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Transient Photovoltage Measurements on Perovskite
Solar Cells with Varied Defect Concentrations and

Inhomogeneous Recombination Rates

Zi Shuai Wang, Firouzeh Ebadi, Brian Carlsen, Wallace C. H. Choy,*

and Wolfgang Tress*

In all kinds of solar cells, transient photovoltage (TPV) decay measurements
have been used to determine charge carrier lifetimes and to quantify recombi-
nation processes and orders. However, in particular, for thin-film devices with
a high capacitance, the time constants observed in common TPV measure-
ments do not describe recombination dynamics but RC (R: resistance, C:
capacitance) times for charging the electrodes. This issue has been revisited
for organic and perovskite solar cells in the recent literature. Here, these
discussions are extended by analyzing a perovskite model system (Bi defects
in Csy1FAqoPb(Brglo9)s in which defect recombination can be tuned. It is
found that TPV, intensity-modulated photovoltage spectroscopy, and imped-
ance spectroscopy yield the same time constants that do not describe recom-
bination dynamics but are limited by the differential resistance of the diode
and the geometric capacitance in common light intensity ranges (<1 sun). By
employing numerical device simulations, it is found that low charge carrier
mobility can furthermore limit the TPV time constants. In samples with spa-
tially nonuniform recombination dynamics, two time constants are measured,
which depend on the charge carrier generation profile that can be tuned by the
wavelength of the incident light. In that case, numerical simulation provides

1. Introduction

One major loss mechanism in solar cells
is non-radiative recombination. Under-
standing this process becomes crucial in
particular for solar cells based on perov-
skites, as these materials provide sufficient
absorption and charge carrier mobilities,
resulting in light harvesting and charge
carrier collection efficiencies close to
unity in the relevant photon wavelength
range and under short circuit conditions.”
Therefore, understanding and control-
ling the recombination, which limits the
obtainable photovoltage and ultimately
the fill factor, is of high interest for such
devices.”l’ Thus, experimental methods
are desirable to characterize recombina-
tion. Whereas steady-state measurements
such as photoluminescence and electro-
luminescence spectra and yields are more
straightforward to analyze,>! transient
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optoelectronic measurements are more
difficult to interpret. However, these
transient measurements are desirable
to quantify recombination rates that compete, for example, at
maximum power point, with transport and extraction rates.®!
The typical experimental methods are transient photovoltage
(TPV) decay measurements,’ also combined with charge
extraction, and optoelectronic measurements in the fre-
quency domain such as intensity-modulated photovoltagel™!
(IMVS) and classical impedance spectroscopy!® (EIS). Carried
out as a function of the light intensity, they can yield informa-
tion on the dependence of recombination on charge carrier
density (reaction order).['2]

All these measurements are based on small-signal pertur-
bations to determine a characteristic time that is supposed to
describe recombination processes. Indeed, these techniques
have been widely applied to organic and perovskite solar cells.
However, the obtained reaction orders can be influenced by
spatial inhomogeneities of charge carrier concentrations!® and
measured time constants can be limited by capacitive effects.[#1]
More precisely, the process that governs the change of the
photovoltage might not be limited by recombination times but
by displacement of charge, that is, the charging and discharging
times of the electrodes, as this process is required to measure a
change of the external voltage. This spatial redistribution of the
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photogenerated carriers cannot be neglected in ultrathin-film
solar cells, and models based on simple rate equations without
considering the spatial distribution of charge carrier densi-
ties are not sufficient. Undoubtedly, corrections for capacitive
effects have to be included in the analysis. This issue has been
discussed in the literature various times™®"] and has been
recently revisited by several studies comparing different thin-
film technologies,™ using thicker perovskite solar cells,’® and
looking at it from a more theoretical perspective.ll The conclu-
sion from these publications is that in most cases of perovskite
solar cells measured under moderate light intensities, recombi-
nation dynamics cannot be captured by TPV.

