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ABSTRACT: To increase the open-circuit voltage in solar cells
based on triple cation, mixed halide perovskites, reducing
recombination processes at the interfaces with transport layers
(TLs) is key. Here, we investigated the charge carrier dynamics
in bilayers and trilayers of Cs0.05MA0.10FA0.85Pb(I0.97Br0.03)3
(CsMAFA) combined with TLs using time-resolved microwave
conductance (TRMC) measurements without and with bias
illumination (BI). In the bilayers, we find balanced mobilities
for electrons and holes in CsMAFA and nearly quantitative
carrier extraction. The small, rapidly decaying TRMC signals for
n-i-p- and p-i-n triple layers indicate both carriers are extracted.
Applying BI leads to the charging of the TLs and the
corresponding electric field prevents additional charge extraction, which demonstrates long-lived charge separation over
the CsMAFA/TLs. Most importantly, for all bilayer combinations showing long-lived charge separation, an increase of the
quasi-Fermi level splitting with respect to that of the CsMAFA layer is found.

Metal halide perovskites (MHPs) have attracted
worldwide attention in the past decade due to
their excellent optoelectronic properties and to the

rapidly increasing performance of MHP-based solar cells,1−13

with recorded power conversion efficiencies of 26.1% in
conventional n-i-p structures14 and 24.6% in inverted p-i-n
configurations.15 Yet, despite this impressive progress in
performance, to further reduce deficits between the obtained
and maximum theoretical open-circuit voltage (VOC),

16−18 it is
crucial to understand the carrier dynamics including charge
transport, extraction, and recombination at the interfaces.
Photoluminescence quantum yield (PLQY) measurements
revealing the quasi-Fermi level splitting (QFLS) in various
MHP absorbers with hole or/and electron transport layers
(TLs) show that nonradiative charge carrier recombination still
occurs at most interfaces.17,19,20 For this reason, an in-depth
understanding of the carrier dynamics at the interfaces is of
vital importance for further optimization.
Characterization of charge carrier dynamics at the interfaces

has been investigated by employing various techniques ranging
from laser spectroscopy to electrical measurements.21−25

However, transient absorption or optically pump terahertz
probe measurements are typically limited by the high
excitation intensities required, leading to higher-order
recombination processes and thus disguising the charge
extraction.26 Transient electrical measurements, such as

transient photovoltage decay or intensity-modulated photo-
current/photovoltage spectroscopy on complete perovskite
solar cells (PSCs) can elucidate carrier recombination
mechanisms under operating conditions.10,27 Nevertheless,
the complexity of multiple interfaces at which various
photophysical processes on different time scales occur in
combination with undesired ion diffusion affecting the internal
electric field makes the interpretation of such measurements
very challenging.28,29

In this Letter, the contactless time-resolved microwave
conductance (TRMC) technique was used to investigate
carrier extraction and recombination at different interfaces in
n-i-p and p-i-n stacks, by directly comparing the carrier
dynamics in the perovskite absorber layer to those obtained in
bilayer and trilayer systems. The structural, optical, and
optoelectronic properties of CsMAFA are shown in Figure
S1 and Note S1 in the Supporting Information for detailed
discussion. In the first part of this Letter, by analyzing the
TRMC traces recorded with various incident light intensities,
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we demonstrate that carrier extraction occurs in all bilayers and
trilayers by the reduction of the TRMC signal height and the
change in the decay kinetics. Furthermore, pulsed excitation in
combination with bias illumination (BI) demonstrates long-
lived carrier extraction over the CsMAFA/TL interfaces, as
reflected by the almost comparable TRMC signals in bare
CsMAFA and TL/CsMAFA/TL trilayers. Finally, we examine
how charge collection and recombination at the interface affect
the quasi-Fermi level splitting, which is derived from steady-
state microwave conductivity (SSMC) measurements.
To investigate the charge collection from CsMAFA into the

TLs, the charge carrier dynamics in neat CsMAFA were
directly compared with those of the bilayers (TL/MHP or
MHP/TL) and sandwich-like trilayers (TL/MHP/TL).
Hence, two different types of stacks, i.e., n-i-p and p-i-n,
were studied. First, we focused on the n-i-p architecture, where
C60 was used as the electron TL (ETL) and Spiro-OMeTAD
as the hole TL (HTL) (see Scheme S1 for energy band
diagrams). For all systems, we excited samples using an

excitation of 650 nm to ensure a homogeneous generation
profile in CsMAFA (see Figure S2). More importantly, the
absorption of TLs at 650 nm is negligible (see Figure S3),
which means that the TRMC signal only originates from
carriers initially generated in CsMAFA and is not affected by
the parasitic absorption by the TLs.
First of all, on comparing the neat CsMAFA layer (Figure

1a) and bilayers (Figures 1b, c) in the n-i-p configuration, a
substantial reduction in TRMC signal is observed in both
bilayers, in agreement with our previous reports in
MAPbI3.

