalized
population of holes near the top of the valence band. Any
potential contributions from phonon-assisted processes to this
thermalization are either negligible or unimpeded by the
buildup of a hot-phonon distribution due to relatively low
densities of hot carriers, below the hot-phonon bottleneck
threshold. Moreover, the dependence of the push-induced
signal on the wavelength of the push (discussed further below)
suggests that the hot-carrier energy loss predominantly derives

from scattering with other charge carriers, rather than
phonons, given that the latter would result in a slowing of
the cooling dynamics with higher excess energy of the hot
carriers, while the opposite is actually observed.34,35 We note
that the energy loss time we report for this regime is slower
than thermalization times for lead halide perovskites under
high photoexcitation densities34 but orders of magnitude faster
than the cooling of a hot charge-carrier gas reported for tin
triiodide perovskites following nonresonant excitation.28−30

Therefore, a realistic assessment of the usefulness of such
materials in hot-carrier extracting solar cells needs to be
performed in terms of the time scales required for interaction
of charge carriers with an already present background density
of cooled charge carriers encountered in a tin-halide perovskite
solar cell, owing to background hole doping that arises from tin
vacancy formation.
To further elucidate the mechanisms by which non-

equilibrium charge carriers relax in the presence of a cooled,
already thermalized charge-carrier gas, we investigated how the
relaxation dynamics depend on the excess energy provided by
the IR push pulse. For this purpose, we monitored the
transient push-induced photoconductivity in a highly doped
FA0.83Cs0.17SnI3 thin film (no tin fluoride added), while varying
the infrared push pulse wavelength using an optical parametric
amplifier. Time-dependent photoconductivity transients of
these push-probe experiments (analogous to traces shown in
Figure 3) are shown in Figure 4A for selected push
wavelengths between 1400 and 2000 nm. The full set of
decay traces for wavelengths spanning 1200 to 2000 nm is
shown in Figure S4 in the Supporting Information. We note
that for longer excitation wavelength (lower excess energy),
pushed holes relax more slowly toward the top of the valence
band compared to the case of excitation with shorter
wavelengths (higher excess energy). Figure 4B illustrates the
dependence of the relaxation time on the push wavelength,
obtained by fitting a convolution of a monoexponential decay
with Gaussian broadening to the photoconductivity traces
shown here and in Figure S4 in Supporting Information. These
fits demonstrate that the lifetime of the hot carriers indeed
increases with increased push wavelength (i.e., the relaxation
rate increases with increasing excess energy above the band
edge, as shown in the inset). This finding is qualitatively
consistent with the early thermalization dynamics reported by
Richter et al.34 for nonequilibrium carriers in lead halide
perovskites, who found that higher excess energy increased the
average velocity or charge carriers and therefore the carrier−
carrier scattering rates. In our case, this higher excess energy
imparted upon pushed charge-carriers will therefore lead to
faster energy exchange between hot carriers and already
thermalized holes at the band edge. The converse effect would
be expected to occur if the energy loss of hot carriers were to
be dominated by hot-carrier−phonon scattering, which results
in slower cooling dynamics being observed for higher excess
energies in lead-halide perovskites.35 We therefore conclude
that for relatively low hot-carrier densities (below the hot-
phonon bottleneck threshold), generated in the presence of a
large thermalized gas of already cooled charge carriers, a
dominant route for dissipation of the excess energy is through
scattering of hot charge carriers with the background of cold
charge carriers that are already thermalized to the lattice
temperature, causing a negligible rise of the carrier gas
temperature.
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Finally, we investigate the origin of the negative THz
photoconductivity after sub-bandgap excitation, by examining
its frequency dependence across the THz spectral range. A
decreased conductivity of a thin film could originate from a
decreased density of free charge carriers or a decreased
mobility of the existing carriers. Since the THz probe
techniques rely on the interaction of the probe photons in
the THz frequency range, spectral changes to that interaction
(e.g., the emergence of resonant species, or a change of charge-
carrier scattering time) also have to be investigated. Finally, as
the conductivity is inversely related to the transmission of THz
radiation, any mechanisms that enhance the THz radiation
(e.g., stimulated THz emission) also have to be considered. To
disentangle such effects and determine the mechanism for the
observed apparent reduction in THz conductivity upon the

arrival of the IR push pulse, we therefore analyze changes in
the spectral dependence of the THz photoconductivity (see
also further detailed discussion in Section VII of the
Supporting Information). Figure 5A shows that the real
(solid circles) and imaginary (empty hoops) parts of the THz
photoconductivity spectrum of the highly hole-doped
FA0.83Cs0.17SnI3 thin film vary with frequency. We find that
the spectral shape of the complex push-induced conductivity
change Δσ can be described by a negative Lorentz resonance
function, given by

Figure 4.Wavelength dependence of push-induced photoconductivity
in a FA0.83Cs0.17SnI3 thin film with high hole doping. (A) Push-
induced conductivity transients for a highly doped (no SnF2 additive)
FA0.83Cs0.17SnI3 thin film, resulting from sub-bandgap IR push pulses
of different wavelengths, indicated by the color-coded labels. The data
(empty hoops) were scaled to −1 at the peak of the negative response
and offset temporarily to time = 0. The darker solid lines represent fits
of a monoexponential decay function convoluted with a Gaussian
instrument response, used to determine the decay time associated
with rethermalization and the strength of the signal. (B) Dependence
of charge-carrier relaxation times on push wavelength extracted from
fits shown in A and in Figure S4 in the Supporting Information. The
error bars represent the 95% confidence intervals of the lifetimes,
obtained as the optimal fit parameters. The inset shows the equivalent
data, presented instead as charge-carrier scattering rate plotted against
photon energy of the push pulse, representing the excess energy
imparted on carriers upon the push.