In our study, we come to the same conclusion by performing
a comparative experimental case study of perovskite solar cells
with different defect concentrations introduced by adding
small quantities of bismuth to our absorber material. We take
the journey starting from experimental TPV, IMVS, and EIS
data, which, interpreted as recombination times, are not con-
sistent with the steady-state device data obtained from the
current-voltage curve. Instead, we measure the charging and
discharging of the electrodes, as verified by a comparison with
the experimentally determined RC time and by investigating
a thinner control device. We extend our study for inhomoge-
neous recombination rates and mobilities in the absorber and
probe those by illumination with light of different wavelengths.
Comparing the experimental data with device simulation, we
shed light on the origin of a second lifetime, often observed
in TPV measurements,’?°22 but so far not fully understood. It
turns out that TPV on perovskite solar cells is a complex experi-
ment that under some circumstances can provide information
beyond steady-state measurements, which is, however, not
straightforward to analyze.

2. Results and Discussion

The perovskite devices under investigation contain a perovskite
layer with the nominal composition of Csg;FAqoPb(Brgly0)3
(FA stands for formamidinium) in a stack consisting of glass/
fluorine-doped tin oxide (FTO)/TiO, (50 nm)/mesoporous
TiO, (=150 nm)/perovskite (=500 nm)/doped spiro-MeOTAD
(=150 nm)/Au (80 nm). We deliberately introduce a defect by
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adding Bil; to the precursor solution as described by Yavari
et al.l?3! (for experimental details, see the study by Ebadi et al.4)).
Figure 1a shows the current density—voltage (JV) curves of two
representative devices containing 0 (labeled Ctrl) and 0.2 at% Bi
(referred to Pb). The major difference between the two curves
can be found in the short-circuit current density and the open-
circuit voltage (V,.), which is considerably decreased upon addi-
tion of Bi (from 1.1to 0.9 V). As the band gap of the perovskite
remains unaltered, the changed V,. can be directly taken as a
result of an increased share of non-radiative recombination in
the solar cells. Luminescence experiments both on films and
devices, in steady state and transient as presented by Yavari
et al.?¥l confirm this interpretation. Consequently, the higher
non-radiative recombination rate constants, either in the bulk
or at the surface, reduce the V,, of the Bi-containing device.
This comes along with lower charge carrier densities at a given
light intensity, that is, charge carrier generation rate.
In equation, we can writel’]

eV, =E, —lenﬂ (1)
n(I,R)p(I,R)

where F, is the bandgap, k the Boltzmann constant, T the tem-
perature, Ny and N are effective densities of states in valence
and conduction band, respectively. The denominator contains
the product of electron (n) and hole (p) density, which are a
function of the light intensity I and the recombination rate R,
which depends on n and p. At V,, all photogenerated charges
recombine and R equals the generation rate of electron-hole
pairs: R(n) = G o< I. In the small signal perturbation methods,
the recombination rate at a given background intensity and
respective (majority) charge carrier density n, can be approxi-
mated by R(ng) = An/1(ng), yielding 7(n) as an effective recom-
bination lifetime that can be determined from a small-signal
TPV experiment: %x%ﬁ AVM(t)xexp(—i). The lower the

T

7, the faster is the overall recombination, that is, the lower n,
for a given I.

