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Abstract: A model of charge population decay upon ultrafast optical pulse excitation in complete,
working perovskite solar cells is proposed. The equation, including charge injections (extractions)
from perovskite to contact materials, charge diffusion, and charge recombination via first-, second-,
and third-order processes, is solved using numerical simulations. Results of simulations are posi-
tively verified by broadband transient absorption results of mixed halide, triple-cation perovskite
(FA0.76MA0.19Cs0.05Pb(I0.81Br0.19)3). The combined analytical and experimental findings reveal the
best approaches for the proper determination of the crucial parameters that govern charge transfer
dynamics in perovskite solar cells on picosecond and single nanosecond time scales. Measurements
from both electron and hole transporting layer sides under different applied bias potentials (zero and
close to open circuit potential) and different pump fluence (especially below 5 µJ/cm2), followed
by fitting of parameters using numerical modeling, are proposed as the optimal methodology for
describing the processes taking place in efficient devices.

Keywords: perovskite solar cells; charge carrier transfer; ultrafast spectroscopy

1. Introduction

Perovskite solar cells (PSCs) have advanced rapidly, with power conversion efficien-
cies (PCEs) now exceeding 25% [1]. As in most photovoltaic systems, to obtain a high
photocurrent of the device, a broad absorption of the active material and efficient pho-
toinduced charge separation to the contact materials (electrons from one side and holes
from the other side, Figure 1A) are required. The charge separation in PSCs starts in the
sub-ps time range. Therefore, time-resolved laser spectroscopy has to be employed for
the investigation of ultrafast charge transfer dynamics [2–8]. The study of charge transfer
in perovskite materials and PSCs is an important topic but also a challenging task [9–11].
In principle, the decay of the photoexcited charges in the isolated perovskite material
reveals the dynamics of the internal recombination. In complete devices, it is additionally
affected by both electron and hole transfer from perovskite to contact materials: electron-
transporting (ETM) and hole-transporting material (HTM), respectively, the presence of
which accelerates the observed charge population decay [12,13]. The quantum yields of
charge transfers to ETM and HTM determine the photocurrent and efficiency of the de-
vice and depend on the competition between the charge transfer (charge injection from
perovskite to ETM/HTM, often also called charge extraction) rate constants (kIET and kIHT,
Figure 1A) and the recombination rate constants. However, under laser pulse excitation,
not only the first-order recombination (trap-assisted, with rate constant k1) takes place,
but also second- (radiative, k2) or even third-order (Auger, k3) processes are frequently
observed, and thus the apparent decay kinetics depend on the pump pulse intensity even
for relatively low-intense pulses [14]. Moreover, in perovskite devices, the thickness of the
active material is in the order from tens to several hundreds of nanometers, and the initial
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distribution of the photoexcited charges (Figure 1B) changes due to the charge diffusion
process that occurs on the time scales from hundreds of picoseconds to single nanosec-
onds [14–16]. Therefore, the following equation for the charge population n has to be
solved, in which the term with diffusion constant (D) has to be included:

∂n
∂t

= D
∂2n
∂z2 − (k1 + kIET + kIHT) n− k2n2 − k3n3. (1)

The above-resultant equation can only be solved numerically to properly describe the
interfacial electron- and hole-transfer dynamics and extract the charge transfer parameters.
This is probably the reason why it is still rarely used in the analysis of time-resolved
measurements of PSCs on the time scale from ps to ns.
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Figure 1. (A) Scheme of the energy levels and charge-transfer processes in PSCs. (B) Scheme of the
configuration of PSC for the measurements under applied voltage for pulse excitation from the ETM
side; bottom: initial charge distribution along perovskite thickness.

Several analytical functions are frequently used to model the decay of the charge pop-
ulation observed in time-resolved measurements of PSCs, and they are critically outlined
below. The first one is the multi-exponential function [17,18]:

∆A(t) = A0 + A1e−
t

τ1 + A2e−
t

τ2 + · · ·+ Ane−
t

τn , (2)

with time constants τi related to pre-exponential factors Ai, and A0 being an optional
constant offset component. In the simplest way, the multi-exponential functions are fitted
at a single wavelength (e.g., at a maximum of emission or a minimum of bleach signal
in transient absorption) [17,19,20]. In broadband measurements, much more information
can be gathered via global fitting in the broad spectral range [18,21–27]. In the global
fitting using the multi-exponential function, the pre-exponential factors Ai in Equation (2)
become wavelength-dependent and are called pre-exponential factor spectra or decay-
associated spectra (DAS). Increasing the number of exponential components can result in
a very good quality of fit. However, the particular time components usually do not have
a certain physical meaning because almost no processes in perovskites can be described
by exponential function decay. In particular, higher-order recombination and/or diffusion
cannot be represented by the exponential functions.