Figure 5. Complex THz photoconductivity spectra for
FA0.83Cs0.17SnI3 thin films. (A) Complex push-induced THz
conductivity spectrum for highly doped (no SnF2 additive)
FA0.83Cs0.17SnI3 generated through an IR push pulse only, using a
push fluence of 142 μJ/cm2. The real part of the push-induced
conductivity spectrum is shown by filled circles and the imaginary part
by empty hoops. The solid lines represent a negative Lorentzian line
shape fit to the measured photoconductivity, which yields a resonant
frequency of f 0 = 1.59 THz and spectral broadening of Γ/2π = 3.69
THz, as defined in eq 1. The push-induced conductivity spectrum was
measured about 0.1 ps after push pulse arrival. (B) Changes in the
pump-induced THz photoconductivity spectra, resulting from the
presence of an IR push pulse, for electrically undoped (20% SnF2)
FA0.83Cs0.17SnI3 photoexcited with a ∼ 40 μJ/cm2 pump pulse at 800
nm wavelength. The real part of the photoconductivity is shown by
the solid line and the imaginary part by the dotted line. The push-
induced difference in the pump- induced photoconductivity, Δσ, is
shown in the inset, and calculated from the difference between the
Push-ON spectrum (dark red) and Push-OFF spectrum (light red).
Filled black circles represent the real part of the push-induced
photoconductivity change and empty hoops show its imaginary part.
We note that the conductivity transients shown in Figures 2B and 3
represent spectral averages of THz conductivity over the probe’s
bandwidth.51
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with the resonant frequency of f 0 = ω0/2π = 1.59 THz and
broadening parameter Γ/2π = 3.69 THz, as shown in solid
black lines in the Figure 5A. We note that a similar negative
THz photoconductivity with Lorentzian spectral line shape has
been previously associated with stimulated THz emission
occurring during photoexcited charge-carrier relaxation in
graphene.44 Such stimulated THz emission causes an apparent
increase of THz transmission which is interpreted as a
reduction of conductivity, therefore providing a reasonable
explanation for our observations. We therefore conclude that
the negative THz conductivity we observe here results from
the excitation of free electrons (holes) to energetically higher
(lower) states within the conduction (valence) band, following
which they interact with the THz probe, releasing stimulated
THz emission upon their return to the edge of the band. We
note that such stimulated emission processes do not by
themselves influence the charge-carrier dynamics provided the
probe is sufficiently weak (which we ascertained), similar to
the case of the commonly used transient absorption spectros-
copy technique based on IR probe pulses.37 We further note
that although negative THz photoconductivity with similar
spectral features can be in principle replicated within the
Drude model in association with an increasing effective mass
high in a nonharmonic band,43 we find this explanation
quantitatively incompatible with the very short charge-carrier
scattering rates present in perovskite semiconductors, as
explained in detail in Section VII of the Supporting
Information. Other interpretations of negative photoconduc-
tivity present in the literature are specific to low-dimensional
materials and rely on e.g. a linear dispersion relation of
photoexcited charge carriers in graphene near the Dirac
point,45−47 which does not apply in our case. We therefore
conclude that the change of photoconductivity observed upon
push−pulse arrival is neither related to a change in the free-
carrier density (previously proposed to result from hot-carrier
trapping39), nor to changes in the mobility of charge carriers.43

These mechanisms would cause a significant change in the DC
(0 THz) conductivity that is absent in the data shown in
Figure 5. Instead, the interaction of hot carriers with the THz
pulse results in stimulated emission of THz photons, increasing
the apparent transmission of the probe and leading to a
reduction of the apparent THz conductivity, as calculated
directly from the transmission intensity of the probe.
In order to verify whether the same mechanism of THz

stimulated emission is responsible for the photoconductivity
reduction observed in the PPP transients shown in Figure 2B,
we measured the photoconductivity spectrum of
FA0.83Cs0.17SnI3 with a low level of hole doping (20% SnF2
added during film fabrication). To allow determination of just
the push-induced spectral component, we measured the
complex photoconductivity spectrum shortly after the push
arrival with the IR push beam either incident on the sample
(“Push-ON” shown in dark red in Figure 5B) or blocked
(“Push-OFF” shown in light red). We note that the resulting
THz spectra with and without the push present both have
features expected from a Drude conductivity model with
charge-carrier scattering rate much faster than the frequency of
the probing radiation, that is, they exhibit a spectrally flat and
positive real part (solid lines) and comparably small imaginary
contribution (dotted lines).48 This behavior has previously

