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Contrasting Charge-Carrier Dynamics across Key
Metal-Halide Perovskite Compositions through In Situ
Simultaneous Probes

Aleksander M. Ulatowski, Karim A. Elmestekawy, Jay B. Patel, Nakita K. Noel, Siyu Yan,
Hans Kraus, Peter G. Huggard, Michael B. Johnston,* and Laura M. Herz*

Metal-halide perovskites have proven to be a versatile group of
semiconductors for optoelectronic applications, with ease of bandgap tuning
and stability improvements enabled by halide and cation mixing. However,
such compositional variations can be accompanied by significant changes in
their charge-carrier transport and recombination regimes that are still not fully
understood. Here, a novel combinatorial technique is presented to
disentangle such dynamic processes over a wide range of temperatures,
based on transient free-space, high-frequency microwave conductivity and
photoluminescence measurements conducted simultaneously in situ. Such
measurements are used to reveal and contrast the dominant charge-carrier
recombination pathways for a range of key compositions: prototypical
methylammonium lead iodide perovskite (MAPbI3), the stable mixed
formamidinium-caesium lead-halide perovskite FA0.83Cs0.17PbBr0.6I2.4 targeted
for photovoltaic tandems with silicon, and fully inorganic wide-bandgap
CsPbBr3 aimed toward light sources and X-ray detector applications. The
changes in charge-carrier dynamics in FA0.83Cs0.17PbBr0.6I2.4 across
temperatures are shown to be dominated by radiative processes, while those
in MAPbI3 are governed by energetic disorder at low temperatures,
low-bandgap minority-phase inclusions around the phase transition, and
non-radiative processes at room temperature. In contrast, CsPbBr3 exhibits
significant charge-carrier trapping at low and high temperatures, highlighting
the need for improvement of material processing techniques for
wide-bandgap perovskites.
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1. Introduction

The excellent optoelectronic properties of
metal-halide perovskites have attracted in-
tense interest from the scientific com-
munity over the lastdecade.[1] The ease
of fabrication of these materials, through
solution processing and thermal evapo-
ration, has allowed for the exploration
of a large range of chemical composi-
tions. Such stoichiometric variations have
underpinned the discovery of bandgap
tunability through halide and metal ion
substitution[2–5] as well as the optimiza-
tion of material stability, for example,
through cation alloying and additives.[6,7]

Relatively straightforward bandgap engi-
neering makes metal-halide perovskites
highly versatile for optoelectronic devices,
including photovoltaic single- and multi-
junction technology and light-emitting ap-
plications over a wide range of wavelengths.
For photovoltaic applications, in particular,
iodine-rich lead-halide perovskites are ideal
for single-junction solar cells performing
near the Shockley–Queisser limit,[8] while
all-perovskite multi-junction cells require
both low-bandgap bottom layers offered by
mixed tin-lead iodide perovskites
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and wide-bandgap bromide-rich lead-halide perovskites as top
layers.[5,9] Meanwhile, top layers for perovskite-silicon two-
terminal tandem solar cells should exhibit optimized perfor-
mance for bandgaps near 1.75 eV,[10,11] which could be achieved
by lead mixed-halide perovskites with intermediate bromide–
iodide ratios. However, these compositions unfortunately show a
tendency toward phase segregation,[12,13] and therefore the high-
est bromide content for which stability is still achieved (≈20% Br)
is typically used instead.[14,15]

While metal-halide perovskites have clearly shown great po-
tential for such applications, the dynamic electronic processes
that ultimately determine device performance are still a matter of
much debate.[16–19] Here, the phenomenal compositional space
available to metal-halide perovskites has been particularly chal-
lenging, because such tuning may inadvertently affect a wide
range of critical factors including defect chemistry,[20] electron–
phonon coupling,[21,22] exciton binding energies,[23,24] energetic
disorder,[25,26] and phase purity.[27] Such variations have made
accurate observation and modeling of charge-carrier recombi-
nation processes critical to the guidance of materials’ synthesis
and development. To examine such effects in metal-halide per-
ovskites, a range of single-probe techniques have been applied
successfully, including time-resolved microwave conductivity
(TRMC),[18,28–31] time-resolved photoluminescence (TRPL),[32–35]

optical-pump–THz-probe (OPTP),[36–38] and transient-absorption
(TA) measurements.[20,39] These can provide excellent insight
into the dynamics of charge-carrier recombination following
photoexcitation but are limited to tracking only one property
of the material (e.g., luminescence or conductivity) at a time.
Such single-technique approaches thus inhibit the reliable dis-
entanglement of the various processes involved in photoexcited
charge-carrier population decay, such as charge-carrier trapping,
de-trapping, dopant-mediated recombination, and band-to-band
recombination. While a combination of different techniques
may be applied in succession in order to obtain complementary
datasets,[20,39,40] these often suffer from being conducted under
different measurement conditions, such as variations in pulsed
excitation-fluence regimes, pulse repetition rates, or environ-
mental gases (measurements under vacuum, N2, or in air), which
have substantial effects on the observed dynamics.[34,41–43] Com-
binatorial studies thus hold great promise, involving a number
of different techniques applied at the same time and under the
same environment and excitation conditions. These may how-
ever present a variety of technical challenges that need to be re-
solved.

In this study, we contrast the charge-carrier recombination
dynamics across three key metal-halide perovskites through a
novel approach that integrates transient microwave conductiv-
ity and photoluminescence measurements in situ. Such com-
bined measurements have in the past been impeded by the use
of microwave cavities to enhance signals, complicating the ef-
fective extraction of luminescence from the material.[44] We here
overcome this issue by employing a custom-built setup based on
high-frequency microwaves channeled through free-space optics
without the presence of a cavity. This approach allows us to ac-
quire TRPL and spectrally resolved photoluminescence data at
the same time and under the same excitation conditions, as well
as to integrate the combined system with a standard optical cryo-
stat allowing control of sample temperatures down to 4 K.

We show that this combinatorial experimental method, to-
gether with a unified model that simultaneously reproduces
both conductivity and photoluminescence transients, yields
powerful insights into the mechanisms dominating charge-
carrier recombination across a range of chemical composi-
tions of metal-halide perovskites. We examine thin films of
i) the stable mixed formamidinium-caesium lead-halide per-
ovskite FA0.83Cs0.17PbBr0.6I2.4 targeted for photovoltaic applica-
tions, including tandems with silicon, ii) the prototypical methy-
lammonium lead iodide perovskite (MAPbI3) that initially re-
ceived much attention, but is now less frequently explored ow-
ing to the thermal instability of MA,[6] and iii) the fully inor-
ganic wide-bandgap CsPbBr3 perovskite aimed toward multi-
junction solar cells and light sources, as well as X-ray and gamma-
ray detectors.[45] We show that despite the structural similar-
ity of these materials, they exhibit significantly different behav-
ior in the dynamic processes of charge carriers across different
temperature- and excitation-density regimes. We demonstrate
that the temperature evolution of charge-carrier dynamics in
FA0.83Cs0.17PbBr0.6I2.4 is dominated by changes in radiative re-
combination with only a small contribution arising from trap-
mediated processes and that effective charge-carrier mobilities
are limited mostly by intrinsic processes, indicating that this ma-
terial is already highly optimized, allowing only for marginal
further efficiency gains. Charge-carrier dynamics in MAPbI3
are governed by non-radiative mono- and bimolecular processes
at room temperature, and energetic disorder and low-bandgap
minority-phase inclusions at low temperatures, making low-
temperature applications a particular challenge. Finally, CsPbBr3
is entirely dominated by non-radiative, single charge-carrier trap-
ping at high and low temperatures, and exhibits a notable reduc-
tion in conductivity at low temperatures because of significant ex-
citon formation, highlighting the need for improvements in pro-
cessing methods for wide-bandgap metal-halide perovskite semi-
conductors.