The differences in the pre-exponential factor spectra sometimes enable us to distin-
guish different processes in the charge population evolution, and the corresponding time
constants can be then treated as the average time scale of these processes. For example,
despite poor fit quality, we used two-exponential approximation in the global analysis of
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broadband transient absorption data to separate charge cooling in PSCs (time-constant
typically <1 ps) from the average decay of the bleach band (times from hundreds of ps
to single ns) [18,21,22]. The addition of more exponential components, especially for the
samples excited at relatively high pump fluence, revealed bleach decay with the bands
blue-shifted for shorter time constants, confirming that the band-filling mechanism in
perovskites affects the more short-wavelength transitions at shorter times [21,28]. This
is one of the justifications why broadband bleach integration is necessary for the proper
representation of the photoinduced charge population (see below).

Another analytical approach concentrated on the important role of second-order
recombination in charge population decay. When the diffusion term and third-order
recombination are neglected (D = 0, k3 = 0), then Equation (1) can be solved analytically,
leading to the so-called mixed first and second-order decay function:

∆A(t) =
A k1

k1ek1t − k2n0
(
ek1t − 1

) , (3)

where n0 is the number of excited carriers at t = 0 and A is the proportional term. The
function above is mostly employed for fitting time-resolved emission data [29–31]. How-
ever, we also tried it for transient absorption results. The fit quality was sufficient in certain
cases but mostly at low excitation fluence [21]. The typical verification of this model is to
check whether the first and second-order rate constants (k1 and k2) do not change in the fit
at different excitation fluences.

Finally, the stretched-exponential function is sometimes used for fitting the charge
decays in PSCs:

∆A(t) = A0e−(
t
τ )

β

, (4)

with the stretched parameter 0 < β ≤ 1 (at lower values, the function is “spread” over more
time scales). This function can describe signal decay as a distribution of sources decaying
at different rates, e.g., due to diffusion. The physical meaning can have the averaged decay
time (τAVG), which can be obtained as

τAVG =
τ

β
Γ
(

1
β

)
, (5)

where Γ is the gamma function. Time-resolved data of PSCs are successfully fitted with the
stretched-exponential function in a limited number of cases [21,22], mostly at a low pump
fluence. Interestingly, we recently found an improved fit quality when the mixed first- and
second-order function Equation (3) is additionally stretched (β = 0.3) [22]; however, its
physical meaning is hard to explain.

It should be stressed that although all the above analytical models can offer some
clues regarding the time scales of the charge transfer processes in perovskites, they cannot
provide the precise values of the rate constants because the charge diffusion is not included
in any of them. In particular, the interfacial charge injection rate constants that are extracted
from such models are significantly smaller than the values of kIET and kIHT fitted in the
numerical simulation of Equation (1). Therefore, in this work, we show how Equation (1)
can be used to study the ultrafast and fast charge dynamics in complete PSCs (with ETM,
HTM, and both electrodes) and discuss its interesting implications.

A versatile way to study fast charge population decay in PSCs is to analyze the bleach
dynamics observed in transient absorption (∆A, measured in the transmission mode) upon
pulse excitation. Such transient absorption studies permit the easy collection of the decays
for several pump pulse fluences, selective excitation from both ETM and HTM sides, and,
as we recently showed, even the measurements through metal electrodes under an applied
bias voltage [32]. In some reports about PSCs, it is assumed that single-electron injection to
ETM or separate hole transfer to HTM does not contribute to bleach recovery, probably in
analogy to most of the organic (molecular) systems in which the charges are localized and
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the simultaneous extraction of both electron and hole (from a photoinduced electron–hole
pair) is necessary to observe ground state recovery (bleach decay). However, in perovskites,
like in other inorganic semiconductors, the electrons and holes exist as free charges and are
delocalized. Therefore, the changes in their population due to transfers to contact materials
can be independently observed via bleach band decay (see Figure S1A in Supporting
Information). This feature has been frequently confirmed in PSCs transient absorption
studies in which the bleach decay accelerated after the addition of contact material (single
ETM or HTM) with respect to pristine perovskite or by recording bleach kinetics similar to
fluorescence decay [6,13,18,23,24,33].

The inclusion of the diffusion term in Equation (1) has been sometimes used in the
studies of isolated perovskite materials [12,15,23,34] but very rarely in the systems with the
ETMs and/or HTMs. In one of the pioneering works [16], MAPbI3 perovskite of different
thicknesses with the contacts of either PCBM or spiro-OMeTAD was studied, and the
intrinsic interfacial electron and hole transfers were observed to be much faster than the
diffusion process. Moreover, it has also been shown that electrons and holes contribute
with different weights to the bleach signal [16]:

∆A(t) ∝ χne(t)+(1− χ)nh(t), (6)

where ne, nh—density of electrons and holes and χ—the weight of electron contribution to
the bleach feature (fitted value: χ = 0.7). We based our methodology on the above approach,
but we extended it to the complete solar cells (with both ETM and HTM), included Auger
recombination, and proposed an alternative way to correctly determine charge population
based on band integral (BI) instead of single ∆A kinetics at bleach minimum [21].