Based on this discussion, we would expect a consider-
ably lower TPV decay time constant for the Bi-containing
device, which should be responsible for the lower n, and V.
at a given I. However, Figure 1b shows that the low-V,  device
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Figure 1. Characterization of solar cells with low (Ctrl) and high defect concentrations (0.02% Bi). a) JV curves of devices measured under simulated
solar light (scan rate of =50 mV s7). b) Small signal perturbation data from TPV, IMVS, and EIS measured under white LED light.
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shows comparable and even slightly higher time constants (7)
in the overall intensity range investigated. This result is inde-
pendent of the measurement technique used to obtain 7. The
technique corresponding to TPV in the frequency domain,
IMVS, where the illumination is sinusoidally modulated and
the voltage response measured, delivers the same results. Also
using an electrical stimulus in EIS (sinusoidal small-signal
perturbation voltage applied) under illumination and open
circuit results in the same 7, when obtained from the interme-
diate spectral range. This coincidence has also been reported
for organic solar cells.?l Therefore, we can hypothesize that
these measurement techniques characterize the same pro-
cess, although EIS is different to the other techniques. EIS
measures the current with a low-input resistance instead of
the open-circuit voltage response. For a direct comparison of
7 of the two devices we might want to compare 7 at the same
ny, because 7 might depend on n, as is the case for any non-
linear (“higher-order”) recombination process. Such plots of 7
versus n, are commonly discussed, where n, is obtained from
charge extraction measurements.”'>! To avoid the difficul-
ties of this measurement, we can use V,. itself because for an
unmodified band gap and density of states (and constant T), V.
(Equation (1)) is a unique function of the charge carrier density
(if it makes sense to define a homogeneous charge carrier den-
sity). Replotted versus V. (Figure 2a), the trend of 7is indeed
inverted, which might be taken as an indication that the recom-
bination dynamics is indeed faster for the low-V,, device. How-
ever, the strong dependence of 7on V,. and light intensity with
a power law of an exponent close to —1 remains unexplained.
In the recombination processes discussed for perovskite solar
cells, we would expect a constant lifetime in a simple Shockley—
Read-Hall (SRH) model and in the case of surface recom-
bination. A second-order process, such as radiative recom-
bination between photogenerated charges (R = fnp = fn?),
should yield an exponent of —% as ny would scale with VI. In
general, if 7represents a measure for recombination times at a
given light intensity, a faster recombination and lower V,_ have
to be accompanied by a reduced 7 at this light intensity, inde-
pendent of the resulting n,. (A lower n, must be a consequence
of enhanced, i.e., higher recombination rate constants.)

To confirm the observations from Figure 1b, we measured
more devices, also with other concentrations of Bi and find as a
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common theme that 7 does not decrease with the decreased V,,
but increases with Bi concentration at a given light intensity
(Figure S1, Supporting Information). The roughly linear
increase of 7 with reduced light intensity remains (Figure 1b).

Coming back to the initial discussion of RC limits, we com-
pare 7 with the RC time obtained from the capacitance and
the differential resistance of the dark JV curve (Figure 2b).
The capacitance represents the geometric capacitance and was
extracted from the high-frequency regime of impedance meas-
urements. Exchanging the intensity axis by an axis representing
a photocurrent for each device at the respective light intensity,
we can compare Trpy and Trc. We observe a good coincidence
showing that the light-intensity-dependent zrpy does not con-
tain more information than can already be deduced from the
steady-state dark JV curve when knowing the geometric capaci-
tance. This directly explains why TPV and EIS time constants
coincide as both measure the RC response of the device. We
confirm this effect by a device with a thinner perovskite layer,
where we observe higher 7 due to the increased capacitance
(e 1/thickness), which completely rules out that the 7 we are
measuring has anything to do with recombination dynamics.
This explanation is not surprising given the recently reported
results and discussions elaborated in the introduction.’>!®! This
RC approach has also been formulated earlier for other solar
cells and R is commonly approximated by the differential resist-
ance of the diode curve.'*?/l As the RC time is decreasing with
increasing voltage, criteria for the minimum light intensity
can be formulated, under which recombination times could be
seen.l]

Using a custom-made numerical device simulator, we
performed TPV simulations following the approach of the
mirror-device introduced by Calado et al.?8! We extracted 7 as
a function of light intensity shown in Figure 3a, and compared
simulation with experimental values. For simplification, uni-
form input parameters, including charge carrier generation rate,
SRH recombination lifetimes, radiative recombination rate con-
stant, and mobilities were set in the absorber, which includes
both meso-TiO, and perovskite layer. (Details on the numerical
device simulations can be found in Supporting Information.)
Based on our previous work,?3l we expect that the Bi impurity
only affects the SRH recombination time constant (zggy) and
possibly slightly the charge carrier mobility. Decreasing the
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Figure 2. Transient photovoltage and RC limitations. a) TPV time constant plotted versus open-circuit voltage. b) Dominant TPV time constants versus
photocurrent and the RC time constant extracted from the dark JV curve and geometric capacitance versus current.
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Figure 3. TPV in simulation. Simulated zpy a) versus light intensity and b) versus V,. compared with experimental data. c) Simulated zrpy compared
with simulated RC time constants. d) Simulated resistance and capacitance (chemical and geometric) versus voltage. R and C are extracted from EIS