been observed for tin triiodide perovskite thin films for which a
charge-carrier scattering time can be estimated to be
approximately 1.7 fs.18 To determine the conductivity change
induced solely by the arrival of the push, we then subtracted
the “Push-OFF” photoconductivity spectrum from the “Push-
ON” spectrum. This difference, denoted by Δσ, is shown in
the inset of Figure 5B and demonstrates the same spectral
shape as the push-induced photoconductivity of highly doped
(no SnF2) FA0.83Cs0.17SnI3, shown in Figure 5A. The similarity
of the push-induced spectral changes in THz conductivity
between these two experiments (i.e., push-probe for the highly
doped film and pump-push-probe for the less doped
semiconductor) strongly indicates that a common mechanism
is responsible for the decreased conductivity. Therefore,
regardless of whether free charge carriers are present through
pulsed photoexcitation or whether they are introduced
permanently by hole-doping through tin vacancy formation,
a push-pulse of sub-bandgap photon energy creates a
population of hot charge carriers in thermal nonequilibrium
that returns to the band edge accompanied by stimulated THz
emission.
In conclusion, we have observed an ultrafast transient

reduction in THz conductivity in photoexcited tin-iodide
perovskites upon illumination with an infrared push pulse,
exploiting a novel Optical-Pump−Infrared-Push−THz-Probe
spectroscopic technique. We verify that the same negative
photoconductivity dynamics occur in heavily hole-doped tin-
iodide perovskite, even in the absence of initial photoexcitation
across the band gap, which indicates that they are caused by
intraband optical transitions of charge carriers. We further
confirm the presence of such intraband, single-photon
transitions by investigating the dependence of the conductivity
reduction amplitude on the initial free charge-carrier density
and push-pulse fluence. We also demonstrate that the spectral
shape of the push-induced THz conductivity change is
independent of whether the initial free carrier population
derives from photoexcitation or chemical doping, confirming a
common origin of the transient in intraband transitions of free
carriers upon a push. Moreover, the observed Lorentzian line
shape and negative value of the push-induced conductivity
change suggest the origin of the signal in stimulated THz
emission, which enhances the transmitted THz probe as it
interacts with pushed charge carriers. We note that previous
discussions of negative photoconductivity have focused
exclusively on low-dimensional materials such as gra-
phene44−47 and doped nanowires.43 Therefore, we hope that
our discovery of negative photoconductivity in a 3D bulk
semiconductor such as tin-iodide perovskite will trigger further
discussion about origins of photoinduced conductivity
reductions in semiconductors.
Overall, we have demonstrated that the Optical-Pump−IR-

Push−THz-Probe technique is a facile and powerful approach
toward investigating the relaxation of nonequilibrium charge
carriers in perovskite semiconductors in the presence of a cold
background charge-carrier density, approximating scenarios
found under continuous illumination of sunlight. We find that,
in this regime, nonequilibrium charge carriers in tin-iodide
perovskites relax to the band edges on subpicosecond time
scales. We reveal that such shorter relaxation dynamics are
caused by effective scattering of newly generated non-
equilibrium charge carriers with an already present density of
cooled, thermalized background charge-carriers, as well as lack
of a hot phonon bottleneck effect at the low nonequilibrium
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carrier densities used in our study. While such thermalized,
cooled charge-carriers have rarely been present in studies
investigating charge-carrier cooling dynamics after nonreso-
nant photoexcitation, they will dominate under continuous
illumination conditions encountered in solar irradiation
scenarios, especially in highly doped semiconductors. The
propensity of tin iodide perovskites toward self-doping arising
from facile tin vacancy formation therefore lowers their
prospects as candidate materials for hot-carrier solar cells.
Overall, we propose that our THz pump−push−probe
technique may form an important complementary approach
to other pump−push−probe and pump−probe schemes (such
as infrared probe and transient absorption measure-
ments)37,39,40 used to investigate the relaxation dynamics of
nonequilibrium charge carriers. Such approaches will facilitate
temporal mapping of the charge-carrier energy exchange and
loss dynamics for various background density and excess
energy scenarios, which is urgently required for a realistic
assessment of the required architecture and the best material
contenders for hot-carrier photovoltaic devices.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00763.

Experimental details and sample fabrication method,
details of absorption spectrum measurements, photo-
conductivity spectra analysis, fluence and push-wave-
length dependence of transient conductivity (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Laura M. Herz − Department of Physics, University of Oxford,
Clarendon Laboratory, Oxford OX1 3PU, U.K.;
orcid.org/0000-0001-9621-334X; Email: laura.herz@

physics.ox.ac.uk

Authors
Aleksander M. Ulatowski − Department of Physics, University
of Oxford, Clarendon Laboratory, Oxford OX1 3PU, U.K.