2. Results and Discussion

Our methodology of charge-transfer modeling is described below. Equation (1) treats
electrons (ne) and holes (nh) separately, as they exist as free charges in perovskites, offering
the following set of equations used for bleach decay modeling [16,35]:

∂ne

∂t
= D

∂2ne

∂z2 −k1ne − k2nenh − k3nenenh − δe(z)kIETne, (7)

∂nh
∂t

= D
∂2nh

∂z2 − kk1nh − k2nenh − k3nenhnh − δh(z)kIHTnh. (8)

Both charge distributions ne and nh are the functions of time (t) and distance (z) in per-
ovskite. Intrinsic electron and hole transfers with rate constants kIET and kIHT occur close to
the interface (in our model, at a 1 nm distance from ETM or HTM); thus, delta functions
are zero except for δe = 1 for 0 < z < 1 nm and δh = 1 for L—1 nm < z < L, where L is the
perovskite thickness (Figure 1B). Calculation of proper charge population requires broad
spectral integration over the bleach band to take into account the bleach broadening effect
due to band filling mechanism [21,22,32,36]:

BI(t, ∆λ = λ2 − λ1) =
∫ λ2

λ1

∆A(t, λ)
dλ

λ
. (9)

The above so-called band integral (BI) amplitude taken from the transient absorption mea-
surements is thus proportional to the weighted contribution of electron and hole populations:

BI(t) = S
(

χ
∫ L

0
ne(z, t)dz + (1− χ)

∫ L

0
nh(z, t)dz

)
, (10)

where S is the scaling factor. The initial distributions of the charges are as follows
(Figure 1B):

ne(z, 0) = nh(z, 0) = n0exp(−αz), (11)



Materials 2023, 16, 7110 5 of 13

where n0 = α J, α is the absorption coefficient (in cm−1), J is pump fluence (in photons/cm2).
The simulations of the system were performed in COMSOL Multiphysics software

v. 5.4 (see Section 3). The expression in the brackets of Equation (10) is called weighted
surface charge distribution (WSCD) and presented as a function of time in the units of
cm−2 in most of the figures below.

First, we validated the proposed model by comparing it with the experimental re-
sults. Figure 2 shows the representative examples for our PSCs made using the benchmark
triple-cation, mixed halide lead perovskite (FA0.76MA0.19Cs0.05Pb(I0.81Br0.19)3) with stan-
dard mesoporous TiO2 as ETM and spiro-OMeTAD as HTM layers, showing the effects of
different pump pulse fluences, different applied voltages, different excitation sides (ETM
and HTM) as well as different excitation wavelengths (thus different absorption coefficients
of the perovskite layer). The samples were obtained from our previous reports [28,32],
and the new ones were prepared in an analogous way. The triple-cation mixed halide per-
ovskite composition is one of the most stable perovskite formulas, especially for humidity
and structural impurities, with very high PCE [37]. The BI over the spectral range from
λ1 = 680 nm to λ2 = 800 nm was taken to cover the entire bleach range (including that at
the initial time delays; see Figure S1B). In each part of Figure 2A–D, the fits are global in the
sense that such common values of parameters are searched for which the different curves
are simultaneously well reproduced. As can be seen, the agreement between the experi-
mental data and the numerical calculations is good, e.g., the Pearson correlation coefficients
for the two curves in Figure 2A are 0.997 and 0.996. The extracted parameters (diffusion
coefficient and rate constants) are in the following range for the different samples in each
figure (Table 1): D = (1 ÷ 3) × 10−2 cm2/s, k1 = 3 × 105 s−1, k2 = (0.8 ÷ 3) × 10−10 cm3/s,
k3 = (0.2 ÷ 7) × 10−28 cm6/s, kIET = (1 ÷ 3) × 1011 s−1, kIHT = 1 × 1011 s−1; χ was fixed at
a value of 0.7 based on reference [16]. These values are in general agreement with other
reports for PSCs, although the time-resolved reports of the studied triple-cation perovskites
are quite rare [22,32,38], so the exact comparison is difficult.

Table 1. Solar cell and charge transfer parameters of the modeling fitted to the experimental presented
in Figure 2.

Parameter Figure 2A Figure 2B Figure 2C Figure 2D

Pump (side, fluence) ETM side, 30 µJ/cm2 ETM side, 2.5 µJ/cm2 Both sides, 10 and 30 µJ/cm2 HTM side, 30 µJ/cm2