simulations.

Tsgy Dy roughly one order of magnitude (from 110 to 15 ns),
the simulation reproduces the light intensity dependence
of V,. observed in the experiment (Figure 1; Figure S2,
Supporting Information). When additionally decreasing the
(electron and hole) mobilities from 1 to 0.05 cm? V! 57!, the
TPV results are reproduced as well (Figure 3a,b). Interestingly,
consistently with experiment, the simulation predicts a higher
Trpy, When plotted versus light intensity, despite the reduced
Tsry. This trend inverts for light intensities >10 suns, where
Trpy saturates at a value that is twice the corresponding 7spy
This value is expected, if 7rpy indeed represents the recombina-
tion dynamics of such a device where SRH recombination is
dominant (we set Tgpy = 7, = T, resulting in T = 2Tspy, see
Supporting Information). However, such high light intensities
are experimentally harder to realize and require cooling of the
sample. Therefore, commonly as well as in our case the experi-
mental data does not extend to this regime.

To elucidate what determines tpy for lower light intensi-
ties in the simulations, RC time constants were extracted from
simulated EIS experiments at open circuit as a function of
light intensity. Resistances are deduced from the low-frequency
(1 Hz) regime of the EIS data. The geometric capacitance is
extracted from the high (100 MHz) and the overall capacitance
(geometrict+chemical®) from the relatively low-frequency
(0.1 MHz) regimes, respectively (Figure S3, Supporting Infor-
mation). In Figure 3¢, the simulated zpy is compared with
the products of resistance and geometric capacitance (named
as RCye,) or low-frequency capacitance (named as RChemgeo)-
As already found for experiment in Figure 2, trpy equals RCi,
for lower voltages (<1 V). The resistance, which decreases expo-
nentially with increasing voltage (Figure 3d) due to the higher

Small Methods 2020, 4, 2000290 2000290 (4 of 9)

concentration of charge carriers (consistent with the diode
equation), dominates %py. However, at higher voltages, the
exponential increase of the chemical capacitance (Figure 3d)
due to high electron and hole densities leads to a saturation
of RCgiem, Which is consistent with the saturation value of
Trpy and approximately equals 27y (Figure 3c). Whereas the
geometric capacitance mainly represents the charging and dis-
charging of the electrodes, the chemical capacitance includes
the contribution of free carrier motion and recombination to
the overall capacitance of the device. Therefore, the RCqep, is
capable of providing information on recombination dynamics
and the matching with #py is not astonishing. On the other
hand, we can conclude that even in the regime, where recom-
bination dominates, the information of an EIS measurement is
equivalent to that of a TPV measurement.

To match the experimental results in Figure 3a,b, we had
to adjust the mobility (1) besides 7gry in the simulations.
With the aid of Figure 4, we now investigate the effect of 75y
and u separately. When plotting zrpy versus light intensity or
Vy. for varied 7ggy at fixed ¢ (1 cm? V! s7Y), one can observe
three regimes (Figure 4a,b): First, the power—law behavior with
an exponent of —1 at lower light intensities, where 7rpy at the
same light intensity becomes independent of 7y (intensity
<1 mW cm™ in Figure 4a). When plotted versus V,. (Figure 4b),
the zrpy curves shift horizontally due to the decrease of V,. with
lower 7ggy, which is accompanied by a lower resistance of the
dark JV curve at a selected voltage. In the second regime, clearly
pronounced in the cases of very fast SRH recombination, %rpy
saturates at higher voltages at around 27szy, as mentioned
previously. However, in the cases of slow SRH recombination,
Trpy reaches a plateau at 27gpy; but continues to decrease and

