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Light soaking in metal halide perovskites studied
via steady-state microwave conductivity
C Lowell Watts 1, Lee Aspitarte 2, Yen-Hung Lin 3, Wen Li3,4, Radwan Elzein 5, Rafik Addou 5,

Min Ji Hong 1, Gregory S. Herman5, Henry J. Snaith 3 & John G. Labram 1✉

The light-soaking effect is the observation that under constant illumination the measured

power conversion efficiency of certain solar cells changes as a function of time. The theory of

the light-soaking in metal halide perovskites is at present incomplete. In this report, we

employ steady-state microwave conductivity, a contactless probe of electronic properties of

semiconductors, to study the light-soaking effect in metal halide perovskites. By illuminating

isolated thin films of two mixed-cation perovskites with AM1.5 solar illumination, we observe

a continual increase in photoconductance over a period of many (>12) hours. We can fit the

experimentally observed changes in photoconductance to a stretched exponential function, in

an analogous manner to bias-stressed thin-film transistors. The information provided in this

report should help the community better understand one of the most perplexing open pro-

blems in the field of perovskite solar cells and, ultimately, lead to more robust and predictable

devices.
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A
lthough metal halide perovskites (MHPs) offer the com-
munity many exciting opportunities1, consistent under-
standing and consensus still lags behind more long-

studied systems such as organic semiconductors2 or silicon3.
Developing a robust understanding of this class of materials is
paramount to their future success as a commercial technology.
The light soaking effect in MHPs is an example of a phenomenon,
which is still lacking a consistent description from the commu-
nity4–8. Light soaking is the observation that the measured power
conversion efficiency (PCE) of certain solar cells changes as a
function of time, under constant illumination9. This is a phe-
nomenon observed in wide-range of semiconductors10–12, but
arguably most pronounced, and intensely studied in hydro-
genated amorphous silicon (a-Si:H)13–15, copper indium–gallium
selenide (CIGS)16–18, and MHPs5,8. In a-Si:H, photoconductivity
is observed to fall upon prolonged light-soaking (the Staebler-
Wronski Effect)13. This behaviour is understood in terms of
increased non-radiative recombination occurring via photon-
induced meta-stable dangling bonds15,19. In CIGS a persistent
increase in dark conductance is observed after illumination from
white light18,20.

Although light-soaking in a-Si:H leads to a reduction in perfor-
mance, light-soaking often leads to an increase in PCE in MHP-
based solar cells5,8. A range of hypotheses exist to describe this
phenomenon. Light-activated meta-stable states (analogous to those
in a-Si:H) is a prevalent description in the literature6,8. Interfacial
states between the MHP and electron-blocking-layers/hole-block-
ing-layers also commonly in feature explanations5,8,21,22. Other
explanations involve the migration of ions leading to internal pin-
like structures in the perovskite7 or a reduction in trap-state
density23,24. Light-induced halide segregation is a popular descrip-
tion for mixed halide perovskites4,23,25,26, in-which optically
induced segregation of bromine-rich and iodine-rich regions reduce
the overall bandgap in certain compositions (the Hoke Effect)4. The
fact that changes in photoluminescence yield27, diffraction spec-
tra26, photoconductance28, and absorption coefficient29 have been
observed over periods of seconds to minutes in isolated thin films
suggest that the behaviour is at least partially owing to the material
itself, rather than interfaces. The theory of light-soaking in MHPs is
at present incomplete.

In this report, we employ steady-state microwave conductivity
(SSMC)30–32 to measure the photoconductance of thin films of
MHPs under AM1.5 conditions, over a period of many hours.
SSMC is a contactless technique (no metallic contacts nor hole-/
electron-blocking layers are required to evaluate photo-
conductance), which does not require large DC electric fields.
These features enable us to make statements on the photo-
stability of perovskite compounds themselves, and removes
ambiguity arising from interfacial effects5,8,21 or voltage-induced
polarization33,34.

Results
Photoconductance under white light. The experimental setup
employed in this report is shown diagrammatically in Fig. 1a, and
is based upon a similar system developed by the Chabinyc Group
at the University of California, Santa Barbara30. The system is
designed to measure thin films of semiconductors on insulators
(as depicted in Fig. 1b)35. The system can be considered a steady-
state analogue of conventional time-resolved microwave con-
ductivity (TRMC)36. A standing microwave (~8–9 GHz) elec-
tromagnetic field is formed in a waveguide cavity, and a
semiconducting sample is positioned at a maximum of the
electric-field component of this standing electromagnetic wave.
The intensity of microwaves reflected out of the cavity are
detected using a Schottky diode and converted to a voltage that is