2. Results and Discussion

2.1. Combinatorial Transient Microwave Conductivity and
Photoluminescence Experiment

Figure 1a shows a schematic of our custom-designed and
custom-built experimental apparatus allowing for simultaneous
acquisition of microwave conductivity and photoluminescence as
a function of time after excitation. We built this free-space system
by leveraging the recent progress of commercially available opti-
cal components in the microwave to terahertz frequency range
and the development of fast, high-frequency microwave (MW)
detectors. Our unconventional approach adopts high-frequency
(102 GHz) microwave radiation (also referred to as millimeter
wave), generated from the output of 34 GHz signal generator
using a nonlinear frequency multiplier, and launched into free
space with a feed horn antenna (see Experimental Section for
full details). The radiation is subsequently focused through a
thin-film sample, placed in a cryostat for temperature control,
and the transmitted microwaves are re-focused onto a detector.
The thin film is photoexcited using ultrafast laser pulses (as de-
scribed in the Experimental Section) and the change in MW
transmission intensity deriving from the increase in the sample’s
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Figure 1. a) A simplified diagram of the combinatorial experimental setup used to acquire photoconductivity decay traces, TRPL data, and PL spectra in
situ, showing the feed horn antenna for launching microwave radiation into free space, the fibre-coupled spectrometer and a free-space fast photodiode
for PL measurements, and the Schottky diode used to detect transmitted microwave (MW) radiation. b) An illustrated model describing charge-carrier
recombination in metal-halide perovskites, encompassing monomolecular and bimolecular recombination routes, and differentiating between charge-
retaining and non-retaining traps. The model is used to fit the microwave photoconductivity decay traces shown in (c) globally across different excitation
fluences (indicated in the color of the data points) and the obtained parameters of the fits (shown in black solid lines) were used to predict the photolu-
minescence decay dynamics shown in d). Such predicted PL transients are shown as solid black lines on top of the experimental data (presented as the
square root of the PL intensity) with the comparison enabling an assessment of the validity of the assumptions presented in the model.

conductivity is measured as a function of time after the excitation
using an oscilloscope. We note that such gigahertz conductivity
probes have the advantage of being governed by solely the mo-
tion of charge carriers, with ionic conductivity being too slow to
follow such high-frequency radiation.[24] The time resolution of
the system is mostly limited by the signal amplifier electronics
to ≈1 ns. Employing the W-band frequency as a probe of mate-
rial photoconductivity has many benefits over the low-frequency
(6–30 GHz) radiation that has traditionally been used in TRMC
experiments.[46] For example, the shorter wavelength of the probe
radiation used here (≈3 mm) allows for a tighter focus to be
achieved at the sample position, providing better overlap with
the optical excitation beam and the potential for higher spatial
resolution when probing charge-carrier lifetime variation in non-
uniform samples. This approach also enables the investigation of
thick (100s of μm) samples of doped semiconductors by offering a
higher transmission signal stemming from the reflectance reduc-
tion at higher radiation frequencies.[46] Most importantly, shorter
wavelengths allow for collimation of the microwaves using man-
ageably small components enabling free-space propagation of the
probing radiation. This free-space approach yields a highly flex-
ible system compared to the traditional method in which tran-
sient microwave conductivity changes are probed through the
change in the Q-value of a microwave cavity in which the sam-
ple is placed. As a result, we are able to conduct in situ experi-
ments simultaneously with the transient photoconductivity mea-
surements, as well as integrate an optical cryostat into the sys-
tem to enable ease of sample temperature control down to 4 K.
In this study, we use a fibre-coupled spectrometer to record the
time-integrated emission spectra emitted from the sample, and
a fast photodiode detector with a spectral filter to measure TRPL
transients integrated across the full emission wavelength range.
Such simultaneous photoconductivity and photoluminescence

measurements of the metal-halide perovskites under investiga-
tion allow us to carry out concurrent data acquisition under ex-
actly the same experimental conditions, which is crucial to an
accurate analysis of the complex charge-carrier recombination
processes. In addition, we note that cavity-free TRMC allows for
measurements of highly doped semiconducting thin films and
can increase the time resolution of the experiment by eliminat-
ing the cavity-response time.

2.2. Dynamic Model Capturing Both Conductivity and
Photoluminescence Dynamics

In order to model the recorded photoinduced conductivity and
luminescence transients, we employ a set of rate equations de-
scribing the dynamics of a photoexcited density of charge carri-
ers. The model utilized is similar to those previously deployed
by us[34] and others[28,35,41,44] to capture the plethora of charge-
carrier recombination and trapping processes present in metal-
halide perovskites shown schematically in Figure 1b. Due to the
low charge-carrier densities employed in the study, we consider
only first-order monomolecular and second-order bimolecular
processes in our model,[16] while omitting the third-order recom-
bination process which involves interactions of three charge car-
riers and therefore only becomes relevant at very high excitation
densities.[47] Bimolecular recombination, described by the rate
constant kBi, is mostly attributed to the radiative recombination of
electrons in the conduction band with holes in the valence band
arising as an inverse-absorption process.[48] However, it has been
postulated that bimolecular processes could also have a slightly
non-radiative component, an example of which is trap-assisted
Auger recombination.[49,50] Monomolecular recombination, on
the other hand, stems from the interactions of individual charge
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carriers with phonons and defects in the material. Here we iden-
tify two distinct cases: i) a single-electron or single-hole trapping
mechanism, where an electron (or hole) is quickly captured by a
defect with trapping rate kT but subsequently escapes to recom-
bine with a hole (or electron) on a much slower timescale, with
a rate constant kE, and ii) trap- or phonon-mediated recombina-
tion where the capture of the charge carrier and the recombina-
tion with its counterpart happens on similar timescales with the
rate kM.[28,34,51] We note that Mechanism ii is essentially a special
case of Mechanism i, for the scenario that the escape rate kEnTp
> >kTn (where n and p are the populations of free electrons and
holes, respectively, and nT is the population of trapped electrons),
but we find that the inclusion of both processes is necessary to
explain the charge-carrier dynamics in some of the metal-halide
perovskites investigated, likely because of different natures of de-
fects at the grain boundaries and in the bulk of the material.[52]

Point defects in these materials are generally highly specific to-
ward the capture of either electrons or holes,[53,54] as for example
halide interstitials acting as electron traps.[20,55]

We capture the above-mentioned recombination processes in a
set of coupled differential equations that describe the time evolu-
tion of the electron density populations in the conduction band n
and trapped-electron density nT in a photoexcited intrinsic semi-
conductor, as follows,

𝜕n
𝜕t

= −kBinp − kMn − kTn (1a)

𝜕nT

𝜕t
= kTn − kEnTp (1b)

where p = n + nT is the density of free holes in the valence band
and the rate constants are as described above.