L, nm 500 500 600 500
D, cm2 s−1 3 × 10−2 3 × 10−2 1 × 10−2 2 × 10−2

k1, s−1 3 × 105 3 × 105 3 × 105 3 × 105

k2, cm3 s−1 0.9 × 10−10 3 × 10−10 0.8 × 10−10 3 × 10−10

k3, cm6 s−1 2.5 × 10−28 7 × 10−28 0.4 × 10−28 0.2 × 10−28

kIET, s−1 3 × 1011 or 0 1 × 1011 or 0 1 × 1011 1 × 1011

kIHT, s−1 - - 1 × 1011 -
Jsc, mA cm−2 20 15 24 20

The high rates of intrinsic charge injections to contact material (kIET and kIHT, injection
times in single ps range) should be highlighted, confirming that the apparent slow bleach
decay over single ns is due to diffusion contribution [16]. Figure S2 presents the simulation
of the distribution of the charges across the perovskite thickness at different time delays
and different pump fluences, showing the interplay between charge diffusion, charge
recombination, and charge injection. The necessity of the inclusion of the Auger recom-
bination (rate constant k3) to properly describe the experimental data should be stressed.
The contribution of the third-order recombination was neglected in many of the previous
time-resolved studies on PCSs at similar pump fluence. We think that it might be due to the
fact that the bleach kinetics analysis has been earlier limited only to its minimum. In this
way, the initial fast decay that repopulates mainly the high energetic (short-wavelength)
part of the bleach spectrum is missing, and the kinetics are apparently slower. Its inclusion
in the proper spectral integration (BI) makes the charge population decay faster [21]. Next,
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it can be noticed that the residual signal is smaller for the excitation from HTM than the
ETM side (Figure 2C), which we previously interpreted as a possible faster hole injection
to HTM than electron injection to ETM [22]. However, in the current model, the fitted
injection rate constants are found to be the same (kIET = kIHT), and the difference occurs
due to the asymmetry in the contribution of electrons and holes to bleach decay (χ > 0.5).
The modeled first-order recombination (k1) is kept at low values (µs time range), so it does
not contribute to the charge population decay, while for the pump fluence of several tens
of µJ/cm2, the decay is dominated by k2 and k3. Obviously, it leads to the acceleration of
the charge population decay upon increasing the pump fluence (Figure 2C, or comparison
between Figure 2A,B). Interestingly, for the samples with better photocurrent (Figure 2C),
the recombination rate constants k2 and k3 are smaller than those for the samples with
worse photocurrent (Figure 2B). Finally, tuning the excitation wavelength towards the
red makes the apparent kinetics slower (with all rate constants and diffusion coefficient
being the same, Figure 2D). This is because the absorption coefficient α decreases, and the
initial charge distribution in Equation (11) becomes more uniformly distributed along the
perovskite depth z, so the charge recombination and interfacial injection are less probable,
and the lifetime of the charges increases.
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Figure 2. Comparison between the experimental results (exp, points, from BI) and numerical mod-
eling (sim, lines) based on Equation (10). The solar cell and modeling fitted parameters are given
in Table 1. (A) Our recently published experimental results for different bias potentials (0 V and
−900 mV) [32]. In the latter case, the current flow is blocked, so charge injection is not possible
(kIET = 0 s−1 for −900 mV). (B) The new results at a lower pump fluence for 0 V and −900 mV bias
potentials (kIET = 0 s−1 for −900 mV). (C) The experimental results for our highest-efficiency PSC
device [28] measured at two pump fluences and from both ETM and HTM sides. (D) The effect of
pump wavelength, the excitation from the HTM side (through the gold electrodes). We note the
logarithmic scale on the horizontal (time) axis in (C) and the insets in (A,B). The effect of possible
photoinduced changes in the samples [32] was monitored and minimized.
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We are aware that the model could be further extended, taking into account self-
absorption (of emitted photons), additional interfacial charge recombination processes,
different diffusion constants for electrons and holes, and/or distance-dependent k1 and
k2 rate constants (different close to both interfaces) [15,22,35,38]. Moreover, drift and
capacitive charging effects have been shown to be essential to model the charge decay
on longer time scales, from tens of nanoseconds to microseconds (using combined drift–
diffusion and Poisson equations) [39,40]. The approximation of an exponential decay of the
absorption profile given by Equation (11) might not be sufficient if the perovskite thickness
is smaller and/or the excitation wavelength is longer (smaller α values) than those used
in our studies. Then, all excitation light will not be absorbed within the perovskite layer
and additional effects due to light reflection at opposite interface and light interference
should be taken into account, e.g., using transfer matrix methods [41,42]. The mixed
halide perovskite that we used in our studies might also suffer from photoinduced ion
migration that can be a source of additional cation-mediated recombination and affect the
charge transfer kinetics and hysteresis of the cells [43,44]. We have recently observed the
photoinduced changes in transient absorption spectra and kinetics for our triple cation
mixed halide samples when the transient absorption experiment lasted more than several
minutes [32]. Therefore, the experimental results modeled in the current studies were
obtained from short-time measurements of fresh samples when the ion-migration effects
could be neglected. We also do not consider the possible electron or hole injections during
sub-ps charge cooling and accompanying exciton dissociation processes. However, for the
examples tested by us so far, the agreement with the experimental data is sufficient on a
time scale from single ps to single ns, while adding more parameters makes the fitting more
complicated and less unequivocal.