proportional to microwave intensity. For semiconductors, the
carrier density should be low in the dark, and the detected voltage
will be constant as a function of time. The closed end of the cavity
is made of a transparent conductor (indium tin oxide on glass),
through-which the sample is illuminated. With an appropriate
bandgap, the incident light generates charge carriers in the film.
These carriers move under the influence of the standing electric
field, and the reflected microwave intensity (and hence detected
voltage) changes upon illumination. With knowledge of the cavity
properties one can evaluate how the photoconductance of the film
changes from the detected voltage36 (see Supplementary Note 1
and Supplementary Fig. 1 for details). The approach provides
relative (photo-induced) changes in conductance, ΔG, and
requires a modulated optical source. In conventional TRMC a
pulsed laser is normally used37. In SSMC, a constant optical
illumination source is passed through an optical chopper30,32.
The measured ΔG is evaluated using a lock-in amplifier.

In this report, we study two mixed halide, mixed-cation
perovskite films: a double-cation composition: FA0.83Cs0.17
Pb(I0.9Br0.1)3 (FACs) and a triple-cation composition:
(FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3 (FAMACs), where FA is
formamidinium and MA is methylammonium. These com-
pounds were chosen as they are known to lead to high PCEs
when employed in solar cells38,39, and have been shown to be
highly stable in air40,41. The later property is particularly
valuable as we are measuring electronic properties under
illumination, in air, for many hours. The films were prepared
on 0.9 cm × 0.9 cm × 0.5 mm quartz substrates. The absorption
spectra of these two compounds are shown in Fig. 1c, alongside
the incident optical spectrum from the solar simulator42.

The samples were left in the SSMC cavity in the dark for >1
hour before measurement. The photoconductance of the films
was measured as a function of time for 30 minutes before the
shutter was opened, after which the photoconductance was
measured every 100 ms for a further 18 hours. The samples were
fabricated, transported, and stored under inert atmosphere, but
were measured unencapsulated in air. The photoconductance as a
function of time is shown for FACs and FAMACs in Fig. 2a, b
respectively. The samples were illuminated with white (AM1.5)
light from a solar simulator. The optical power density was
controlled by passing the incident light through neutral density
filters. For both compounds, and for optical power densities ≥10
W/cm2, the conductance is observed to rise over a period of many
hours. When illuminated for longer periods of time, the
photoconductance of FACs rises sharply for ~12 hours, followed
by a slower subsequent rise over 4 days (see Supplementary
Note 2 and Supplementary Fig. 2).

The optical power density of commercial solar simulators is
known to exhibit small variations as a function of lamp
temperature. To rule this out as a potential factor in the increase
in ΔG as a function of time, the solar simulator was turned on >1
hour prior to measurement in all cases. Supplementary Note 3
describes how the optical power density was monitored as a
function of time after the lamp was turned on, as a separate
measurement. The results are shown in Supplementary Fig. 3.
Although the output does increase for the first 2 minutes, the light
source is stable after this time. For this reason, we rule-out
instability in lamp output as a contributing factor to the observed
increase in ΔG.

A similar possible artefact concerns the sample holder
temperature, which we address in Supplementary Note 4. In
Supplementary Fig. 4 we show the temperature of the sample
holder in the cavity measured as a function of time under
constant illumination from 20mW/cm2 AM1.5 solar spectrum.
An increase in cavity temperature of ~1°C is observed upon the
first 5 minutes of illumination, followed by an increase of another
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~1°C, over the subsequent 12 hours. An increase in temperature
of 2°C is not expected to affect carrier mobility, and hence
conductance, significantly. The mobility of charge carriers in thin
films of MHPs are generally observed to be inversely correlated
with temperature43. As we observe an increase in conductance as
a function of time, it is hence reasonable to conclude that changes
in ΔG are unlikely to be owing to changes in cavity temperature.

Given the reasons described in the preceding two paragraphs,
we interpret the increase in conductance observed in Fig. 2a, b in
terms of photo-induced instabilities of the perovskite; consistent
with previous observations of the light-soaking effect in the
literature5,7,8,25. It has previously been shown30 that values of ΔG
measured from SSMC measurements can be used to evaluate a
proxy for the mobility-lifetime product: ϕΣμτ, as defined by Eq. 1.

ϕΣμτ ¼ ϕ τeμe þ τhμh
� �

ð1Þ

μe and μh are the average electron and hole mobilites measured
over the sample area, respectively. τe and τh are representative
electron and hole lifetimes, respectively. Here ϕ is the carrier-
generation efficiency, i.e., the number of electron-hole pairs
generated per absorbed photon (ϕ 2 0; 1½ �). In materials with low
exciton binding energies, such as MHPs44, one can assume that
ϕ � 1 and hence interpret ϕΣμτ � μeτe þ μhτh. ϕΣμτ has the
same units as mobility-lifetime product, but carrier-specific
information is obscured. The derivation of ϕΣμτ is described in
Supplementary Note 5 and previous work30. The derivation of
ϕΣμτ assumes that the semiconductor is in steady state at the

end of each illumination cycle. We validate this assumption for
a chopper frequency of 4 kHz in Supplementary Note 6 and
Supplementary Fig. 5. ϕΣμτ as a function of time under
illumination is shown for FACs and FAMACs in Fig. 2c, d,
respectively.