To determine the time evolution of the photoinduced conduc-
tivity 𝜎 of the thin film we sum over the conductivity contribution
from both electrons and holes, that is

𝜎 = 𝜇ene + 𝜇hpe =
𝜇cc

2
(n + p) (2)

where μe and μh are the individual mobilities of electrons and
holes, and μcc represents their sum. Here, we have assumed μh
= μe because these values have previously been shown to be very
similar in lead-halide perovskites,[51,56,57] due to the balanced ef-
fective masses of charge carriers,[2,58–61] leading to a conductivity
proportional to the sum of free electron and hole population den-
sities.

The intensity of the photoluminescence IPL emitted as a result
of radiative recombination between electrons and holes is propor-
tional to their densities and the bimolecular recombination rate
constant kBi

IPL ∝ kBinp (3)

leading to a dependence on the product of free electron and hole
populations.[44,51,62]

Importantly, the numerical solution to the Equations (1a) and
(1b) then allows the determination of both photoinduced conduc-
tivity (from Equation (2)) and photoluminescence (from Equa-
tion (3)) as a function of time after excitation. The dual com-
parison with two different experimental observables, measured

under exactly the same conditions in situ, thus allows for an
accurate evaluation of the model and extraction of the associ-
ated parameters. Figure 1c shows an example for the case of the
FA0.83Cs0.17PbBr0.6I2.4 perovskite thin film at a temperature of
200 K. Here, the measured photoinduced conductivity data has
been modeled with Equation (2) based on the solutions to Equa-
tions (1a) and (1b), optimizing parameters kT, kE, kBi, and kM for
best fits with the data (see Section S1, Supporting Information for
the details of the fitting procedure and Sections S2 and S3, Sup-
porting Information for the outputs). The figure also shows the
solution to Equation (3), predicting the corresponding decay of
the photoluminescence intensity, based on the same fitting pa-
rameters, and plotted on top of the TRPL data, showing good
agreement. Such modeling of the combinatorial microwave con-
ductivity and photoluminescence transients across a wide range
of temperatures and fluences is applied to three key metal-iodide
perovskites, as discussed below, and found to be a powerful an-
alytical tool to unravel their dominant mechanisms of charge-
carrier recombination. We note that the excitation fluences used
in our study of TRMC and TRPL (0.1–12 μJ cm−2, depending
on the temperature and sample investigated—see Supporting In-
formation for details) correspond to photoexcited charge-carrier
density between 1016 and 1018 cm−3.

2.3. FA0.83Cs0.17PbBr0.6I2.4: A Well-Optimized Direct-Bandgap
Semiconductor

We first examine the mixed-halide, mixed-cation perovskite
FA0.83Cs0.17PbBr0.6I2.4, highly relevant for photovoltaic applica-
tions, including perovskite-silicon tandem solar cells. While the
mixed-cation FACs combination allows for the structural stabi-
lization of the material against deterioration into non-perovskite
phases,[63] the absence of the thermally volatile MA further en-
hances resistance against heat-induced degradation.[6,64] Mean-
while, the bandgap of 1.67 eV is elevated compared to that of the
iodide-only composition (see Table S3, Supporting Information),
moving it closer to the ideal value for top layers in tandem cells
with silicon,[10,11] without entering the regime of bromide con-
tent above 20% for which these materials are known to be un-
stable toward halide phase segregation.[12,13] Single-junction so-
lar cells based on similar compositions have shown power con-
version efficiencies of 20.1%,[15] while tandems with silicon ex-
ceeded 30%.[14,65,66]

Figure 2 highlights the key optoelectronic properties of a
solution-processed FA0.83Cs0.17PbBr0.6I2.4 thin film, displaying
how the emission, conductivity, and charge-carrier dynamics vary
sensitively with temperature. As shown in Figure 2a, the emis-
sion intensity measured just after the photoexcitation, which
is proportional to the radiative bimolecular recombination con-
stant (see Equation (3)), decreases with increasing lattice tem-
perature of the semiconductor. Such reduction in the radiative
bimolecular recombination rate is attributed to the broadening
of the electrons’ and holes’ Fermi–Dirac distributions in their
respective bands with rising lattice temperature, which leads
to a lower probability of radiative transitions in direct-bandgap
semiconductors.[48,67] Figure 2b clearly supports this underly-
ing mechanism by revealing spectral broadening of the photolu-
minescence that increases gradually toward high temperatures.
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Figure 2. Temperature-dependent optoelectronic properties of a thin film of FA0.83Cs0.17PbBr0.6I2.4 perovskite. a) Prompt PL intensity—the intensity at
the time immediately following photoexcitation, for PL transients shown in Figure S2, Supporting Information, shown as a function of temperature. The
color of the data points corresponds to the color of the traces shown in the Supporting Information. b) The corresponding time-integrated emission
spectra normalized at their peak as a function of temperature. Example spectra for the sample lattice temperature of c) 35 K and d) 245 K, with the
spectrum of the perovskite at low temperature also showing the appearance of a narrowed amplified spontaneous emission peak at high excitation
fluence. e) Bimolecular recombination rate constant kBi as a function of temperature, extracted from fits to microwave photoconductivity decays (colored
dots, from decays shown in Figure S1, Supporting Information) and to THz photoconductivity transients (magenta line, from decays shown in Figure S7,
Supporting Information). The grey shaded area shows the behavior predicted from detailed-balance models, in the presence or absence of Coulombic
interactions (top and bottom bound, respectively) according to Ref. [48]. f) The extracted effective electron–hole sum mobility, ϕμcc, obtained from
microwave (dots) and THz (magenta line) photoconductivity decay traces.

We find that at very low lattice temperatures and/or high exci-
tation density, additional changes to the spectral width originate
from amplified spontaneous emission (ASE), as seen in the out-
lines of the photoluminescence spectrum at 35 and 245 K, shown
in Figures 2c and 2d, respectively. ASE contributes to faster ra-
diative recombination of charge carriers and is evident in the
emission spectrum as a sharp sub-peak whose intensity varies
nonlinearly with excitation fluence.[68] Such ASE thus leads to a
perceived elevated bimolecular band-to-band recombination rate
whose cause is difficult to discern solely from conductivity data,
highlighting the importance of combinatorial approaches that
also monitor photoluminescence concurrently.[68,69]

We further assess the temperature dependence of the bimolec-
ular band-to-band recombination constant kBi, by extracting val-
ues from global fits of our model to photoconductivity decay
traces recorded for a range of excitation fluences (shown in
Figure S1, Supporting Information). The solid dots in Figure 2e
show the increase in kBi toward lower temperatures, in broad
agreement with the increase in photoluminescence emission rate
displayed in Figure 2a. However, a deviation from this mono-
tonic increase can be seen for temperatures around and be-
low 50 K, for which the extracted bimolecular recombination
rate appears to plateau. To uncover the origin of this discrep-
ancy, we also perform an OPTP measurement (details of which
can be found in the Experimental Section and Section S5.1,
Supporting Information), accessing the photoconductivity de-
cay dynamics on much shorter timescales (of up to ≈1 ns) and
higher time resolution (sub-picosecond) than attainable with
the TRMC setup (resolution ≈1 ns, observation range 200 μs).