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Dependence of TPV time constant on material parameters in simulation. Simulated 7py versus a) light intensity and b) V. for perovskite

solar cells with different recombination lifetimes. c) Simulated zpy versus

Vo in the case of radiative recombination only but varied doping density.

d) Simulated 7rpy versus V,. in perovskite solar cells with different carrier mobilities and fixed s =15 ns.

converge at higher voltages, giving rise to the third regime.
This convergence results from the radiative recombination,

which causes a constant slope (power law with exponent of —%

in Figure 4a), and dominates when the charge carrier density
is sufficiently high that f,,qn’ rules recombination, as reported
by Sandberg et al.'®! A similar behavior with a plateau can be
observed in case of radiative recombination only, when consid-
ering doping of the absorber layer. The high background charge
density yields a constant (minority carrier) lifetime in a certain
intensity range, which causes the same feature as SRH recom-
bination (Figure 4c). These simulation results indicate that zrpy
results are not easy to interpret, even when analyzing zrpy at
high light intensities.

Coming back to the first regime, we investigate the role of
1 in the absorber. Figure 4d shows that a slower charge carrier
transport in the perovskite layer (mobility decreased from 1 to
0.01 cm? V! 57) leads to an increase of 7rpy, due to the higher
resistance induced by the low mobilities. Lowering mobility
also slightly decreases the slopes of the zrpy—V,. curves, as a
result of constant slopes of #rpy versus light intensity curves
and increasing ideality factors (Figure S4, Supporting Infor-
mation). The influence of carrier transport on zrpy can be
explained by comparing the diffusion length with the thickness
of the perovskite layer. Due to the uniform recombination rate
constants and charge carrier mobility set in the simulation, the
diffusion length simply equals vDz, where D = ukgT/e refers to

Small Methods 2020, 4, 2000290 2000290 (5 of 9)

the diffusion coefficient, and 7is gy, which is fixed as 15 ns
in this case. In Figure S5a, Supporting Information, %rpy is
plotted as a function of diffusion length (by varied mobility) for
different perovskite layer thicknesses of 300, 500, and 700 nm.
The V,. in these TPV simulations only slightly varies and thus
does not affect the discussion (Figure S5b, Supporting Informa-
tion). A higher diffusion length leads to a decrease of 7rpy until
the diffusion length is comparable to the thickness of the perov-
skite layer, where 7py becomes independent of the diffusion
length. In the regime where the diffusion length is larger than
the perovskite thickness, which means most of the free carriers
can diffuse to the contacts within their lifetimes, the zrpy is
only determined by the RC time constant given by recombina-
tion and geometric capacitance. These results suggest that zrpy
can depend on u in low-mobility materials. Therefore, a com-
parison of zrpy of different devices might not necessarily reflect
a trend in recombination.?

We want to note that in the common extension of the diode
model with the series resistance, describing additional resistive
voltage losses, the series resistance does not influence py as
it is not involved in charging the electrodes. (This can easily be
verified by connecting an external series resistance.) However,
our results show that resistances that occur in the device, for
example, in the perovskite layer, affect zppy.

So far we assumed that properties of the layers are uniform.
Now, we want to address cases with vertical inhomogenei-
ties in recombination rates. We want to probe them by using

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Incident photon to current efficiency (IPCE) for devices with different Bi contents a) measured b) simulated comparing the effect of surface
recombination at the HTM, an enhanced recombination in the bulk of the perovskite, and decreased mobilities.

illumination with different wavelength to modify the charge
carrier generation profile.