Michael D. Farrar − Department of Physics, University of
Oxford, Clarendon Laboratory, Oxford OX1 3PU, U.K.

Henry J. Snaith − Department of Physics, University of
Oxford, Clarendon Laboratory, Oxford OX1 3PU, U.K.;
orcid.org/0000-0001-8511-790X

Michael B. Johnston − Department of Physics, University of
Oxford, Clarendon Laboratory, Oxford OX1 3PU, U.K.;
orcid.org/0000-0002-0301-8033

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.1c00763

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors acknowledge the Engineering and Physical
Sciences Research Council (EPSRC) for financial support.
A.M.U. and M.D.F. thank the EPSRC Centre for Doctoral
Training in Plastic Electronics for financial support. L.M.H.
thanks TUM-IAS for a Hans Fischer Senior Fellowship.

■ REFERENCES
(1) de Wolf, S.; Holovsky, J.; Moon, S.-J.; Löper, P.; Niesen, B.;
Ledinsky, M.; Haug, F.-J.; Yum, J.-H.; Ballif, C. Organometallic halide
perovskites: sharp optical absorption edge and its relation to
photovoltaic performance. J. Phys. Chem. Lett. 2014, 5, 1035−1039.
(2) Stranks, S. D.; Eperon, G. E.; Grancini, G.; Menelaou, C.;
Alcocer, M. J.; Leijtens, T.; Herz, L. M.; Petrozza, A.; Snaith, H. J.
Electron-hole diffusion lengths exceeding 1 micrometer in an
organometal trihalide perovskite absorber. Science 2013, 342, 341−
344.
(3) Xing, G.; Mathews, N.; Sun, S.; Lim, S. S.; Lam, Y. M.; Grätzel,
M.; Mhaisalkar, S.; Sum, T. C. Long-range balanced electron-and
hole-transport lengths in organic-inorganic CH3NH3PbI3. Science
2013, 342, 344−347.
(4) Johnston, M. B.; Herz, L. M. Hybrid perovskites for
photovoltaics: charge-carrier recombination, diffusion, and radiative
efficiencies. Acc. Chem. Res. 2016, 49, 146−154.
(5) D’innocenzo, V.; Grancini, G.; Alcocer, M. J.; Kandada, A. R. S.;
Stranks, S. D.; Lee, M. M.; Lanzani, G.; Snaith, H. J.; Petrozza, A.
Excitons versus free charges in organo-lead tri-halide perovskites. Nat.
Commun. 2014, 5, 3586.
(6) Galkowski, K.; Mitioglu, A.; Miyata, A.; Plochocka, P.; Portugall,
O.; Eperon, G. E.; Wang, J. T.-W.; Stergiopoulos, T.; Stranks, S. D.;
Snaith, H. J.; et al. Determination of the exciton binding energy and
effective masses for methylammonium and formamidinium lead tri-
halide perovskite semiconductors. Energy Environ. Sci. 2016, 9, 962−
970.
(7) Miyata, A.; Mitioglu, A.; Plochocka, P.; Portugall, O.; Wang, J.
T.-W.; Stranks, S. D.; Snaith, H. J.; Nicholas, R. J. Direct
measurement of the exciton binding energy and effective masses for
charge carriers in organic-inorganic tri-halide perovskites. Nat. Phys.
2015, 11, 582.
(8) Noel, N. K.; Stranks, S. D.; Abate, A.; Wehrenfennig, C.;
Guarnera, S.; Haghighirad, A.-A.; Sadhanala, A.; Eperon, G. E.;
Pathak, S. K.; Johnston, M. B.; et al. Lead-free organic-inorganic tin
halide perovskites for photovoltaic applications. Energy Environ. Sci.
2014, 7, 3061−3068.
(9) Hao, F.; Stoumpos, C. C.; Cao, D. H.; Chang, R. P.; Kanatzidis,
M. G. Lead-free solid-state organic-inorganic halide perovskite solar
cells. Nat. Photonics 2014, 8, 489−494.
(10) Stoumpos, C. C.; Malliakas, C. D.; Kanatzidis, M. G.
Semiconducting tin and lead iodide perovskites with organic cations:
phase transitions, high mobilities, and near-infrared photoluminescent
properties. Inorg. Chem. 2013, 52, 9019−9038.
(11) Zhao, B.; Abdi-Jalebi, M.; Tabachnyk, M.; Glass, H.; Kamboj,
V. S.; Nie, W.; Pearson, A. J.; Puttisong, Y.; Gödel, K. C.; Beere, H. E.;
et al. High Open-Circuit Voltages in Tin-Rich Low-Bandgap
Perovskite-Based Planar Heterojunction Photovoltaics. Adv. Mater.
2017, 29, 1604744.
(12) Meggiolaro, D.; Ricciarelli, D.; Alasmari, A. A.; Alasmary, F. A.;
de Angelis, F. Tin versus lead redox chemistry modulates charge
trapping and self-doping in tin/lead iodide perovskites. J. Phys. Chem.
Lett. 2020, 11, 3546−3556.
(13) Rajendra Kumar, G.; Kim, H.-J.; Karupannan, S.; Prabakar, K.
Interplay between iodide and tin vacancies in CsSnI3 perovskite solar
cells. J. Phys. Chem. C 2017, 121, 16447−16453.
(14) Shi, T.; Zhang, H.-S.; Meng, W.; Teng, Q.; Liu, M.; Yang, X.;
Yan, Y.; Yip, H.-L.; Zhao, Y.-J. Effects of organic cations on the defect
physics of tin halide perovskites. J. Mater. Chem. A 2017, 5, 15124−
15129.
(15) Lee, S. J.; Shin, S. S.; Kim, Y. C.; Kim, D.; Ahn, T. K.; Noh, J.
H.; Seo, J.; Seok, S. I. Fabrication of efficient formamidinium tin
iodide perovskite solar cells through SnF2-pyrazine complex. J. Am.
Chem. Soc. 2016, 138, 3974−3977.
(16) Takahashi, Y.; Hasegawa, H.; Takahashi, Y.; Inabe, T. Hall
mobility in tin iodide perovskite CH3NH3SnI3: evidence for a doped
semiconductor. J. Solid State Chem. 2013, 205, 39−43.
(17) Leijtens, T.; Prasanna, R.; Gold-Parker, A.; Toney, M. F.;
McGehee, M. D. Mechanism of tin oxidation and stabilization by lead