Our current model enables us to reveal several interesting and apparent relationships
between the parameters, which we discuss below based on the performed additional simu-
lations. Figures 3, S3 and S4 show the results of the simulated parameter variations. We
performed it for a 475 nm excitation (α = 190,000 cm−1) at two pump pulse fluences:
high (30 µJ/cm2) and low (2.3 µJ/cm2), corresponding to n0 = 1.3 × 1019 cm−3 and
n0 = 0.1 × 1019 cm−3, respectively, which represent the experimental conditions from
Figure 2. The initial values of the diffusion and rate constant parameters are also similar to
those determined from the above fits to the experimental BI decays.

First, it should be noticed that at a short-wavelength excitation (<500 nm) and the
perovskite thickness L > 500 nm, there is no influence of the further L increase on the charge
population kinetics (up to 3 ns, which is the temporal window of our setup; Figure 3A)
and it is independent from the charge injection to the opposite side contact material. For
example, for the excitation from the ETM side, the kinetics become faster with increas-
ing the electron injection rate constant (for kIET > 1 × 109 s−1, Figures 3B and S4D–F)
while they do not change at all for any variation of the hole injection rate constant (kIHT,
Figure S4G–I). The situation is fully symmetric on the HTM side (no influence of kIET);
only the residual signal is different if χ is different from 0.5. It confirms that one can probe
selectively different contacts (ETM and HTM) by the excitation from different sides of the
perovskite, which is a great advantage of femtosecond transient absorption setups over
many other techniques for PSC characterization.

Next, for high pump pulse fluence (>5 µJ/cm2), the dominant contribution to the
charge population decay comes from the second-order (k2) and even third-order (k3) re-
combination (Figures 3C and S3H,I,K,L) and the effect of kIET (or kIHT) variation is small
(Figure 3B). For 30 µJ/cm2, the residual signal at 3 ns is greatly dependent on k2 values,
while k3 modifies the kinetic profile at short times (tens of ps)—see Figure S3H,I,K,L. On
the contrary, at lower fluence, the kinetics significantly depend on the interfacial charge
injection rate constants (Figure 3B), the contribution of k2 is decreased (Figure S3G), while
the effect of k3 is marginal (Figure S3J). This suggests that the possibility of extraction of the
precise values of charge injection rate constants (kIET and kIHT) is limited under high pump
fluence. Thus, longer-lasting transient absorption experiments at lower pump fluencies
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are necessary. However, a decrease of the pump fluence much below 1 µJ/cm2 does not
have much effect on the kinetics, since higher-order recombination is already significantly
suppressed below 5 µJ/cm2 (Figure 3C). It can also be noted that first-order recombination
starts to offer some contribution to the simulated decays for values k1 = 108 s−1 or higher
(Figure S3D–F).
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Figure 3. Simulations of charge population decay observed in transient absorption of PSCs (calculated
from Equation (10)) for different parameter variations: (A) perovskite thickness, (B) electron injection
rate constant, (C) pump fluence, (D) electron injection rate constant and electron contribution to the
bleach. If not otherwise indicated in the graph insets, the values of the parameters in the simulations
are as follows: L = 500 nm, χ = 0.7, D = 2 × 10−2 cm2/s, k1 = 1 × 105 s−1, k2 = 2 × 10−10 cm3/s,
k3 = 2 × 10−28 cm6/s [0 for (D)], kIET = kIHT = 1 × 1011 s−1, α = 190 000 cm−1 (475 nm excitation from
the ETM side). Pump fluence of 2.3 µJ/cm2 corresponds to n0 = 0.1 × 1019 cm−3.

Furthermore, at certain pump fluence, the increase in the residual value of the BI
kinetics (at 3 ns) can be realized via the variation of the weight of electron contribution (χ)
or the variation of interfacial injection rate constant (e.g., kIET for the excitation from the
ETM side). Figures 3B, S3A and S4D show examples of the population decay for several
values of these two parameters at low pump fluence. Therefore, as we mentioned before, a
simple comparison of the residual values for the excitation at ETM and HTM sides cannot
unambiguously lead to the comparison of electron and hole injection rates (Figure 2C). For
example, Figure 3D shows that for the excitation from the ETM side, the same increase
in residual value is realized when kIET drops from 1 × 1011 s−1 to 1 × 1010 s−1 or when χ

decreases from 0.7 to 0.3. However, the shape of kinetics is different when the residual
value increases due to the change in kIET (faster initial decay) or due to the change in χ