We find that the bimolecular recombination constant kBi ex-
tracted from OPTP conductivity transients, as shown by the ma-
genta line in Figure 2e, exhibits a continued pronounced rise
toward low temperatures, closely matching the trend obtained
from the theory of detailed balance between radiative transi-
tions in direct-bandgap semiconductors originally observed by
Davies et al. for lead iodide perovskite semiconductors (grey
shaded area in the same figure).[48] We therefore attribute the de-
viation of kBi extracted from TRMC measurements to the lim-
ited nanosecond time resolution of such measurements that
are inherent to the electronic time-gating approach of TRMC,
as opposed to the optical gating employed in OPTP. Our com-
parison thus reveals that even our new millimeter-wave-based
TRMC system, which displays enhanced time resolution owing
to the absence of a cavity-response time, cannot adequately cap-
ture the significant amount of bimolecular recombination occur-
ring in the first nanosecond after photoexcitation at low sample
temperatures.

We further examine the effective sum charge-carrier mobil-
ity ϕμcc of the material, where ϕ is the photon-to-free-charge-
carrier branching ratio.[70] In the absence of exciton forma-
tion, ϕ=1 may be assumed because all absorbed photons create
free charge carriers that contribute to a conductivity response,
which has been shown to hold for most 3D metal-halide per-
ovskites at room temperature[70,71] (see Section S6, Supporting
Information for further details). Figure 2f shows ϕμcc as ex-
tracted from TRMC (filled dots) and OPTP (magenta line) pho-
toconductivity values immediately after excitation (see Sections
S4.1 and S5.1, Supporting Information for details). The decrease
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of mobility with rising temperature in metal-halide perovskites
has been previously investigated and attributed to increased Fröh-
lich coupling between charge carriers and longitudinal optical
phonons.[18,29,71–74] However, we note that effective mobility val-
ues extracted from microwave conductivity measurements re-
main below those extracted from OPTP at low temperatures. This
effect stems from two independent processes, both present in our
experiment. First, the rapid charge-carrier recombination occur-
ring at low temperatures within the limited time resolution of
the system, as described above, reduces the conductivity appar-
ent in the early part of the transient, leading to an underestima-
tion of the extracted mobility values. Second, exciton formation,
more prevalent at low temperatures, decreases the photon-to-
free-charge-carrier branching ratio ϕ (as discussed in Section S6,
Supporting Information) and therefore the effective sum charge-
carrier mobility ϕμcc. The sensitivity of millimeter and THz waves
to excitons significantly depends on the frequency of the probe.
The localized nature of excitonic states leads to resonances that
display a clear non-Drude conductivity that has a rising from zero
trend with increasing frequencies.[71,75,76] Therefore the relatively
low-frequency (0.1 THz) microwave measurements will mostly
be unsensitive to excitons, while OPTP experiments, performed
in the 0.5–2.5 THz frequency range[71,75–77] may display a partial
sensitivity to excitons with relatively low binding energy, as for ex-
ample, the value of around 10 meV determined here for MAPbI3
(see Section S6, Supporting Information).

Importantly, we find that for FA0.83Cs0.17PbBr0.6I2.4 film, fits
to the microwave conductivity transients with our model de-
scribed above also reproduce the PL transients highly accurately
(see Figure 1c for an example, and Figure S2, Supporting In-
formation for all transients). This observation highlights that,
unlike the low-temperature dynamics for CsPbBr3 discussed
further below, the kinetics of charge-carrier recombination in
FA0.83Cs0.17PbBr0.6I2.4 are well described by the simple rate equa-
tion model based on trapping, trap emptying, and radiative band-
to-band recombination. Fits based on this model further deter-
mined a relatively low trap-mediated recombination rate of kT =
8.5 × 106 s−1 at room temperature, which decreases further at
lower temperatures, indicating the suppression of non-radiative
recombination processes[18,71] (see Table S1, Supporting Infor-
mation for extracted fitting parameters). Because of this suppres-
sion of monomolecular recombination and the concomitant in-
crease of radiative recombination strength, dynamic processes
become dominated by intrinsic radiative electron–hole recom-
bination at lattice temperatures below 110 K and charge-carrier
densities of 1016 cm−3 (comparable to those present under solar
illumination[78]). Moreover, the temperature trend of the bimolec-
ular recombination constant is accounted for by changes in the
Fermi–Dirac distribution of photoexcited charge carriers, as con-
cluded from the evolution of the photoluminescence emission
spectra and the photoinduced conductivity dynamics. Finally, the
high charge-carrier mobility observed in FA0.83Cs0.17PbBr0.6I2.4
indicates that current solution processing methods are well op-
timized for the deposition of high-quality films, in which the
electronic mobility is mostly limited by electron–phonon inter-
actions, an intrinsic process that cannot be circumvented via im-
provements in material synthesis.

2.4. MAPbI3: Low-Temperature Energetic Disorder Impacted by
Phase Transitions

We proceed by examining the charge-carrier dynamics in a pro-
totypical MAPbI3 solution-processed film (bandgap of 1.64 eV—
see Table S1, Supporting Information), disentangling intrinsic
(fundamental) from extrinsic (material quality) processes. Nu-
merous studies have investigated this composition as a repre-
sentative example of the perovskite family,[18,22,70,79] owing to its
success in the early-stage development of lead-halide perovskite
solar cells.[80,81] From a technological point of view, however, the
volatile nature of MA in the structure has since been linked to the
thermal and chemical instability of the material,[6] and most re-
cent high-performance reports of stable solar cells have therefore
been based around alternate A-cations, or MA alloyed with other
cations across A-sites.[15,82] On the fundamental photophysical
side, MAPbI3 has still continued to be presumed a material repre-
sentative of the broad class of lead-halide perovskites. As we show
below, the situation is somewhat more nuanced, with MAPbI3
retaining idiosyncratic features of some energetic disorder and
trap-mediated recombination that are largely absent in the high-
performance FA0.83Cs0.17PbBr0.6I2.4 film discussed above.

As the summary of experimental observations for MAPbI3
presented in Figure 3 shows, the general temperature trends of
prompt photoluminescence and bimolecular recombination rate
constants are similar to those for FA0.83Cs0.17PbBr0.6I2.4. As the
temperature is reduced, bimolecular band-to-band recombina-
tion, in general, appears to increase with decreasing temperature,
again indicating a sharpening of the electron- and hole-thermal
distributions across the conduction and valence bands. However,
there are three notable deviations from this general trend, which
we discuss in turn.