Time-resolved microwave conductivity measurements. With ϕ
assumed to be very close to unity in these compounds, the
question remains as to the relative contributions of mobility and
lifetime to ϕΣμτ. It is reasonable to expect that optically pre-
filling traps or lower-energy transport states could affect average
mobility. To help address this question, conventional TRMC
measurements were carried out on an FACs sample with and
without background illumination from AM1.5 illumination. A
schematic diagram of the TRMC system employed is shown in
Fig. 3a. The TRMC and SSMC systems used in this study are
modified versions of the same apparatus35,37. TRMC is an
established technique36, for measuring the photoconductance of a
film upon excitation from a pulsed (~nanosecond) laser. Further
analysis36 allows one to evaluate a proxy for mobility: ϕΣμ, as
given by Eq. 2:

ϕΣμ ¼ ϕ μe þ μh
� �

ð2Þ

Conventionally, TRMC measurements are carried out on-
resonance, and changes in detector voltage are implicitly assumed
to be owing to real changes in conductance. However, by carrying

Fig. 1 Overview of steady-state microwave conductivity measurement strategy. a Schematic diagram of steady-state microwave conductivity (SSMC)

system used in this study. Abbreviations are as follows: PC personal computer, AM air mass, ND neutral density, ITO indium tin oxide, VCO voltage-

controlled oscillator. b Schematic illustrating that films are simply solution-processed metal halide perovskite (MHP) on quartz. The crystal structure

shown is that of (MA)PbI3 but is meant to be illustrative of the samples employed. Purple spheres represent iodine atoms, green octahedra surround lead

atoms, brown spheres represent carbon atoms, and grey spheres nitrogen atoms. Hydrogen atoms in (MA) are omitted for clarity. c Normalised intensity

of light incident on sample, provided by manufacturer42, with absorbance of FA0.83Cs0.17Pb(I0.9Br0.1)3 (FACs) and (FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3

(FAMACs) films. MA methylammonium, FA formamidinium. Figure 1a Adapted with permission from ref. 35. Copyright (2019) American Chemical Society.
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out measurements as a function of microwave frequency, it has
been shown that it is possible to resolve real (ΔG � ΔG0) and
imaginary (ΔG00) components of conductance45. The extraction
and evaluation of ΔG0 and ΔG00 is described in Supplementary
Note 7, and we here just consider the real photoconductance: ΔG0

(i.e., the contribution owing to free carriers only). As depicted in
Fig. 3a, we here use a beam splitter to mix AM1.5 constant
(unchopped) illumination with a ~5 ns 532 nm pulse from a Nd:
YAG laser. The optical power density incident on the sample
owing to the solar simulator was 10 mW/cm2. Example TRMC
transients (ΔG0 as a function of time) are shown in Supplemen-
tary Fig. 6 for an FACs sample before, during, and after
illumination from 10mW/cm2 AM1.5 light. The purpose of this
TRMC experiment is to not study light-soaking directly28, but to
elucidate what effect, if any, background illumination has on
carrier mobility.

Figure 3b shows the TRMC figure of merit (ϕΣμ) extracted from
the real photoconductance as a function of laser fluence, before,
during, and after illumination from 10mW/cm2 AM1.5 light. At
high laser fluence, a significant amount of bimolecular and Auger
recombination will occur during the ~5 ns laser pulse, resulting in
a reduction in peak observable photoconductance, and hence a
reduction in extracted ϕΣμ (as observed in Fig. 3b). This is a widely
observed phenomenon in TMRC, and models have been developed
to account for it46. By applying such a model46, we approximate
representative values of ϕΣμ, as shown in Fig. 3c. Although TRMC
is known to underestimate mobilites in certain cases47, relative
measurements are generally unambiguous. It is clear from the data
presented in Fig. 3 that illumination at 10mW/cm2 appears to
have no significant impact on the average measured mobility of
free charge. This result suggests that the changes in ϕΣμτ occurring
over many hours, shown in Fig. 2, are unlikely to be owing to an
enhancement in average mobility alone.