(slower initial decay). Thus, with a sufficient signal-to-noise ratio of the experimental data,
the fit of our model should distinguish these two cases.
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Nevertheless, we propose that the most reliable method for kIET and kIHT determina-
tion is transient absorption measurements without and with applied forward bias voltage
(at the value close to the open circuit voltage of the cell, VOC, so there is no current flow in
the cell) and exciting the cells from ETM and HTM sides to determine separately kIET and
kIHT, respectively. In this case, one can be sure about the same perovskite morphology and
properties both with charge injections (kIET > 0 or kIHT > 0) and when these processes are
blocked by bias forward voltage of about VOC (then kIET = kIHT = 0). The lack of perfect fit
in Figure 2C may suggest that the material parameters (D, k1, k2, k3, χ) might be slightly
different at ETM and HTM sides, and it is better to make the global fit for the excitation
from only one side (preferably at several pump fluences). We recently proposed a way to
measure the transient absorption of PSCs through the metal electrodes and, thus, under
applied voltage [32]. In that previous work, we showed the effect of forward VOC bias at
relatively high fluence, so the changes in the kinetics due to the influence of kIET were small
(e.g., residual signal relative change of about 5% between 0 V and VOC bias, Figure 2A). For
the current work, we made new PSCs and repeated the analogous measurements under
a lower pump fluence at which the influence of kIET is more pronounced (residual signal
change of about 18%; Figure 2B). In both cases (Figure 2A,B), our assumptions are sup-
ported by good model fits. Furthermore, we also tested the influence of different forward
biases and found that the value of the applied voltage around VOC is not critical—in our
case, the BI kinetics were similar between −900 and −1200 mV (Figure S5).

Finally, the interesting effects of diffusion coefficient variation can be pointed out
(Figure S4A–C). When D increases from 0 to 0.02 cm2/s, the charge population decay
becomes faster, because more charges are injected. However, further increase in D (up to
the simulated values of 2 cm2/s) results in slower decay in the 3 ns time window, because
electrons and holes are spreading faster over the perovskite volume and the probability of
second- and third-order recombination decreases.

The above model has discrete boundary conditions (delta functions) that open the
electron or hole injection channels at 1 nm distance from the contacts with ETM (z = 0) or
HTM (z = L), respectively. The charge injections rate constants (kIET, kIHT) have, then, the
experimental units of s−1, identical to k1. In the model without diffusion, it is a reasonable
way to introduce the charge injection on the boundary. However, arbitrarily choosing of
the injection range is required, which, when changing its value, leads to the change in the
injection rate constant. The use of diffusion enables a natural way for the implementation
of interfacial charge transfer using the boundary conditions. This approach does not allow
any arbitrary assumptions. Therefore, the boundary conditions should take the form of the
following equations [34,35]:

D
∂ne

∂z

∣∣∣∣
z=0

= SIETne; D
∂nh
∂z

∣∣∣∣
z=L

= −SIHTnh, (12)

where parameters SIET and SIHT have the units of cm/s and can be called the speed of
electron and hole injection, respectively. The relation between the parameters can be
calculated from formula SIET/IHT = kIET/IHT ×width of δe/h(z) area = kIET/IHT × 10−7cm.
We tested the above correction and we found that both approaches (discrete and continuous)
are in agreement (Figure S6). The implementation of the boundary conditions is presented
in SI.

3. Materials and Methods
3.1. Sample Preparation

The preparation protocol followed that published by Saliba et al. [45]. Plates of the
size 2.4 × 2.4 cm of FTO (fluorine-doped tin oxide) substrates (FTO glass, ≈13 Ω/sq,
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) were cut, and part of the FTO conduc-
tive layer was etched by Zn powder and HCl to prevent charge recombination between
gold electrodes and FTO. The etched substrates were brushed with detergent (Hellmanex,
Hellma, Germany) and then bathed in detergent, distilled water, and isopropanol in ul-
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trasounds, each step of 15 min. Finally, a UV ozone cleaner was used for 15 min. A
compact TiO2 layer was deposited by spray pyrolysis at 450 ◦C using titanium diisopropox-
ide in ethanol (1:14 v/v in EtOH) as a precursor solution. A mesoporous titania layer
was obtained by deposition of titania paste (30NR-D, GreatCell Solar, Queanbeyan East,
Australia, diluted 1:6 w/w in EtOH) by spin coating (10 s, 2000 rpm) and annealing the
substrate at 500 ◦C for 30 min. FAPbI3/MAPbBr3/CsI precursor solutions were prepared
in glovebox conditions (in nitrogen flux) and mixed to obtain a 1.5 M precursor solution
of the FA0.76MA0.19Cs0.05Pb(I0.81Br0.19)3 perovskite. The solution was spin-coated on a
mesoporous layer in a dry box with an additional nitrogen flow for 10 s at 2000 rpm
and then for 20 s at 4000 rpm; 10 s before the end of this process, chlorobenzene as an
anti-solvent was used. A solution of 2,2′,7,7′-tetrakis-(N,N-di-4methoxyphenylamino)-9,9′-
spirobifluorene (Spiro-OMeTAD, Sigma-Aldrich) (72.3 mg/mL in chlorobenzene) with
additives (17.5 µL/mL of a 520 mg/mL LiTFSI solution in acetonitrile and 28.8 µL/mL
4-tert-buthylpyridine) was also spin-coated (4000 rpm, 30 s). Finally, 70 nm gold electrodes
were sputtered on the top.