As recombination does not only affect V,. but also the short-
circuit current density (J5) (Figure la and the study by Yavari
et al.23l), we measured the spectral response at short circuit.
The resulting incident photon to current efficiency (IPCE) in
Figure 5a shows an overall drop with increasing Bi concentra-
tion. However, more importantly, the decrease is much more
pronounced for higher wavelength. As the absorption remains
unmodified, we conclude that the internal quantum efficiency
(IQE) becomes indirectly a function of the wavelength through
the location where charges are photogenerated. Due to the
strong dependence of the absorption coefficient on the wave-
length, the red light penetrates further into the layer, whereas
the blue light is already absorbed in the perovskite infiltrated
in the mesoporous TiO, layer. Therefore, upon addition of Bi,
recombination in the perovskite layer or at the interface with
the hole transport material (HTM) is much more enhanced
compared to recombination in the TiO,:perovskite layer. As the
holes photogenerated close to the TiO, can pass through the
perovskite to be harvested at the hole transport layer, we con-
clude that electrons in the bulk perovskite should be minorities
there and face high recombination.

The maintained photocurrent in the TiO,:perovskite despite
the presence of Bi in the perovskite could be due to a fast
extraction of electrons by injection into TiO,, removing them
from being available for recombination and instead contrib-
uting to photocurrent. Such a kinetic argument is valid as long
as charges are extracted (e.g., under J ). Alternatively, Bi might
be less incorporated into the perovskite that is formed in the
mesoporous TiO, and therefore does not create defects in that
region. The beneficial role of mesoporous TiO, in case of Bi
addition is confirmed by a control experiment, where planar
devices based on SnO, have been investigated. The perfor-
mance of those devices is much more sensitive to the Bi con-
centration (PCE = 0 for a Bi concentration of 0.02%).

To judge whether the recombination caused by Bi is more
a surface recombination or a bulk recombination in the
perovskite layer, we employed our numerical device model.
We separate the absorber in two layers, one of 100 nm thick-
ness representing the TiO,:perovskite and one (400 nm) the
bulk perovskite. Absorptivity of the solar cell and the carrier
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generation rate G(x) in the absorber were calculated by solving
Maxwell’s equations using our optical model (2D finite-differ-
ence method based, details in the study by Sha et al.BY) with
optical constants from Werner et al.?¥ G(x) was calculated for
each wavelength (4) and introduced into the drift-diffusion
model to obtain J (4). The internal quantum efficiency (IQE) of
each wavelength was calculated as the ratio of the corresponding
J«c(A) to the maximum photocurrent (J(2)=e J; G(x,4)dx), where
L is the thickness of the perovskite absorber. The IPCE was
obtained as the product of the IQE and absorptivity. The carrier
generation profile under white light and the absorptivity can
be found in the Supporting Information (Figures S6 and S7,
Supporting Information). The simulation results in Figure 5b
indicate that the IPCE can be reproduced by introducing fast
recombination in the bulk region, or slow transport (low ) in
this region, or both, but not surface recombination at the HTM
interface. (Interference fringes are much more pronounced in
the simulation as the scattering effect of the FTO/mesoporous
TiO, substrate is not considered in the model.) We also simulate
the light JV curves with different input parameters (Figure S8,
Supporting Information) to compare with the measured JV
curves in Figure 1a for consistency. The JV curves confirm that
surface recombination at the HTM side mainly reduces V.
but only slightly influences J ., whereas fast bulk recombina-
tion and slow electron mobility reproduce the trends in the
measured JV curves. Too low hole mobility can be ruled out as
the corresponding simulated fill factor is too low compared to
the experiments. Therefore, from simulation, we suggest that
adding Bi increases bulk recombination and reduces electron
mobility in the bulk region, confirming the above descriptions
and those in our previous work.[*!