The recovery of photoconductance was investigated in
Supplementary Note 8, Supplementary Figs. 7 and 8. An FACs
sample was illuminated with 10 mW/cm2 AM1.5 illumination for
12 hours, then left in the dark for 12 hours, before being
illuminated again with AM1.5 illumination for a further 12 hours
(Supplementary Fig. 8). Immediately after the shutter is initially
opened (time= 0) the photoconductance rises to ~ 350 nS, before
increasing to ΔG � 675 nS during the subsequent 12 hours of
illumination. When the shutter is closed, the measured photo-
conductance drops to zero. When the shutter is opened for the
second time (after a total of 24 hours), the photoconductance
partially recovers to around 500 nS. After another 12 hours of
light soaking, the photoconductance eventually reaches a peak
value of ΔG � 700 nS. The data suggest the process is, at least
partially, reversible.

Photoconductance under green light. To probe whether photo-
induced changes in bandgap4, and hence changes in the fraction
of photons absorbed, are responsible for the observed light
soaking, samples were also measured with above bandgap light
from a green light-emitting diode (LED), with a peak emission
wavelength of 525 nm. Figure 4a shows the photoconductance of
thin films of FACs and FAMACs measured using SSMC, under
illumination from green light at 10 mW/cm2. Figure 4a demon-
strates that these samples exhibit the light soaking effect under
monochromatic light, and it is hence unlikely that photo-induced
changes in optical bandgap are the only relevant process. The
most striking difference between SSMC data acquired under
white and green light is the magnitude of photoconductance,
which is roughly an order of magnitude higher under green light
for both FACs and FAMACs. The spectrum-integrated optical
power density is 10 mW/cm2 for each source, so the percentage of

Fig. 2 Time-dependent photoconductance of metal halide perovskite films. a, b Photoconductance, ΔG, of a, FA0.83Cs0.17Pb(I0.9Br0.1)3 (FACs) and b,

(FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3 (FAMACs) measured as a function of illumination time, under constant AM1.5 optical illumination, at various

intensities. c, d ϕΣμτ of c, (FACs) and d, (FAMACs) extracted from ΔG, as a function of illumination time, under constant AM1.5 optical illumination, for

various illumination intensities. ϕΣμτ ¼ ϕ τeμe þ τhμh
� �

, where μe and μh are the average electron and hole mobilites measured over the sample area,

respectively. τe and τh are representative electron and hole lifetimes, respectively. Here ϕ is the carrier-generation efficiency, i.e., the number of electron-

hole pairs generated per absorbed photon (ϕ 2 0; 1½ �). All measurements were carried out at room temperature in air using the steady-state microwave

conductivity (SSMC) system shown in Fig. 1. The same samples were measured in order of increasing optical power density, and were stored in inert

atmosphere N2, in the dark for at least 24 hours between experiments.
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above-gap photons will be higher for the green light source. This
difference alone however can only account for a ~2–3-fold
increase in ΔG (calculation not shown) not a factor of ~10.
Previous reports48 have illustrated that the differences in excita-
tion wavelength can lead to distinct light-soaking phenomena.
For this reason, we interpret the results presented in Figs. 2 and
4a as being evidence that light soaking under white light is due to
multiple, competing, processes.

The values of ΔG obtained from SSMC data are owing to
photo-induced charge carriers only, and do not enable us to
comment on changes in background conductance. For this
reason we carried out simple two-terminal device measure-
ments49 of a thin film of FAMACs under illumination. Figure 4b
shows the conductance G, (i.e., sum of both background and
photogenerated conductance) of an FAMACs film measured for
~90 minutes in the dark, before being illuminated with green
light (peak 525 nm) at an intensity of 10 mW/cm2 for 10 hours.
After illumination, the device was held in the dark for a further
10 hours. A bias of 2 V was continually applied throughout the
measurement. The electrodes were gold and the channel length

was 10 μm. Upon application of the voltage in the dark, the
current increases for ~30 minutes, before stabilizing. Upon
illumination, an initial spike in G is observed, after which the
conductance slowly falls over the subsequent 10 hours. After the
light is removed, the film retains a conductance ~25–35 times
higher than its pre-illumination value. The same data are plotted
with a linear y axis scale in Supplementary Note 9 and
Supplementary Fig. 9.

The reduction in total conductance (G) as shown in Fig. 4b is,
on first inspection, contradictory to the observed increase in
photoconductance (ΔG) observed in the SSMC measurements
(e.g., Fig. 4a). We believe the observed reduction in G is likely to
be owing to either the presence of injecting electrodes, the SiO2/
MHP interface, and/or the constant DC bias. The ionic
polarizability34 of MHPs is believed to screen electronic charge
at room temperature, and has led to difficulties in demonstrating
field-effect devices based on MHPs50,51. In addition, extended
illumination in other material systems is known to lead to a
photo-gating affect52, resulting in a shift of the threshold voltage
in thin-film transistors. A positive shift in threshold voltage under