First, we find that the low-temperature structural phase tran-
sition in the MAPbI3 thin film clearly affects the dynamics of
photoexcited charge carriers. We note that although single-crystal
MAPbI3 undergoes the orthorhombic-to-tetragonal phase tran-
sition at 160 K,[83,84] the transition temperature can vary for
thin films owing to strain and inhomogeneity in polycrystalline
materials.[27,85,86] In our MAPbI3 thin film, the low-temperature
phase transition occurs near ≈150 K. Just below this transition,
a deviation from the underlying trend in kBi (Figure 3c) and a
significant discontinuity of the emission strength (Figure 3a)
are apparent. We attribute this phenomenon to the existence of
small tetragonal phase inclusions between 100 and 150 K in the
material[27] which have previously been shown to co-exist with
the low-temperature orthorhombic majority phase, possibly as
a result of strain in the film that leads to regional variations in
the phase transition temperature.[86] We suggest that the lower
bandgap of MAPbI3 in its tetragonal phase leads to a funneling
of charge carriers into these inclusions and an increase of the
local charge-carrier density, which in turn strengthens the radia-
tive recombination. As a result, both the bimolecular recombina-
tion rate constant (Figure 3c) and the prompt photoluminescence
(Figure 3a) suddenly increase as the temperature is lowered be-
low 150 K, and they revert to the underlying trend around ≈100 K,
for which remnant structural phases have been largely elimi-
nated.
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Figure 3. Temperature evolution of emission and conductivity of a MAPbI3
thin film: a) prompt PL intensity, b) emission spectrum, and c) dynamic
decay rates, with the phase transition indicated by a dotted line around
150 K. The prompt PL intensity was extracted from PL transients shown
in Figure S4, Supporting Information. The bimolecular and monomolec-
ular decay constants were extracted from fits of the model described by
Equations (1a) and (1b) to microwave conductivity transients shown in
Figure S3, Supporting Information. The value of kM + kT represents the
total monomolecular recombination rate of charge carriers.

Second, we find that at very low temperatures and low excita-
tion density, most of the emission from MAPbI3 does not orig-
inate from the direct conduction-band–to–valence-band transi-
tions, but rather from the recombination of the charge carriers in
band tail states, that is, traps with a broad energetic density dis-
tribution formed immediately below the band-edge states.[21,25]

Such band tail emission is apparent from the time-integrated
photoluminescence spectra shown in Figure 3b, which display
a very broad emission peak at wavelengths longer than the sharp
band-edge emission, for temperatures below ≈120 K. At high
excitation densities, these tail states become saturated and the
high-energy, band-to-band recombination dominates the emis-
sion spectrum, as seen in Figure S12, Supporting Information.
We note that while the presence of the band tails does not sig-
nificantly affect the charge-carrier recombination dynamics in
MAPbI3 observed from photoconductivity transients, the low-
temperature effective charge-carrier mobility is clearly impacted,
showing a decline toward lower temperatures, as displayed in
Figure S11, Supporting Information.

Third, we find a region near room temperature where band-
to-band recombination has a mildly temperature-activated com-
ponent. Figure 3c shows that between 200 and 300 K, the bi-

molecular band-to-band recombination rate constant (kBi, red
solid circles) increases slightly with increasing lattice tempera-
ture. This increase coincides with a significant rise in the to-
tal monomolecular trap-mediated recombination constant (kM +
kT, blue solid triangles). This strong correlation in trends be-
tween kBi and monomolecular recombination rates suggests that
a process related to charge trapping is responsible for the rise
of bimolecular recombination above 200 K. Trap-mediated pro-
cesses tend to increase with increasing temperature, both be-
cause Shockley–Read–Hall recombination is temperature depen-
dent and because traps themselves exist within a thermal equilib-
rium with the “perfect” lattice, leading to a shift toward a more
defective lattice at higher temperatures.[87] We therefore propose
that trap-mediated Auger recombination, in itself a bimolecu-
lar process,[50] causes the slightly temperature-activated behav-
ior for kBi between 200 and 300 K, rather than an intrinsic ef-
fect associated with indirect gaps arising from Rashba effects, as
had previously been suggested.[18] Such a trap-mediated Auger
recombination will operate in parallel to intrinsic free electron–
hole recombination, imparting a slightly non-radiative compo-
nent to the overall bimolecular recombination.[49] The strong
correlation we observe with the presence of non-radiative re-
combination in MAPbI3, and the absence of such processes for
FA0.83Cs0.17PbBr0.6I2.4 (see Section 2.3) shows that such second-
order non-radiative processes are related to material quality,
rather than being intrinsic to lead halide perovskite semicon-
ductors. Additionally, trap-mediated Auger recombination rates
may be highly trap specific: calculations have suggested that en-
ergetically deep traps mediate Auger recombination more effec-
tively than shallow traps in metal-halide perovskites.[88] Here we
indeed observe such a correlation of non-radiative bimolecular
recombination with the nature of traps. Our fits to microwave
conductivity transients based on the rate equation model show
that for MAPbI3, strong monomolecular recombination occurs
through defects that do not retain charge carriers, while the
charge-carrier recombination in FA0.83Cs0.17PbBr0.6I2.4 appears to
be impacted only by electron-retaining traps (see Tables S1 and
S2, Supporting Information). This difference may be caused by
a prevalence of shallow traps in mixed-cation, mixed-halide per-
ovskites, and deep traps in MAPbI3, explaining why only MAPbI3
exhibits such non-radiative bimolecular recombination arising
from trap-mediated Auger processes, while this effect is absent
in FA0.83Cs0.17PbBr0.6I2.4.

Our findings reveal that, compared to best-in-class lead-halide
perovskites, MAPbI3 films are relatively susceptible to disorder at
low temperatures. Optoelectronic properties of MAPbI3 films are
strongly affected by phase transitions, in sharp contrast to what
is observed for the FA0.83Cs0.17PbBr0.6I2.4 perovskite. In addition,
a higher propensity toward deep trap formation than observed in
FA0.83Cs0.17PbBr0.6I2.4 leads to trap-mediated Auger recombina-
tion, imparting a slightly non-radiative component to bimolecu-
lar recombination near room temperature in MAPbI3 thin films.