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.1c00763
ACS Photonics 2021, 8, 2509−2518

2516

https://pubs.acs.org/doi/10.1021/acsphotonics.1c00763?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c00763/suppl_file/ph1c00763_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+M.+Herz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9621-334X
https://orcid.org/0000-0001-9621-334X
mailto:laura.herz@physics.ox.ac.uk
mailto:laura.herz@physics.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksander+M.+Ulatowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+D.+Farrar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henry+J.+Snaith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8511-790X
https://orcid.org/0000-0001-8511-790X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+B.+Johnston"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0301-8033
https://orcid.org/0000-0002-0301-8033
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00763?ref=pdf
https://doi.org/10.1021/jz500279b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500279b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500279b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1243982
https://doi.org/10.1126/science.1243982
https://doi.org/10.1126/science.1243167
https://doi.org/10.1126/science.1243167
https://doi.org/10.1021/acs.accounts.5b00411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms4586
https://doi.org/10.1039/C5EE03435C
https://doi.org/10.1039/C5EE03435C
https://doi.org/10.1039/C5EE03435C
https://doi.org/10.1038/nphys3357
https://doi.org/10.1038/nphys3357
https://doi.org/10.1038/nphys3357
https://doi.org/10.1039/C4EE01076K
https://doi.org/10.1039/C4EE01076K
https://doi.org/10.1038/nphoton.2014.82
https://doi.org/10.1038/nphoton.2014.82
https://doi.org/10.1021/ic401215x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic401215x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic401215x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201604744
https://doi.org/10.1002/adma.201604744
https://doi.org/10.1021/acs.jpclett.0c00725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b06278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b06278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7TA02662E
https://doi.org/10.1039/C7TA02662E
https://doi.org/10.1021/jacs.6b00142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b00142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jssc.2013.07.008
https://doi.org/10.1016/j.jssc.2013.07.008
https://doi.org/10.1016/j.jssc.2013.07.008
https://doi.org/10.1021/acsenergylett.7b00636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