Fig. 3 Time-resolved microwave conductivity measurements. a Schematic diagram of time-resolved microwave conductivity system (TRMC) used in this

study. This setup is a modified version of the steady-state microwave conductivity (SSMC) apparatus depicted in Fig. 1. Abbreviations are as follows: PC

personal computer, AM: air mass, ND neutral density, ITO indium tin oxide, VCO voltage-controlled oscillator, Nd:YAG neodymium-doped yttrium

aluminium garnet. b ϕΣμ ¼ ϕ μe þ μh
� �

of FA0.83Cs0.17Pb(I0.9Br0.1)3 (FACs) film extracted from real conductance, as a function of laser fluence before,

during, and after illumination. μe and μh are the average electron and hole mobilites measured over the sample area, respectively. ϕ is the carrier-generation

efficiency, i.e., the number of electron-hole pairs generated per absorbed photon (ϕ 2 0; 1½ �). The points are experimental values and the lines are fits to a

numerical model46 accounting for bimolecular and Auger recombination during the laser pulse. c Representative values of ϕΣμ of FACs film before, during,

and after illumination, extracted from the numerical fits in b. All measurements were carried out at room temperature in air. Figure 3a Adapted with

permission from ref. 35. Copyright (2019) American Chemical Society.
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illumination would be manifest as a lower current at zero gate
voltage (i.e., what we have in our two-terminal measurements).
Combined, these contributions make it challenging to isolate a
single mechanism for the decrease in G over the period of
illumination, and indeed illustrate why contactless measurements
can in certain situations provide less ambiguity. For this reason,
we do not strongly advocate a single process for the decrease in G
observed during illumination. We instead focus on the fact that
the film retains an increased conductance after illumination.
Because the conductance was stable before illumination, we can
say unambiguously that extended illumination has resulted in a
persistent background conductance.

Persistent photoconductivity as observed in Fig. 4b is
reminiscent of a similar effect observed in CIGS systems20,
which has previously been attributed to light-induced vacancy
formation53,54. To study this possibility in our systems, we
carried out X-ray photoemission spectroscopy (XPS) on films of
FAMACs on quartz. Figure 4c shows the ratio of metallic Pb0 to
Pb2+ of two FAMACs samples, measured over period of 12
hours, one in the dark and another under illumination from
green light with an approximate intensity of 10 mW/cm2, as
separate experiments. The relative content of other relevant
atomic species (e.g., Cs, N, C, I) were observed to be roughly
constant as a function of time—see Supplementary Note 10 and
Supplementary Fig. 10. Although the conversion of Pb2+ to Pb0

is consistent with our observation of increased background
conductance after illumination (Fig. 4b), it is currently unclear
why this would lead to an increase in photoconductance (e.g.,
Fig. 2). We acknowledge the nature of photogenerated defects is
a complex issue in mixed halide systems55, and that further
experiments are required.

The formation of metallic lead upon illumination has
previously been observed via XPS56 in methylammonium lead
iodide ((MA)PbI3), and has been suggested to occur via
(MA)PbI3 degradation into PbI257, which is itself known to
decompose under illumination and heat into Pb and I258. To rule
out any irreversible changes in structure owing to illumination,
we carried out X-ray diffraction before and after light soaking
under AM1.5 spectra (see Supplementary Note 11 and Supple-
mentary Fig. 11). FACs and FAMACs samples were illuminated
at 10 mW/cm2 or 40 mW/cm2 for 18 hours, then were stored in
the dark in N2 > 1 week. Although we do observe a PbI2 impurity
in all FAMACs films (including pristine films), no significant
changes in structure were observed between pristine samples and
those exposed to illumination. We hence conclude that the
structure is largely unaffected by light soaking at these intensities
and for these durations. As we also observe light-soaking to be, at
least partially, reversible (see Supplementary Fig. 8), we do not
attribute our observations to an irreversible degradation of the
perovskite to a lower-dimensional structure.

Discussion
Although extended illumination of MHPs often results in an
increased photoconductance, in a-Si:H extended illumination is
known to cause a reduction in photoconductance13,15,19. It is
noteworthy that descriptions of changes in photoconductance in
a-Si:H are similar, phenomenologically, to those used to describe
voltage-induced bias-stress behaviour in a-Si:H thin-film tran-
sistors (TFTs):59 extended application of a gate voltage leads to
the creation of reversible trap states, an increase in persistent
charge, and a subsequent change in threshold voltage. The
threshold voltage (and hence interface trap concentration) in
TFTs is often modelled with a (quasi-empirical) stretched-
exponential function60–62. An analogous stretched-exponential
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Fig. 4 Behaviour under Illumination from green light. a Photoconductance,