3.2. Transient Absorption

Femtosecond transient absorption spectroscopy studies were performed on a 1 kHz
repetition rate and a 0.4 ps response function setup delivered by Ultrafast Systems (Spectra-
Physics laser system, Santa Clara, CA, USA, and Helios spectrometer, Sarasota, FL, USA) [32].
Measurements were performed in the Vis-NIR (500–850 nm) region, with a 475 nm or 495
nm excitation wavelength, in the temporal window of up to 3 ns. Additional bias during
transient absorption measurement was applied to the electrodes by a compact potentiostat
(model PGSTAT204, Metrohm Autolab, Utrecht, The Netherlands).

3.3. Numerical Simulations

Simulations were performed in COMSOL Multiphysics software (version 5.4). In
addition, 1D geometry was used. The perovskite layer was added as an Interval from 0
to L. In the Physics interface, Coefficient Form PDE from the Mathematics module was
used to implement Equations (7) and (8), solving two dependent variables ne and nh. The
implementation consisted of the following parameters defined in Coefficient Form PDE:

c =
(

D 0
0 D

)
,

a =

(
k1 + k2nh + k3nenh + kIETδe(z) 0

0 k1 + k2ne + k3nenh + kIHTδh(z)

)
,

da =

(
1 0
0 1

)
.

The remaining parameters were equal to zero. δe and δh were implemented using
the Step function. The initial distribution of charges was implemented in Initial Values as
ne = n0exp(−αz) [n0exp(−α(L− z))] and nh = n0exp(−αz) [n0exp(−α(L− z))] for the
excitation from the ETM (HTM) side. The mesh with the element size of 0.05 nm was used.
Simulations were performed using a Time Dependent study with predefined settings. The
simulation data were collected from 1 ps to 3 ns using the logarithmic step with 50 steps
per decade.

The boundary conditions defined in Equation (12) were implemented in Coefficient
Form PDE using the Flux/Source function. Here, parameter SIET was implemented as

q =

(
SIET 0

0 0

)
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at the boundary placed at z = 0 and SIHT as

q =

(
0 0
0 SIHT

)
at the boundary placed at z = L, while term p was equal to zero. The constants used in
the study (k1, k2, k3, kIET, kIHT, D, n0, α, L, χ, SIET, SIHT) were defined in Global Definitions
as Parameters.

4. Conclusions

In conclusion, we propose a simple mathematical model and methodology for the
extraction of correct values of the parameters that govern charge transfers in complete
PSCs on ultrafast and fast time scales (ps–ns). We refine the existing approaches and
show the necessity of including the charge diffusion and both second- and third-order
charge recombination processes in the interpretation of electron and hole population ki-
netics. Broadband analysis of transient absorption data is also required. For sufficiently
short-wavelength excitation and the perovskite layer thickness typical for complete cells
(>500 nm), the charge injection at only one (incident) interface is important (perovskite/ETM
or perovskite/HTM). The contribution of electron or hole injection can be most easily ob-
served at low excitation fluences (<5 µJ/cm2) by comparing the data with and without
the applied bias voltage. We believe that our work will pave the way for more properly
analyzed time-resolved studies of the interfaces between perovskites and selective contact
materials leading to a better understanding of the factors that influence the efficiency
of PSCs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ma16227110/s1, Figure S1: (A) Schematic presentation of the formation
of the bleach (blocked transition) at the low-energy edge of absorption in perovskite after charge
cooling, and the reduction of bleach after either electron transfer to ETM or hole transfer to HTM due
to the delocalization of the charges. (B) Pseudo-color 2D spectra of original transient absorption data
corresponding to higher pump fluence excited from ETM side in Figure 2C. Figure S2: Simulation of
the distribution of the electrons and holes along perovskite thickness at different times after excitation
from the ETM side for low and high pump fluence. Figure S3: Simulations of charge population decay
observed in transient absorption of PSCs (calculated from Equation (10)) for different parameters
variation (χ, k1, k2, k3). Figure S4: Simulations of charge population decay observed in transient
absorption of PSCs (calculated from Equation (10)) for different parameters variation (D, kIET, kIHT,
L). Figure S5: Averaged residual BI signal for a different applied voltage of PSC excited from ETM
side with 475 nm pump pulse of 2.3 µJ/cm2. Figure S6: The comparison between two approaches of
interface charge transfer implementation—using delta functions in the vicinity of the boundary (solid
lines) and using boundary conditions for the gradient of the charge population (dashed lines) for
three values of kIET and SIET.
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13. Xing, G.; Mathews, N.; Sun, S.; Lim, S.S.; Lam, Y.M.; Graẗzel, M.; Mhaisalkar, S.; Sum, T.C. Long-Range Balanced Electron-and
Hole-Transport Lengths in Organic-Inorganic CH3NH3PbI3. Science 2013, 342, 344–347. [CrossRef] [PubMed]