2.5. CsPbBr3: Partly Excitonic System Dominated by Electron
Trapping

As a third lead-halide perovskite, we investigate a fully inor-
ganic, thermally evaporated CsPbBr3 thin film. Lead-bromide
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Figure 4. Optoelectronic properties of a thermally evaporated CsPbBr3 perovskite thin film. a) Room-temperature charge-carrier decay dynamics, rep-
resented by the decay of THz photoconductivity (open blue circles), MW conductivity transients (green dots), and photoluminescence signal decay
(square root of intensity, shown as orange dots). The black solid line represents the fit to the conductivity data resulting from the model described in
the main text. The dashed red line shows the predicted transient of the PL intensity. b) Microwave photoconductivity decays at 60 K, shown in yellow,
brown, and green dots for different excitation fluences indicated by legend colors matching those of the datapoints. The square root of PL intensity is
shown in orange dots. Black solid lines show power-law fits to the microwave data. c) Absorption onsets of CsPbBr3 and FA0.83Cs0.17PbBr0.6I2.4 at room
temperature, shown as orange and blue dots, respectively. Black lines show fits according to the Elliott function[89] and the extracted exciton binding
energies are indicated in the color matching that of the datapoints. d) Dependence of effective electron–hole sum mobility on temperature, extracted
from microwave photoconductivity traces (as outlined in Section S4.1, Supporting Information) shown as solid dots, whose colors match those of the
conductivity transients presented in Figure S5, Supporting Information.

perovskites offer significantly larger bandgaps than their iodide
counterparts, with CsPbBr3 thin film exhibiting a bandgap en-
ergy of 2.44 eV, as listed in Table S3, Supporting Information.
Such wide-bandgap perovskites are particularly important for re-
alizing highly efficient light-emitting diodes and lasers, X-ray and
gamma-ray detectors,[45] as well as multi-junction solar cells, in
which they may be employed as top active layer.[90] It has been
shown that the poor solubility of caesium halide salts, particu-
larly CsBr2, in solvents commonly used for perovskite deposition
limits the quality of solution-processed wide-bandgap films.[91,92]

The thermal evaporation method employed here provides a more
promising alternative, with added benefits of avoiding solvent-
orthogonality problems in multi-layer devices, and more acces-
sible routes toward industrial upscaling.[93] Single- and multi-
junction solar cells incorporating high-bandgap perovskites as ac-
tive layers have reached power conversion efficiencies of 10.9%
and 20.1%, respectively.[90,94]

We first focus our analysis on the charge-carrier dynamics in
CsPbBr3 at elevated temperatures, for which Figure 4 shows an
example at 295 K (see Figure S5, Supporting Information for all
transients recorded between 30 and 295 K). We find that at am-
bient temperature, the electronic processes in the CsPbBr3 film
are heavily dominated by selective trapping of one of the two
charge-carrier species. In contrast to the dynamics discussed for
iodide-rich perovskites above (see Figure 1c,d), for CsPbBr3 the
TRPL intensity (a square root of which is shown in orange dots in
Figure 4a) decays on much faster timescales than the microwave
photoconductivity (presented as green dots in the same figure).
Furthermore, the conductivity transients presented in Figure S5,
Supporting Information show a distinct lack of excitation-fluence

dependence, indicating strong monomolecular recombination
pathways. Taken together, these observations suggest that one
charge-carrier species is effectively trapped, extinguishing the lu-
minescence that relies on the presence of both types of charge
carriers, while leaving a long-lived element of conductivity aris-
ing from just the remaining species. We attribute this effect to
the presence of a high density of bromide interstitial defects in
the investigated film, which has been shown to trap photoex-
cited electrons on ultrafast timescales, with the subsequent re-
combination of the trapped electrons with free holes lasting up
to microseconds.[20]

Next, we show that these observations can be accurately ex-
plained by our charge-carrier recombination model captured in
Equations (1a) and (1b) in the presence of a strong single charge-
carrier trapping mechanism with a slow emptying rate (large kTn
> >kEpnT). As Equations (2) and (3) indicate, the fast depletion of
free electrons from the conduction band will lead to significant
quenching of photoluminescence, with significant remnant
conductivity arising from free holes. We confirmed the existence
of such fast electron trapping, which may be partly missed by the
nanosecond time resolution of the TRMC experiment, through
an additional OPTP measurement with sub-picosecond time res-
olution (open blue circles in Figure 4a, for excitation-fluence de-
pendence see Figure S8, Supporting Information) which reveals
a rapid and significant reduction of photoinduced conductivity
in CsPbBr3. We have successfully modeled the full evolution
of the charge-carrier population within this scenario using rate
equations very similar to Equations (1a) and (1b) (Equation (S4),
Supporting Information, see the black solid line fit to the data
in Figure 4a). We note that for the case of CsPbBr3, the slow
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recombination of trapped electrons with free holes was best
described by the Kohlrausch–Williams–Watts (KWW) function
(which in the absence of other recombination pathways results
in stretched exponential decay ∝ e−(kKWWt)𝛽 ),[95,96] as previously
determined for this kind of trap–escape process.[97] We find
that the model reproduces the observed dynamics of photoin-
duced conductivity highly accurately, as well as reproducing
the photoluminescence transient (plotted as a dashed orange
line in the same figure), confirming the strong dominance of
trapping and the suitability of the model to predict the evolution
of the charge-carrier population (details of the modeling and
the outputs of the fitting procedure are shown in Section S5.2,
Supporting Information).

We further demonstrate that the charge-carrier dynamics in
CsPbBr3 drastically change upon cooling toward low tempera-
tures and can no longer be adequately captured by the model de-
scribed by Equations (1a) and (1b), and Equation (S4), Supporting
Information. Figure 4b reveals that the photoconductivity at 60 K
exhibits a power-law decay (∝t−𝛼), significantly deviating from the
charge-carrier population evolution at room temperature. Such
power-law decays are usually associated with an abundance of
localized, energetically shallow traps in a semiconductor.[25,98–100]

These traps may form an exponential density distribution of near-
band-edge energy levels, causing charge-carrier localization and
subsequent slow thermal de-trapping allowing delayed band-to-
band recombination.[25,97] Interestingly, previous investigations
showed this effect to occur only in perovskite compositions con-
taining large polar organic cations, such as MA or FA,[25,97] for
which they have been attributed to polar disorder. Here, we report
the presence of power-law recombination also for perovskites
incorporating fully inorganic, non-polar, caesium A-cations. We
propose that for CsPbBr3 such band tail states may therefore orig-
inate from a disorder of a different kind, for example, associated
with the high density of trapped charges, and may therefore po-
tentially be eliminated through further improvements in synthe-
sis schemes.

Finally, we show that for CsPbBr3, intrinsic exciton formation
has a clear impact on the fundamental optoelectronic proper-
ties, in particular at low temperatures. Such difference with their
iodide-rich counterparts should be expected, given the higher ex-
citon binding energies for bromide perovskites compared with
iodide perovskites.[101,102] Figure 4c illustrates this effect through
the room-temperature absorption spectrum near the absorption
onset for the CsPbBr3 film (orange dots), contrasted with that of
the FA0.83Cs0.17PbBr0.6I2.4 film (blue dots). The former shows a
much stronger exciton absorption peak near the band edge than
the latter, suggestive of a higher exciton binding energy. To quan-
tify such effects and disentangle them from the potential differ-
ence in spectral broadening (which could also result in apparent
changes of excitonic resonance intensity[101]), we fitted an Elliott
function[89] (see Section S6.1, Supporting Information for details)
capturing the absorption spectrum in the presence of Coulomb
interactions (shown in black solid lines on top of the data) and
extract a significantly higher exciton binding energy of 37 meV
for CsPbBr3 compared to the value for FA0.83Cs0.17PbBr0.6I2.4
(13 meV). Importantly, such enhanced Coulomb interactions in
the wide-bandgap lead-bromide perovskites are also found to
cause lower photon–to–free-charge-carrier conversion ratios ϕ at
low temperatures, as Figure S10, Supporting Information clearly

demonstrates. As Figure 4d shows, these effects manifest as a
significant reduction in the effective mobility ϕμcc extracted from
TRMC below 150 K that cannot solely be explained by limits in
the time resolution of the setup. Because microwave radiation
does not couple effectively to excitons with such binding ener-
gies, our probe is effectively “blind” to their presence, and instead
only detects the response of free charges. Given that excitons as
charge-neutral species do not respond to the presence of electric
fields of low strength, such a strong lowering of effective mobility
will adversely affect real transport properties at low temperatures.