ΔG, of isolated thin films of FA0.83Cs0.17Pb(I0.9Br0.1)3 (FACs) and

(FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3 (FAMACs) on quartz, measured as a

function of illumination time, under constant optical illumination from green

light-emitting diode with peak emission wavelength of 525 nm at 10 mW/

cm2, using steady-state microwave conductivity (SSMC). b Conductance of

FAMACs measured using before, during, and after illumination from green

light (525 nm) at an optical power density of ~10mW/cm2. Conductance

was in this case measured with a two-terminal device structure consisting

of SiO2 (230 nm) on Si surface, with gold electrodes. The electrodes had a

separation of 10 μm and a width of 10 mm. The Si surface was grounded for

this measurement. Inset: simplified schematic diagram illustrating

experimental setup for this measurement. c Ratio of metallic Pb0 to Pb2+ in

FAMACs thin film, measured as a function of time using X-ray

photoelectron spectroscopy (XPS). XPS measurements were carried out

separately on two identically processed thin films, one under illumination

from green light (525 nm) at an optical power density of ~10 mW/cm2.

SSMC measurements were carried out in air, two-terminal device

measurements were carried out under ambient pressure N2, and XPS

measurements were carried under high (3 × 10–10 mbar) vacuum.
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equation for photoconductance is given by Eq. 3:

ΔG tð Þ ¼ ΔG0 1� exp �
t

τ

� �β
� �� 	

ð3Þ

Where t is the time under illumination, and ΔG0 is the photo-
conductance as t ! 1. β is the dimensionless dispersion para-
meter, defined by Eq. 4:

β ¼
T

T0
ð4Þ

T is temperature, and T0 is the characteristic trap-state width
(units of temperature) of the material. The parameter τ is the
temperature-activated relaxation-time, and is given by Eq. 5:

τ ¼ ν
�1 exp

EA
kBT

� 	

ð5Þ

EA is the mean activation energy for trap formation, kB is the
Boltzmann Constant, and ν is the trap-formation attempt-fre-
quency. It is reasonable to assume that β and EA are material
properties (i.e., independent of illumination intensity), whereas ν
and ΔG0 are both dependent on illumination intensity.

Figure 5 shows Eqs. 3 and 5 fitted to the time-dependent
photoconductance of FACs and FAMACs, under illumination
from 10mW/cm2 and 20mW/cm2 white light. For each material,
β and EA were forced to be independent of light intensity,
whereas ν and ΔG0 could vary as a function of intensity. From
these fits, we obtain values of β = 0.40 and EA = 0.77 eV for FACs
and β= 0.44 and EA = 0.77 eV for FAMACs. From past TFT
voltage-induced bias-stress measurements, typical room tem-
perature values of β= 0.4–0.6 and EA = 0.9–1.0 eV have been
reported for a-Si63,64, β = 0.4–0.5 and EA = 0.5–0.6 eV for
amorphous indium–gallium-zinc oxide (IGZO)62, and β = 0.44
and EA = 0.5–0.6 eV for organic semiconductors65.

Although empirical, using a stretched exponential to describe
light soaking is not an unreasonable approach. There are known
similarities between the application of extended illumination and
application of extended gate voltages in a-Si:H systems15,60. Given
that bias stressing is routinely observed to occur over periods of
multiple hours66, it is also conceivable that extended illumination
leads to generation and/or removal of persistent trap states over
similar timescales. Similarly, the large absorption coefficients in
MHPs suggest an inhomogeneous vertical distribution of charge,
reminiscent of charge distributions in TFTs, will be produced
under constant illumination67. Although further study (including
temperature-dependent measurements, wavelength-dependent
measurements, composition-dependent measurements, and
hole- and electron-resolved parameters) is clearly needed to
elucidate the details of this phenomenon, it is hoped the data
presented here will guide future experiments in the endeavour of
resolving the light-soaking effect.

In conclusion, we have used SSMC to probe the time-
dependent photoconductance of metal halide perovskites. By
illuminating isolated thin films of two mixed halide, mixed-cation
perovskites with AM1.5 solar illumination, we observe a con-
tinual increase in photoconductance over a period of 18 hours. As
our technique is contactless, these results illustrate how light
soaking cannot exclusively be an interfacial effect, nor an effect
owing to DC external fields alone. By applying time-resolved
microwave conductivity to films under illumination from AM1.5
illumination at an incident power density of 10 mW/cm2, we also
rule out changes in average carrier mobility as being a dominant
mechanism. The mechanisms responsible for this observation
remain unresolved but are likely owing to multiple competing
factors. We are able to fit the observed changes in photo-
conductance to a quasi-empirical stretched-exponential function,
in an analogous manner to bias-stressed TFTs. The information
provided in this report should help the community better
understand one of the most perplexing open problems in the field
of perovskite solar cells and, ultimately, lead to more robust and
predictable devices.