substitution in tin halide perovskites. ACS Energy Lett. 2017, 2, 2159−
2165.
(18) Milot, R. L.; Klug, M. T.; Davies, C. L.; Wang, Z.; Kraus, H.;
Snaith, H. J.; Johnston, M. B.; Herz, L. M. The effects of doping
density and temperature on the optoelectronic properties of
formamidinium tin triiodide thin films. Adv. Mater. 2018, 30,
1804506.
(19) Savill, K. J.; Ulatowski, A. M.; Farrar, M. D.; Johnston, M. B.;
Snaith, H. J.; Herz, L. M. Impact of Tin Fluoride Additive on the
Properties of Mixed Tin-Lead Iodide Perovskite Semiconductors. Adv.
Funct. Mater. 2020, 30, 2005594.
(20) Kumar, M. H.; Dharani, S.; Leong, W. L.; Boix, P. P.;
Prabhakar, R. R.; Baikie, T.; Shi, C.; Ding, H.; Ramesh, R.; Asta, M.;
et al. Lead-free halide perovskite solar cells with high photocurrents
realized through vacancy modulation. Adv. Mater. 2014, 26, 7122−
7127.
(21) Xu, X.; Chueh, C.-C.; Yang, Z.; Rajagopal, A.; Xu, J.; Jo, S. B.;
Jen, A. K.-Y. Ascorbic acid as an effective antioxidant additive to
enhance the efficiency and stability of Pb/ Sn-based binary perovskite
solar cells. Nano Energy 2017, 34, 392−398.
(22) Tong, J.; Song, Z.; Kim, D. H.; Chen, X.; Chen, C.; Palmstrom,
A. F.; Ndione, P. F.; Reese, M. O.; Dunfield, S. P.; Reid, O. G.; et al.
Carrier lifetimes of > 1μs in Sn−Pb perovskites enable efficient all-
perovskite tandem solar cells. Science 2019, 364, 475−479.
(23) Yang, Z.; Yu, Z.; Wei, H.; Xiao, X.; Ni, Z.; Chen, B.; Deng, Y.;
Habisreutinger, S. N.; Chen, X.; Wang, K.; et al. Enhancing electron
diffusion length in narrow-bandgap perovskites for efficient
monolithic perovskite tandem solar cells. Nat. Commun. 2019, 10,
1−9.
(24) Lin, R.; Xiao, K.; Qin, Z.; Han, Q.; Zhang, C.; Wei, M.;
Saidaminov, M. I.; Gao, Y.; Xu, J.; Xiao, M.; et al. Monolithic all-
perovskite tandem solar cells with 24.8% efficiency exploiting
comproportionation to suppress Sn(II) oxidation in precursor ink.
Nat. Energy 2019, 4, 864−873.
(25) Bowman, A. R.; Klug, M. T.; Doherty, T. A.; Farrar, M. D.;
Senanayak, S. P.; Wenger, B.; Divitini, G.; Booker, E. P.; Andaji-
Garmaroudi, Z.; Macpherson, S.; et al. Microsecond Carrier Lifetimes,
Controlled p-Doping, and Enhanced Air Stability in Low-Bandgap
Metal Halide Perovskites. ACS Energy Lett. 2019, 4, 2301−2307.
(26) Eames, C.; Frost, J. M.; Barnes, P. R.; O’Regan, B. C.; Walsh,
A.; Islam, M. S. Ionic transport in hybrid lead iodide perovskite solar
cells. Nat. Commun. 2015, 6, 1−8.
(27) Knight, A. J.; Herz, L. M. Preventing phase segregation in
mixed-halide perovskites: a perspective. Energy Environ. Sci. 2020, 13,
2024−2046.
(28) Savill, K. J.; Klug, M. T.; Milot, R. L.; Snaith, H. J.; Herz, L. M.
Charge-Carrier Cooling and Polarization Memory Loss in For-
mamidinium Tin Triiodide. J. Phys. Chem. Lett. 2019, 10, 6038−6047.
(29) Fang, H.-H.; Adjokatse, S.; Shao, S.; Even, J.; Loi, M. A. Long-
lived hot-carrier light emission and large blue shift in formamidinium
tin triiodide perovskites. Nat. Commun. 2018, 9, 243.
(30) Kahmann, S.; Shao, S.; Loi, M. A. Cooling, scattering, and
recombination−the role of the material quality for the physics of tin
halide perovskites. Adv. Funct. Mater. 2019, 29, 1902963.
(31) Ross, R. T.; Nozik, A. J. Efficiency of hot-carrier solar energy
converters. J. Appl. Phys. 1982, 53, 3813−3818.
(32) Shockley, W.; Queisser, H. J. Detailed balance limit of efficiency
of p−n junction solar cells. J. Appl. Phys. 1961, 32, 510−519.
(33) Herz, L. M. Charge-carrier dynamics in organic-inorganic metal
halide perovskites. Annu. Rev. Phys. Chem. 2016, 67, 65−89.
(34) Richter, J. M.; Branchi, F.; Valduga de Almeida Camargo, F.;
Zhao, B.; Friend, R. H.; Cerullo, G.; Deschler, F. Ultrafast carrier
thermalization in lead iodide perovskite probed with two-dimensional
electronic spectroscopy. Nat. Commun. 2017, 8, 376.
(35) Yang, Y.; Ostrowski, D. P.; France, R. M.; Zhu, K.; Van De
Lagemaat, J.; Luther, J. M.; Beard, M. C. Observation of a hot-phonon
bottleneck in lead-iodide perovskites. Nat. Photonics 2016, 10, 53−59.
(36) Yang, J.; Wen, X.; Xia, H.; Sheng, R.; Ma, Q.; Kim, J.; Tapping,
P.; Harada, T.; Kee, T. W.; Huang, F.; et al. Acoustic-optical phonon