14. Herz, L.M. Charge-Carrier Dynamics in Organic-Inorganic Metal Halide Perovskites. Annu. Rev. Phys. Chem. 2016, 67, 65–89.
[CrossRef] [PubMed]

15. Crothers, T.W.; Milot, R.L.; Patel, J.B.; Parrott, E.S.; Schlipf, J.; Müller-Buschbaum, P.; Johnston, M.B.; Herz, L.M. Photon
Reabsorption Masks Intrinsic Bimolecular Charge-Carrier Recombination in CH3NH3PbI3 Perovskite. Nano Lett. 2017, 17,
5782–5789. [CrossRef] [PubMed]

16. Leng, J.; Liu, J.; Zhang, J.; Jin, S. Decoupling Interfacial Charge Transfer from Bulk Diffusion Unravels Its Intrinsic Role for
Efficient Charge Extraction in Perovskite Solar Cells. J. Phys. Chem. Lett. 2016, 7, 5056–5061. [CrossRef] [PubMed]

17. Serpetzoglou, E.; Konidakis, I.; Kakavelakis, G.; Maksudov, T.; Kymakis, E.; Stratakis, E. Improved Carrier Transport in Perovskite
Solar Cells Probed by Femtosecond Transient Absorption Spectroscopy. ACS Appl. Mater. Interfaces 2017, 9, 43910–43919.
[CrossRef] [PubMed]
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22. Pydzińska, K.; Drushliak, V.; Coy, E.; Załęski, K.; Flach, J.; Idígoras, J.; Contreras-Bernal, L.; Hagfeldt, A.; Anta, J.A.; Ziółek, M.
Understanding the Interfaces between Triple Cation Perovskite and Electron or Hole Transporting Material. ACS Appl. Mater.
Interfaces 2020, 12, 30399–30410. [CrossRef] [PubMed]

https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
https://doi.org/10.1038/s41467-022-33935-0
https://www.ncbi.nlm.nih.gov/pubmed/36323659
https://doi.org/10.1038/nphoton.2013.374
https://doi.org/10.1038/nenergy.2016.207
https://doi.org/10.1063/1.5133021
https://doi.org/10.1039/C4CP03073G
https://doi.org/10.1021/jacs.5b08770
https://doi.org/10.1039/C9NR01745C
https://doi.org/10.1038/s41586-022-05268-x
https://doi.org/10.1038/ncomms10379
https://doi.org/10.1038/s41563-022-01389-w
https://doi.org/10.1126/science.1243982
https://doi.org/10.1126/science.1243167
https://www.ncbi.nlm.nih.gov/pubmed/24136965
https://doi.org/10.1146/annurev-physchem-040215-112222
https://www.ncbi.nlm.nih.gov/pubmed/26980309
https://doi.org/10.1021/acs.nanolett.7b02834
https://www.ncbi.nlm.nih.gov/pubmed/28792767
https://doi.org/10.1021/acs.jpclett.6b02309
https://www.ncbi.nlm.nih.gov/pubmed/27973883
https://doi.org/10.1021/acsami.7b15195
https://www.ncbi.nlm.nih.gov/pubmed/29188719
https://doi.org/10.1002/cssc.201600210
https://doi.org/10.1021/acs.jpcc.7b04543
https://doi.org/10.1021/ja504632z
https://doi.org/10.1021/acs.jpcc.8b09390
https://doi.org/10.1021/acsami.0c07095
https://www.ncbi.nlm.nih.gov/pubmed/32515941


Materials 2023, 16, 7110 13 of 13

23. Zhou, M.; Sarmiento, J.S.; Fei, C.; Wang, H. Charge Transfer and Diffusion at the Perovskite/PCBM Interface Probed by Transient
Absorption and Reflection. J. Phys. Chem. C 2019, 123, 22095–22103. [CrossRef]

24. Droseros, N.; Dänekamp, B.; Tsokkou, D.; Boix, P.P.; Banerji, N. Charge Injection and Trapping at Perovskite Interfaces with
Organic Hole Transporting Materials of Different Ionization Energies. APL Mater. 2019, 7, 041115. [CrossRef]

25. Shen, W.; Wu, Z.; Yang, G.; Kong, Y.; Li, W.; Liang, G.; Huang, F.; Cheng, Y.; Zhong, J. Differentiated Functions of Potassium
Interface Passivation and Doping on Charge-Carrier Dynamics in Perovskite Solar Cells. J. Phys. Chem. Lett. 2022, 13, 3188–3193.
[CrossRef]

26. Li, C.; Wang, A.; Deng, X.; Wang, S.; Yuan, Y.; Ding, L.; Hao, F. Insights into Ultrafast Carrier Dynamics in Perovskite Thin Films
and Solar Cells. ACS Photonics 2020, 7, 1893–1907. [CrossRef]

27. Yan, L. Ultrafast Photoinduced Carrier Dynamics in Single Crystalline Perovskite Films. J. Mater. Chem. C 2023, 11, 3736–3742.
[CrossRef]
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