Methods
Sample preparation. Lead iodide (PbI2, 99.999%, metals basis) was purchased
from Alfa-Aesar and lead bromide (PbBr2, ≥98%) from Alfa-Aesar. Cesium iodide
(CsI, 99.99%) was purchased from Alfa-Aesar. Formamidinium iodide (FAI) and
methylammonium iodide (MAI) were purchased from GreatCell Solar. To form
the mixed-cation lead mixed-anion perovskite precursor solutions, CsI, FAI, PbI2,
and PbBr2 were prepared in the way corresponding to the exact stoichiometry for
the desired metal halide perovskite composition in a mixed organic solvent system
comprising anhydrous N,N-dimethylformamide (DMF) and anhydrous dimethyl
sulfoxide (DMSO) at the ratio of DMF:DMSO= 4:1. The perovskite precursor
concentration used was 1.45 M. The deposition of the mixed-cation lead mixed-
anion perovskite layers was carried out using a spin coater in a nitrogen-filled glove

Fig. 5 Photoconductance fitted to stretched-exponential function.

Photoconductance, ΔG, of a FA0.83Cs0.17Pb(I0.9Br0.1)3 (FACs), and

b (FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3 (FAMACs) measured as a function

of illumination time, under constant AM1.5 optical illumination at 10 and

20mW/cm2 (points). The lines are fits to the stretched-exponential

function given by Eqs. (3) and (5). From these fits we obtain values of β =

0.40 and EA = 0.77 eV for FACs, and β = 0.44 and EA = 0.77 eV for

FAMACs.
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box with the following processing parameters: starting at 1000 rpm for 5 sec
(ramping time of 5 sec from stationary status) and then 5000 rpm (ramping time of
5 sec from 1000 rpm) for 30 sec. Before the end of the spinning process, a solvent-
quenching method68 was used by dropping 300-µL anisole onto the spinning
substrates at 40 sec after the start of the spin-coating process. The thermal
annealing process (100 °C for 50~60 min) was then carried out for the formation of
the perovskite layer.

Ultraviolet–visible spectroscopy. The ultraviolet–visible (UV–Vis) transmission
measurements were performed using a Shimadzu UV‐2600 UV–Vis spectro-
photometer. The measurements were carried in air at room temperature.

SSMC experiments. A schematic representation of the SSMC system employed in
this study is shown in Fig. 1a35. This SSMC system is home-built and based on
similar systems employed at the University of California, Santa Barbara30 and the
National Renewable Energy Laboratory32. A microwave frequency oscillatory
electric signal is generated using a Sivers IMA VO4280X/00 voltage-controlled
oscillator (VCO). The signal has an approximate power of 16 dBm and a tunable
frequency between 8 GHz and 15 GHz. The VCO is powered with an NNS1512
TDK-Lambda constant 12 V power supply, and the output frequency is controlled
by a Stahl Electronics BSA-Series voltage source. Both the power supply and tuning
voltage are filtered by a combination of active and passive filters before being
supplied to the VCO. The oscillatory signal is incident on an antenna inside a
WR90 copper-alloy waveguide. The microwaves emitted from the antenna pass
through an isolator and an attenuator before they are incident on a circulator
(Microwave Communication Laboratory Inc. CSW-3). The circulator acts as uni-
directional device in which signals entering from port 1 exit through port 2 and
signals entering from port 2 exit through port 3. The incident microwaves pass
through a fixed iris (6.35 mm diameter) into a sample cavity. The cavity supports a
TE103 mode standing wave and consists of an ITO-coated glass window that allows
optical access to the sample. The sample is mounted inside the cavity at a max-
imum of the electric-field component of the standing microwaves, using a 3D-
printed PLA sample holder. Microwaves reflected from the cavity are then incident
on port 2 of the circulator, exiting through port 3, directed through an isolator, and
onto a zero-bias Schottky diode detector (Fairview Microwave SMD0218). The
detector outputs a voltage which is linearly proportional to the amplitude of the
incident microwaves. The amplifier depicted in Fig. 1a is bypassed in SSMC
measurements using two computer controlled Mini-Circuits MTS-18-12B+
transfer switches. An Oriel LCS-100 solar simulator or a Thorlabs SOLIS-525C
high power green LED was used to illuminate the sample. The solar simulator was
turned on >1 hour before all SSMC measurements carried out. Light was passed
through a Stanford Research Systems SR540 optical chopper operating at 4 kHz for
all measurements. The chopped light was passed through a range of neutral density
filters before being incident on a computer controlled ThorLabs SH1 Optical Beam
Shutter. The optical power density was measured to be ~0 mW/cm2 when the beam
obscured by a chopper blade in all cases, and incident optical power density was
measured when unobscured by chopper blades. The incident optical power density
was measured using a Newport 919P-003-10 high sensitivity thermopile sensor and
a Newport 1936-R Power Meter. The sample was left in the dark for 30 minutes
before the shutter was opened, and the measurement then continued for a further
18 hours. The peak-to-peak detector voltage was measured, unamplified, using a
Stanford Research Systems SR865 lock-in amplifier, in phase-locked mode. The
voltage was sampled every 100 ms, then binned into 1-minute intervals in order to
improve the signal-to-noise ratio. The photoconductance was evaluated from the
peak-to-peak voltage as described in Supplementary Note 1. The proxy for
mobility-lifetime product (ϕΣμτ) was approximated from photoconductance,
incident optical power density and sample absorption, as described in Supple-
mentary Note 5.