In the following, we want to evaluate whether we can probe
this difference in recombination also at V,. using illumina-
tion of different wavelength for the TPV experiment. Figure 6a
shows that zpy plotted versus V,. is independent of the illu-
mination color for the device without Bi, consistent with the
overall high IPCE at J,. On the contrary, zrpy of the Bi con-
taining device depends on the illumination color and decreases
when going from blue (470 nm) through white to red (620 nm)
(Figure 6b). At first glance, this looks consistent with the IPCE
showing higher recombination in the layer more distant from
the TiO,. On the other hand, we have been discussing with
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Figure 6. Colorful transient photovoltage in experiment and simulation. a,b) zrpy measured with LED light of white, blue (470 nm), and red (620 nm)
color for a) Ctrl and b) 0.02% Bi devices. ¢,d) zrpy simulated with simplified red and blue light generation profiles in c) control and d) in device with
increased recombination and reduced electron mobility in the bulk perovskite part.

the help of Figure 2b that #py is given by the RC time for
charging the electrodes in this intensity range. Obviously, the
simple RC approximation obtained from the dark case cannot
explain this difference with the illumination color. However,
one might argue that the RC time depends on voltage and
illumination conditions. This is because of photoconductivity
effects or voltage-dependent space charge layer width or free
charge carrier densities contributing to the capacitance. How-
ever, deducing the resistance under each illumination condition
did not yield strongly changed RC times that could explain the
differences seen in Figure 6b (more details in discussions of
Figure 7).

Hence, we revert to our simulations. Simplified genera-
tion profiles were used to represent the experiments under
blue and red light (Figure S9, Supporting Information). For
blue light, carrier generation is assumed in the 100 nm thick
layer representing the meso-TiO,:perovskite region, while red
light is represented by a uniform generation in the adjacent
400 nm layer, representing the bulk perovskite layer. With fast
SRH recombination (zsgy = 0.5 ns) and low electron mobility
(4, = 102 cm? V7' s7Y) only in the perovskite layer but not in
the meso-TiO,:perovskite layer, the simulation results show the
same trend as in the Bi containing devices (Figure 6d), whereas
for the control device (Zsryy = 100 ns and 4, , = 1 cm? V' 579,
no discrepancy appears between rpy under red and blue
light (Figure 6¢). Also in the simulation the RC time constant
obtained from long time scales, when charge carrier densities
are equilibrated throughout the whole stack, does not depend
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on the illumination color and is closer to 7rpy under blue light
(Figure 6d). Therefore, we can conclude that in case of inho-
mogeneity in charge carrier generation and recombination,
Trpy is affected beyond the influence of the RC time constant.
The higher recombination in the bulk perovskite region leads
to a reduction of 7rpy. Therefore, the red light zpy is lower,
as the excess carriers generated by the red pulse concentrate
in the bulk perovskite (400 nm) region with fast recombina-
tion rate, although the decrease of 7ypy is very low as compared
to the changes in 7ggy. Differences of zrpy with illumination
color can only be explained by inhomogeneous recombination
rate constants. High, but uniform recombination does not show
discrepancies between 7py under red and blue light (Figure S10,
Supporting Information). For consistency, we also simulated
the JV curves under red and blue light using the same input
parameters as in the TPV simulation, which match well with
the experiments (Figure S11, Supporting Information).

The discussions so far have not addressed the fact that TPV
transients cannot always be well-described with a single time
constant but a good fit requires two values despite operating in
a small-perturbation regime.® To investigate the origin of two
Trpy, We select a device where this effect is strongly pronounced
(0.2% Bi). Figure 7a shows that the two time constants 7 and 7,
follow a similar trend with light intensity and color as already
discussed with Figure 6. Interestingly, the ratio of the two time
constants remains approximately unmodified in the intensity
range investigated as already previously reported.??l We added
the RC values obtained from the differential resistance under
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Figure 7. TPV data for 0.2% Bi device fitted with a double-exponential decay yielding two zrpy. a) Experimental data under red and blue light illumination
and RC time constant from differential resistance at V,. and geometric capacitance from EIS data. b) Simulated blue light TPV showing two Zpy. )
Ratios of the double-exponential fitting weights (Aexp(—t/ 7)) + Aexp(—t/ 1)) of experimental blue and red light TPV. d) Simulated excess hole density
evolution after light pulse in the perovskite layer; inset: excess hole density decay at 400 nm depth.