Our observations show that the optoelectronic properties of
the thermally evaporated CsPbBr3 perovskite films are heavily
influenced by the formation of electron-trapping defects around
room temperature, and by excitonic effects as well as the ener-
getically shallow tail of sub-band trap states at low temperatures.
Since exciton formation is an intrinsic effect occurring in this per-
ovskite material, low-temperature applications of lead-bromide
perovskites (such as cryogenically cooled photodetectors) will re-
main limited, given the poor photon-to-electron conversion effi-
ciency. At room temperature, however, exciton formation is less
important even for lead-bromide perovskites, and material op-
timization instead needs to focus on the elimination of traps,
such as bromide interstitials, through improvements in process-
ing methods for these important wide-bandgap perovskite semi-
conductors.

3. Conclusion

We have demonstrated a powerful combinatorial approach to
uncover the charge-carrier kinetics for three key lead-halide
perovskites, each displaying distinct recombination and trap-
ping regimes. Our custom-built experiment allowed for the
simultaneous in situ acquisition of TRMC without use of a
cavity and time-resolved and spectrally resolved photolumi-
nescence emission across a wide temperature range. Analyz-
ing such temperature- and excitation-fluence-dependent data
through an analytical model capturing trapping, de-trapping,
and recombination events for both conductivity and lumines-
cence allowed for unambiguous disentanglement of such pro-
cesses in FA0.83Cs0.17PbBr0.6I2.4, MAPbI3, and CsPbBr3 thin
films. We also found that overall, values and trends reported in
the literature[15,18,20–22,25,27,48,64,71,79,86,93,97–100] for each of the three
compositions, when examined with just one of the individual
techniques, agree well with our findings, suggesting that the
compositions and preparation methods used in our study rep-
resent well those commonly employed in the field.

For solution-processed FA0.83Cs0.17PbBr0.6I2.4 films, now
well optimized for high photovoltaic device performance,
we found the temperature dependence of the optoelectronic
properties to be well described by the radiative band-to-band
recombination typical of a direct-bandgap semiconductor. Thus,
while FA0.83Cs0.17PbBr0.6I2.4 still exhibits some element of trap-
mediated recombination at charge-carrier densities of 1016 cm−3,
such pathways are less frequently taken than intrinsic radia-
tive pathways at temperatures below 110 K. The evolution of
emission spectra, prompt PL intensity and dynamic bimolecular
recombination constant all indicated typical intrinsic behavior,
with radiative recombination increasing toward low temperature
as the thermal distribution of charge carriers across the bands
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is narrowed, and charge-carrier mobilities rising as coupling to
longitudinal phonon modes is suppressed. In addition, no sig-
nificant changes in these properties were observed to arise from
structural phase transitions. These results are a testament to the
high quality of these mixed FACs A-cation perovskites that are
now approaching intrinsic performance limits in solar cells.[15]

The solution-processed MAPbI3 film, commonly used as a
representative of the whole family of metal-halide perovskites,
shares general trends with FA0.83Cs0.17PbBr0.6I2.4, but also ex-
hibits several important differences. MAPbI3 displays substantial
energetic disorder in the low-temperature orthorhombic phase,
manifesting through sub-bandgap emission from tail states at
low temperatures and through charge-carrier funneling effects
arising from spatial structural inhomogeneities across the film at
temperatures just below the phase transition, where both the or-
thorhombic and the tetragonal phases co-exist. At room temper-
ature, the presence of traps is found to correlate with both first-
order, monomolecular trap-mediated recombination and second-
order trap-mediated Auger recombination, both of which repre-
sent non-radiative recombination losses. These findings indicate
that MAPbI3 may require careful trap elimination for optimized
room-temperature operation, and may be less suitable for low-
temperature applications.

Finally, the wide-bandgap, thermally evaporated, CsPbBr3 film
is shown to be entirely dominated by non-radiative charge-carrier
trapping at both high and low temperatures. At temperatures
near ambient, charge-carrier dynamics are governed by a large
density of traps specific to the capture of just one of the two
charge-carrier types, most likely electron-trapping bromide inter-
stitials. Such rapid selective capture of one charge type is evident
in both the rapid decay of photoluminescence which requires the
presence of both electrons and holes, and the observed two-phase
decay of conductivity transients displaying first a rapid capture of
electrons followed by the slow decay of free holes. At low temper-
atures, a power-law decay of conductivity transients is observed,
consistent with an exponential density distribution of shallow en-
ergetic traps close to the band edges. Finally, we found that the
elevated exciton binding energy in CsPbBr3 is responsible for a
large fraction of absorbed photons being converted to excitons
rather than free charge carriers at moderately low temperatures
below 150 K, resulting in a significant reduction of photoconduc-
tivity. Overall, these findings highlight the need for further im-
provements in processing methods, particularly tailored toward
reducing the defect densities in wide-bandgap, lead bromide-
rich perovskites.

Overall, our study demonstrates that the complex dynamic
electronic processes in metal-halide perovskite semiconductors
can only be reliably differentiated by considering their effects
on multiple observable properties, and their evolution with a
range of variables such as temperature and charge-carrier den-
sity. Our combinatorial experimental approach thus presents a
powerful tool for the assessment of optoelectronic performance
parameters in situ, in a manner that is easily transferable to high-
throughput screening of materials for solar cell applications.

4. Experimental Section
Sample Preparation: FA0.83Cs0.17PbBr0.6I2.4 films were fabricated as

follows. 207 mg FAI (Greatcell Solar), 64 mg CsI (Alfa Aesar) 103.8 mg

PbBr2 (Alfa Aesar), and 538.2 mg PbI2 (TCI Chemicals) were dissolved in
a 3:1 v/v ratio of DMF:DMSO (Sigma-Aldrich) to give a 1.2 M perovskite
ink. The ink was then spin coated onto z-cut quartz disks in a drybox (15%
RH) using a two-step deposition program: 1000 rpm for 10 s, followed by
6000 rpm for 35 s. For the solvent-quenching step, 300 μL of methyl ac-
etate (Sigma-Aldrich) was quickly deposited onto the spinning substrate
10 s before the end of the program. The substrates were then directly trans-
ferred onto a hotplate and annealed for 20 min at 150 °C, after which they
were allowed to cool to room temperature naturally. When the substrates
were cool a 10 wt% solution of polymethyl methacrylate (PMMA, Sigma-
Aldrich, Mw ≈ 15000) in chlorobenzene (Sigma-Aldrich) was spin coated
onto the perovskite-coated substrate at 6000 rpm for 45 s. The samples
were then kept in a nitrogen-filled glovebox until they were measured. The
thicknesses of the bare films were measured using a Dektak surface pro-
filometer to be 320 nm.