up-conversion and hot-phonon bottleneck in lead-halide perovskites.
Nat. Commun. 2017, 8, 1−9.
(37) Hopper, T. R.; Gorodetsky, A.; Frost, J. M.; Müller, C.;
Lovrincic, R.; Bakulin, A. A. Ultrafast intraband spectroscopy of hot-
carrier cooling in lead-halide perovskites. ACS Energy Lett. 2018, 3,
2199−2205.
(38) Hopper, T. R.; Jeong, A.; Gorodetsky, A. A.; Krieg, F.;
Bodnarchuk, M. I.; Huang, X.; Lovrincic, R.; Kovalenko, M. V.;
Bakulin, A. A. Kinetic modelling of intraband carrier relaxation in bulk
and nanocrystalline lead-halide perovskites. Phys. Chem. Chem. Phys.
2020, 22, 17605−17611.
(39) Righetto, M.; Lim, S. S.; Giovanni, D.; Lim, J. W. M.; Zhang,
Q.; Ramesh, S.; Tay, Y. K. E.; Sum, T. C. Hot carriers perspective on
the nature of traps in perovskites. Nat. Commun. 2020, 11, 2712.
(40) Lim, S. S.; Giovanni, D.; Zhang, Q.; Solanki, A.; Jamaludin, N.
F.; Lim, J. W. M.; Mathews, N.; Mhaisalkar, S.; Pshenichnikov, M. S.;
Sum, T. C. Hot carrier extraction in CH3NH3PbI3 unveiled by pump-
push-probe spectroscopy. Sci. Adv. 2019, 5, eaax3620.
(41) Savill, K. J.; Ulatowski, A. M.; Herz, L. M. Optoelectronic
Properties of Tin-Lead Halide Perovskites. ACS Energy Lett. 2021, 6,
2413−2426.
(42) Lu, J.; Liu, H.; Sun, J. Negative terahertz photoconductivity in
2D layered materials. Nanotechnology 2017, 28, 464001.
(43) Burdanova, M. G.; Tsapenko, A. P.; Satco, D. A.; Kashtiban, R.;
Mosley, C. D.; Monti, M.; Staniforth, M.; Sloan, J.; Gladush, Y. G.;
Nasibulin, A. G.; et al. Giant negative terahertz photoconductivity in
controllably doped carbon nanotube networks. ACS Photonics 2019,
6, 1058−1066.
(44) Docherty, C. J.; Lin, C.-T.; Joyce, H. J.; Nicholas, R. J.; Herz, L.
M.; Li, L.-J.; Johnston, M. B. Extreme sensitivity of graphene
photoconductivity to environmental gases. Nat. Commun. 2012, 3, 1−
6.
(45) Kar, S.; Mohapatra, D. R.; Freysz, E.; Sood, A. K. Tuning
photoinduced terahertz conductivity in monolayer graphene: Optical-
pump terahertz-probe spectroscopy. Phys. Rev. B: Condens. Matter
Mater. Phys. 2014, 90, 165420.
(46) Jnawali, G.; Rao, Y.; Yan, H.; Heinz, T. F. Observation of a
transient decrease in terahertz conductivity of single-layer graphene
induced by ultrafast optical excitation. Nano Lett. 2013, 13, 524−530.
(47) George, P. A.; Strait, J.; Dawlaty, J.; Shivaraman, S.;
Chandrashekhar, M.; Rana, F.; Spencer, M. G. Ultrafast optical-
pump terahertz-probe spectroscopy of the carrier relaxation and
recombination dynamics in epitaxial graphene. Nano Lett. 2008, 8,
4248−4251.
(48) Lloyd-Hughes, J.; Jeon, T.-I. A review of the terahertz
conductivity of bulk and nano-materials. J. Infrared, Millimeter,
Terahertz Waves 2012, 33, 871−925.
(49) Ulbricht, R.; Hendry, E.; Shan, J.; Heinz, T. F.; Bonn, M.
Carrier dynamics in semiconductors studied with time-resolved
terahertz spectroscopy. Rev. Mod. Phys. 2011, 83, 543.
(50) Duvillaret, L.; Garet, F.; Coutaz, J.-L. A reliable method for
extraction of material parameters in terahertz time-domain spectros-
copy. IEEE J. Sel. Top. Quantum Electron. 1996, 2, 739−746.
(51) Ulatowski, A. M.; Herz, L. M.; Johnston, M. B. Terahertz
Conductivity Analysis for Highly Doped Thin-Film Semiconductors.
J. Infrared, Millimeter, Terahertz Waves 2020, 41, 1431−1449.
(52) Konstantakou, M.; Stergiopoulos, T. A critical review on tin
halide perovskite solar cells. J. Mater. Chem. A 2017, 5, 11518−11549.
(53) Wehrenfennig, C.; Eperon, G. E.; Johnston, M. B.; Snaith, H. J.;
Herz, L. M. High charge carrier mobilities and lifetimes in organolead
trihalide perovskites. Adv. Mater. 2014, 26, 1584−1589.
(54) Wehrenfennig, C.; Liu, M.; Snaith, H. J.; Johnston, M. B.; Herz,
L. M. Charge-carrier dynamics in vapour-deposited films of the
organolead halide perovskite CH3NH3PbI3−xClx. Energy Environ. Sci.
2014, 7, 2269−2275.
(55) Ponseca, C. S., Jr.; Savenije, T. J.; Abdellah, M.; Zheng, K.;
Yartsev, A.; Pascher, T.; Harlang, T.; Chabera, P.; Pullerits, T.;
Stepanov, A.; et al. Organometal halide perovskite solar cell materials
rationalized: ultrafast charge generation, high and microsecond-long

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.1c00763
ACS Photonics 2021, 8, 2509−2518