V,. of the respective illumination color. Similar to the simu-
lation in Figure 6d, these RC values are independent of the
illumination color, and close to 7; of the blue light TPV. How-
ever, they cannot reproduce the red TPV data, which can be
explained by the inhomogeneity of generation and recombina-
tion, as mentioned above.

Looking at the weight A of 7 and 7, for each color (fit function:
Ajexp(— t/ 7)) + Ayexp(— t/ 1), the double exponential behavior is
much more pronounced for blue illumination. Figure 7c shows
the ratio of the weights A,/A;, and it is clear that the weights
in the blue illumination case are comparable, but in the red
illumination case, A; (the one for the higher zpy) is almost
10 times larger than A,; therefore, the red TPV is nearly mono-
exponential, dominated by the higher 7rpy. We hypothesize that
a large inhomogeneity of charge carrier generation combined
with nonuniform layer properties can be a reason for a pro-
nounced multi-exponential decay. To test this in the simulation,
we searched for parameter settings that could reproduce such
an effect. Taking the same carrier generation profile of blue
illumination applied in Figure 6d, faster SRH recombination
(Tsgu = 0.1 ns) and lower hole mobility (0.1 cm? V! s7) in the
bulk region, we were able to find a double-exponential decay of
TPV in the simulation. The reason is explained with the aid of
Figure 7d. As in experiment, the small-perturbation light pulse
creates excess carriers in addition to the steady-state carriers.
In Figure 7d, we plot the excess hole density evolution after the
light pulse to unveil the two steps of the excess carrier decay.
The region from 100-600 nm represents the perovskite layer
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including the meso-TiO,:perovskite (100-200 nm) and the bulk
(200-600 nm). Due to the carrier generation from blue light
illumination concentrated in the meso-TiO,:perovskite layer,
the excess hole density in this region is higher (bold black line
in Figure 7d). In the time window of tens of microseconds after
removing the light pulse, fast SRH recombination occurs first
in the meso-TiO,:perovskite region as well as the part of bulk
region near meso-TiO,, because of the high local carrier density
and low 7ggy in the bulk. Dark blue lines show the fast change
of excess hole density with a time step of 3 us immediately after
the light pulse. It can also be seen that the excess holes in the
region from 100 to 400 nm will recombine within several micro-
seconds. The fast decay is then followed by a slower process
limited by the low mobility in the bulk region. Low electron
mobility in the bulk region decreases the diffusion of electrons
from meso-TiO,:perovskite to the bulk, which slows down the
SRH recombination rate in the bulk; in the meantime, the
low hole mobility reduces the diffusion of excess holes, and
forces these excess holes to recombine locally in the bulk with a
slower velocity. Light blue lines show the slow change of excess
hole density during this process, with time step of 0.15 ms. The
excess hole density decay in the middle of the bulk region (at
400 nm depth) is shown in the inset of Figure 7d, and the cor-
responding TPV curve can be found in Figure S12, Supporting
Information. Fast and slow process, happening at different
locations in the device, lead the double-exponential decay of the
excess carrier as well as the photovoltage, and can be referred to
the two 7rpy, respectively.
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3. Conclusion

We have investigated recombination in perovskite solar cells with
different defect concentrations using TPV decay measurements
and simulations. We found that TPV could not capture recombina-
tion dynamics but was limited by charging of the electrodes. Thus,
TPV did not provide additional information as already available
from the steady-state [V curve and the geometric capacitance. We
furthermore investigated cases of spatially highly inhomogeneous
recombination, which we probed by tuning the absorption profile
using monochromatic light of different wavelengths. There, we
required two time constants to properly describe the TPV signal.
Based on our simulations, we attributed this to recombination at
different locations in the device with highly varied rate, induced
by inhomogeneous generation rate and charge-carrier transport
limitations. Our work further clarifies the fundamental physical
meaning of the TPV time constant obtained in measurements of
perovskite and other thin-film solar cells.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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