Time-resolved microwave conductivity experiments. A schematic representa-
tion of the TRMC system employed here is depicted in Fig. 3a. This is a modified
version of the SSMC system depicted in Fig. 1a, and is very similar to the system as
described previously37. Unlike the SSMC experiment, in the TRMC experiment the
detected voltage signal is amplified by a Femto HAS-X-1-40 high-speed amplifier
(gain= ×100). The amplified detector voltage is measured as a function of time by
a Textronix TDS 3032 C digital oscilloscope. Instead of using a solar simulator and
an optical chopper, a Continuum Minilite II pulsed Nd:YaG laser is used to illu-
minate the sample. The laser pulse has a wavelength of 532 nm, a full width at half-
maxima of ~5 ns and a maximum fluence incident on the sample of ~1015 photons/
cm2/pulse. An external trigger link is employed to trigger the oscilloscope before
the laser fires. The real photoconductance, imaginary photoconductance, and
TRMC figure of merit (ϕΣμ) are extracted from the detected voltage as described in
Supplementary Note 7. In order to study the effect of background illumination on
ϕΣμ, the sample was exposed to continuous illumination from AM1.5 solar illu-
mination, whereas the conventional TRMC experiment was taking place. The
AM1.5 illumination was mixed with that from the pulsed laser using a 90:10 beam
splitter. The power density incident on the sample from the AM1.5 solar spectrum
was 10 mW/cm2.

X-Ray diffraction. X-ray diffraction (XRD) patterns were obtained with an X-ray
diffractometer (D8-Discover, Bruker) using Cu Kα x-ray source (λ= 1.541 Å).

Two-terminal device measurements. Pre-patterned bottom-gate, bottom-
contact transistor substrates were purchased from Fraunhofer IPMS. Substrates
consisted of highly n-doped silicon (n � 3 ´ 1017m−3) wafers with thermally
grown 230 nm SiO2 insulating layer. Source and drain electrodes 30 nm-thick Au
on a 10 nm adhesion layer of indium tin oxide. The channel length of the device
measured was 10 μm and the device width 10 mm. The FAMACs film was
deposited onto the pre-patterned substrate following an identical procedure used
for films deposited on quartz substrates. Two-terminal device measurements were
carried out using an Everbeing C-2 probe station and a Keithley 2400 sourcemeter
controlled by a PC via a general-purpose interface bus interface. The common gate
electrode was grounded and the source-drain voltage was 2 V for all measure-
ments. The two-terminal measurements were carried out in N2 at ambient
pressure.

X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy measure-
ments were conducted in a custom-built near-ambient pressure system from
SPECS Surface Nano Analysis GmbH using monochromatized Al Kα radiation (hν
= 1486.6 eV, 50W, 15 kV) under ultra-high vacuum condition (3 × 10−10mbar).
The electron analyzer pass energy was set to 35 eV and normal emission was used
with an analytical spot size of ~ 300 μm. Two FAMACs samples were studied with
and without illumination from green light (maximum emission 525 nm) through a
view port on the XPS chamber. To compensate the charging effect, a flood gun with
low energy electron energy of 0.2 eV with currents set to 0.6 and 0.8 µA for samples
measured with light source On and Off, respectively. The XPS data were charge
corrected to the C 1 s aliphatic carbon binding energy (Eb) at 284.8 eV69. The
surface chemistry was investigated by collecting XPS data (non-stop) for an
extended period up to 12 hours. XPS core levels of Pb 4 f, Cs 3d, I 3d, C 1 s, and N
1 s were recorded with an energy step size of 0.1 eV. All spectra were fit by CasaXPS
software using Gaussian-Lorentzian line shapes with a linear background. The
atomic ratios R of the samples were obtained using Eq. 6 adapted from Physical
Electronics (Perkin Elmer)69. Values of the corresponding atomic sensitivity factors
S are based on the peak area measurements obtained from empirical data70 and
values for I, which is the number of photoelectrons per second to scale the mea-
sured areas in a specific spectra peak computed from the corresponding fitted
spectra using CasaXPS.

R ¼
Ix=Sx
IY=SY

ð6Þ

Data availability
The data sets generated during and/or analysed during the current study are available
from the corresponding author upon reasonable request.
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