2517

https://doi.org/10.1021/acsenergylett.7b00636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201804506
https://doi.org/10.1002/adma.201804506
https://doi.org/10.1002/adma.201804506
https://doi.org/10.1002/adfm.202005594
https://doi.org/10.1002/adfm.202005594
https://doi.org/10.1002/adma.201401991
https://doi.org/10.1002/adma.201401991
https://doi.org/10.1016/j.nanoen.2017.02.040
https://doi.org/10.1016/j.nanoen.2017.02.040
https://doi.org/10.1016/j.nanoen.2017.02.040
https://doi.org/10.1126/science.aav7911
https://doi.org/10.1126/science.aav7911
https://doi.org/10.1038/s41467-019-12513-x
https://doi.org/10.1038/s41467-019-12513-x
https://doi.org/10.1038/s41467-019-12513-x
https://doi.org/10.1038/s41560-019-0466-3
https://doi.org/10.1038/s41560-019-0466-3
https://doi.org/10.1038/s41560-019-0466-3
https://doi.org/10.1021/acsenergylett.9b01446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms8497
https://doi.org/10.1038/ncomms8497
https://doi.org/10.1039/D0EE00788A
https://doi.org/10.1039/D0EE00788A
https://doi.org/10.1021/acs.jpclett.9b02353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-02684-w
https://doi.org/10.1038/s41467-017-02684-w
https://doi.org/10.1038/s41467-017-02684-w
https://doi.org/10.1002/adfm.201902963
https://doi.org/10.1002/adfm.201902963
https://doi.org/10.1002/adfm.201902963
https://doi.org/10.1063/1.331124
https://doi.org/10.1063/1.331124
https://doi.org/10.1063/1.1736034
https://doi.org/10.1063/1.1736034
https://doi.org/10.1146/annurev-physchem-040215-112222
https://doi.org/10.1146/annurev-physchem-040215-112222
https://doi.org/10.1038/s41467-017-00546-z
https://doi.org/10.1038/s41467-017-00546-z
https://doi.org/10.1038/s41467-017-00546-z
https://doi.org/10.1038/nphoton.2015.213
https://doi.org/10.1038/nphoton.2015.213
https://doi.org/10.1038/ncomms14120
https://doi.org/10.1038/ncomms14120
https://doi.org/10.1021/acsenergylett.8b01227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP01599G
https://doi.org/10.1039/D0CP01599G
https://doi.org/10.1038/s41467-020-16463-7
https://doi.org/10.1038/s41467-020-16463-7
https://doi.org/10.1126/sciadv.aax3620
https://doi.org/10.1126/sciadv.aax3620
https://doi.org/10.1021/acsenergylett.1c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-6528/aa8c28
https://doi.org/10.1088/1361-6528/aa8c28
https://doi.org/10.1021/acsphotonics.9b00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms2235
https://doi.org/10.1038/ncomms2235
https://doi.org/10.1103/PhysRevB.90.165420
https://doi.org/10.1103/PhysRevB.90.165420
https://doi.org/10.1103/PhysRevB.90.165420
https://doi.org/10.1021/nl303988q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl303988q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl303988q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl8019399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl8019399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl8019399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10762-012-9905-y
https://doi.org/10.1007/s10762-012-9905-y
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1103/RevModPhys.83.543
https://doi.org/10.1109/2944.571775
https://doi.org/10.1109/2944.571775
https://doi.org/10.1109/2944.571775
https://doi.org/10.1007/s10762-020-00739-6
https://doi.org/10.1007/s10762-020-00739-6
https://doi.org/10.1039/C7TA00929A
https://doi.org/10.1039/C7TA00929A
https://doi.org/10.1002/adma.201305172
https://doi.org/10.1002/adma.201305172
https://doi.org/10.1039/C4EE01358A
https://doi.org/10.1039/C4EE01358A
https://doi.org/10.1021/ja412583t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja412583t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


balanced mobilities, and slow recombination. J. Am. Chem. Soc. 2014,
136, 5189−5192.
(56) Rehman, W.; Milot, R. L.; Eperon, G. E.; Wehrenfennig, C.;
Boland, J. L.; Snaith, H. J.; Johnston, M. B.; Herz, L. M. Charge-
carrier dynamics and mobilities in formamidinium lead mixed-halide
perovskites. Adv. Mater. 2015, 27, 7938−7944.
(57) Yettapu, G. R.; Talukdar, D.; Sarkar, S.; Swarnkar, A.; Nag, A.;
Ghosh, P.; Mandal, P. Terahertz conductivity within colloidal
CsPbBr3 perovskite nanocrystals: remarkably high carrier mobilities
and large diffusion lengths. Nano Lett. 2016, 16, 4838−4848.
(58) Herz, L. M. Charge-carrier mobilities in metal halide
perovskites: fundamental mechanisms and limits. ACS Energy Lett.
2017, 2, 1539−1548.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.1c00763
ACS Photonics 2021, 8, 2509−2518

2518

https://doi.org/10.1021/ja412583t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201502969
https://doi.org/10.1002/adma.201502969
https://doi.org/10.1002/adma.201502969
https://doi.org/10.1021/acs.nanolett.6b01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