MAPbI3 thin films were prepared using the acetonitrile route as re-
ported previously by Noel et al.[103] In brief, CH3NH3I (MAI, Greatcell So-
lar Materials), and PbI2 (TCI Chemicals) were weighed out and dissolved
in acetonitrile with methylamine gas to give a 0.5 M CH3NH3PbI3 solution.
The solution was then dynamically spin coated onto the z-cut quartz disks
in a drybox (26% RH) at 2500 rpm for 45 s. The films were then annealed
for 1 h at 100 °C. PMMA solution (as above) was then dynamically spin
coated at 6000 rpm for 30 s on top of the perovskite film. The thicknesses
of the bare films were measured using a Dektak surface profilometer to
be 320 nm.

Thin films of CsPbBr3 were fabricated using thermal evaporation as re-
ported previously by Patel et al.[104] In brief, CsBr (ultradry 99.999% [met-
als basis], Alfa Aesar) and PbBr2 (ultradry 99.999% [metals basis], Alfa Ae-
sar) were placed in separate crucibles, and the z-cut quartz substrates were
mounted on a rotating substrate holder to ensure that a uniform film was
deposited. The chamber was allowed to reach a high vacuum (10−6 mbar),
before the CsBr and the PbBr2 were heated to reach the set deposition rate.
Once the deposition rate had stabilized, the substrates were exposed to
the vapor. The rates of both CsBr and PbBr2 deposition were monitored
using a quartz crystal microbalance. The final deposition rate was 1 Ås−1.
The thicknesses of the films were measured using a Dektak surface pro-
filometer to be 650 nm.

High-Frequency TRMC and PL Spectroscopy: Microwave radiation at
34 GHz was generated using a signal generator, converted to 102 GHz
using a frequency tripler, and launched into free space with a standard
gain feed horn antenna. The high-frequency, millimeter-wave microwave
radiation was focused onto a sample placed in a cold-finger cryostat and
re-focused onto a detector with PTFE lenses. The microwave intensity
transmitted through the sample was measured with a custom-made GaAs
Schottky-diode detector and photoinduced changes in the signal were am-
plified with a broad-band amplifier made in-house and measured with
a fast oscilloscope. The microwave conductivity system was operated in
transmission geometry (see the diagram in Figure 1a) with most of the
incident microwave signal being transmitted through the sample, and the
change in transmission directly upon photoexcitation typically amounting
to <5% of the transmitted signal in the absence of photoexcitation, de-
pending on the excitation fluence used. The spectrally resolved photolumi-
nescence was measured using a fibre-coupled spectrometer (Ocean Op-
tics, USB2000+) and TRPL was measured using a spectral filter (to remove
laser scatter) and fast photodiode detector, from which the signal was am-
plified with a broad-band amplifier made in-house and measured with the
same oscilloscope as above. The samples were photoexcited with a pulsed
laser light originating from Ti:Sapphire amplified laser system (Spectra-
Physics, Maitai-Ascend-Spitfire, 35 fs pulse duration), frequency doubled
in a BBO crystal to 400 nm central wavelength for investigating CsPbBr3
and converted to 670 nm central wavelength using an optical paramet-
ric amplifier (Light Conversion, TOPAS-C) for investigating MAPbI3 and
FA0.83Cs0.17PbBr0.6I2.4. The choice of the excitation wavelength for each
of the materials ensured a long absorption depth of the pump pulse (see
Table S3, Supporting Information for bandgap energy values), comparable
to the film’s thickness, which resulted in a uniform excitation of charge-
carrier pairs along the depth of the sample. Such uniform excitation mini-
mized unwanted effects originating from charge-carrier diffusion process,
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such as reduction of the photoluminescence intensity caused by decreased
carrier density, and simplified the modeling of charge-carrier dynamics.
The time resolution of the TRMC system was measured as the rise time
(10% to 90%) of the signal to be 1.1 ns for conductivity measurement and
2.6 ns for TRPL traces.

OPTP Spectroscopy: The OPTP experiments were conducted using
the method described previously.[51,77,105,106] The room-temperature mea-
surements were performed using the above-mentioned Ti:Sapphire laser
system as an excitation source, employing the OPA and a BBO crystal to
generate the same excitation wavelengths as used in the TRMC exper-
iments. THz pulses were generated with a spintronic emitter (2nm-W–
1.8nm-Co40Fe40B20–2nm-Pt[107]) and detected via electro-optic sampling
in 1-mm-thick (110) ZnTe crystal. For the temperature-dependent mea-
surements, samples were photoexcited using a Ti:Sapphire amplified laser
system (Spectra-Physics, Maitai-Empower-Spitfire) whose central wave-
length was converted to 670 nm using an optical parametric amplifier
(Light Conversion, TOPAS-C). THz pulses were generated and detected
as above. The temperature of the sample was varied using a cold-finger
cryostat. The temporal system resolution, defined as the standard devi-
ation of the Gaussian broadening of photoconductivity onset, has been
previously measured to be 320 fs.[108]

Absorption Spectrum: The absorption spectra of the thin films were
measured using a Fourier-transform IR spectrometer (Bruker Vertex 80v)
with a reflection–transmission attachment, a tungsten-filament lamp as a
light source, and a CaF2 beamsplitter. A silver mirror was used as a 100%
reflection/0% transmission reference and an empty sample holder as the
100% transmission/0% reflection reference.

Data Processing: The photoinduced conductivity 𝜎 (proportional to
the charge-carrier sum mobility μcc and charge-carrier pair density n) was
proportional to the relative change of THz transmission through the thin
film[109]

𝜎 = n𝜇cce =
𝜖0c(1 + nsub)

d
ΔT
T

(4)

where e is the electron charge, ϵ0 is the vacuum permittivity, c is the speed
of light, d is the thickness of the thin-film sample that is photoexcited,
nsub = 2.1 is the refractive index of the crystalline quartz substrate,[110]

T is the transmitted THz field strength prior to photoexcitation, and ΔT
is the difference in the transmission strength with and without photoex-
citation. Similarly, the photoconductivity was proportional to the change
of microwave transmission in the TRMC experiment, directly measured in
the system described above.[111] Using Equation (4), the sum mobility was
extracted from photoconductivity onsets measured at room temperature
and shown in Figure S8, Supporting Information, using the known charge-
carrier excitation density n(t= 0) (Equation (S1), Supporting Information).
The values of mobility shown in Figures 2f and 4d were normalized to the
effective sum mobility measured at room temperature in order to obtain
the temperature-dependent mobility trends.
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