30,31 Since the mobility in TLs is at least 1 order of
magnitude lower than in CsMAFA,24 the reduced signal height
implies that electrons and holes are injected into their
respective layers while the remaining TRMC signal originates
from carriers remaining in the perovskite (holes or electrons).
Furthermore, we noticed that the sum of TRMC signals in
bilayers (Figures 1b, c) is very similar to that in CsMAFA,
suggesting that carriers were nearly completely transferred to
their corresponding TLs. Moreover, it also demonstrates that

Figure 1. TRMC traces for CsMAFA (a), C60/CsMAFA (b), CsMAFA/Spiro-OMeTAD (c), C60/CsMAFA/Spiro-OMeTAD forming the n-i-
p stack (d) and CsMAFA (e), PTAA/CsMAFA (f), CsMAFA/C60 (g), PTAA/CsMAFA/C60 forming the p-i-n stack (h) deposited on quartz
(light gray). Traces are recorded on excitation at 650 nm with incident light intensities ranging from 109−1010 photons/cm2/pulse. The fits
for C60/CsMAFA and CsMAFA/C60 bilayers are indicated by the solid lines. A simplified parallel-plate capacitor illustrates the trilayer
system after charge extraction in the inset. Note that the response time of the experiment is 18 ns, which will limit the rise of the TRMC
traces (see Note S1 of the Supporting Information for more information).
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the electric field due to charge accumulation at the CsMAFA/
TL interface does not yet hamper the charge collection.
Additionally, the reduction in TRMC signal in both bilayers is
comparable, indicating that their individual mobilities are
similar, which means the difference is within 25%, consistent
with what we previously reported.32 Apart from the change in
signal size, two additional observations can be noticed. First,
for both bilayers, the lifetimes of the charge carriers are
elongated in comparison to neat CsMAFA, which can be
explained by the slow recombination of electrons and holes
occurring over the interface since they are physically separated.
Second, unlike in CsMAFA, all TRMC traces overlap at
different intensities and have no second-order recombination
features, meaning that in bilayers the carrier decay is
dominated by first-order recombination via the interface. To
address the reproducibility of our samples, TRMC traces of all
single, bi- and trilayers from another batch are shown in Figure
S4. On comparing those to Figure 1, the reduction in signal
size in bilayers and trilayers is very similar, although some
variation in the TRMC signal height of the bare perovskite
layer is visible. Most importantly, the carrier decay dynamics
are nearly identical for identical systems. Therefore, we believe
this difference in signal height does not affect our conclusions
that electrons and holes are efficiently injected into their
respective layers and that the mobility of electrons and holes is
similar.
Knowing that all these bilayers can efficiently extract carriers,

it is of interest to examine how charge carriers in trilayer
systems behave. As shown in Figure 1d, the TRMC traces
recorded in the trilayer show a significant reduction in signal
height, and the lifetimes of carriers are considerably shortened
compared to both those of the single and bilayers. If complete
extraction of carriers from CsMAFA to their respective TL
happens rapidly in the trilayer, a very small, negligible TRMC
signal should be expected due to the limited carrier mobility in
the TLs. In reality, a small TRMC signal still remains. To
examine whether the charge carrier diffusion time (τ) in
CsMAFA is responsible for the remaining TRMC signal, we
calculated τ across the CsMAFA film using the following
equation:

L
k T

eD
B=

(1)

where kB is Boltzmann’s constant, T is the absolute
temperature, and e is the elementary charge. μ is the carrier
mobility, here taken as 15 cm2/(Vs) in CsMAFA, and LD is the
diffusion length. Hence, assuming that LD is equal to the
thickness of the CsMAFA film of 500 nm, τ amounts to 6 ns.
Although charge collection between CsMAFA and TLs is
expected to be between picosecond and subnanosecond time
scales, the actual extraction time of carriers is limited by carrier
diffusion in CsMAFA. Since the response time of the
microwave cavity used in this work is 18 ns, the effect of the
instrumental response function (IRF) on the measured traces
for a ΔG of 6 ns is shown in Figure S5, indicating that a small
TRMC signal might still be retained. Most importantly, the
short TRMC signal implies that almost complete carrier
extraction occurs I0 < 5 × 109 photons/cm2/pulse.
Furthermore, contrary to what we usually observe in single

perovskite layers,33,34 the intensity dependence in the trilayer
exhibits longer charge carrier lifetimes and higher TRMC
signals with increasing incident light intensities. One possible
explanation for this increased signal is that the extracted charge
carriers in their respective TLs give rise to an internal electric
field in the trilayer system, as depicted in the inset of Figure 1d.
The direction of this E-field is from the HTL toward the ETL,
which is opposite to the carrier extraction, hindering further
collection of carriers. It is worth noting that when I0 > 5 × 109
photons/cm2/pulse, corresponding to a carrier density of 1 ×
1013 cm−3, this resulting electric field is sufficiently large to
reduce further charge extraction.
Besides PSCs in conventional n-i-p architectures, inverted p-

i-n PSCs have attracted more attention owing to their long
operational stability derived from nondoped HTLs15 and their
successful integration with silicon solar cells into multijunction
tandem solar cells.35 Hence, also bilayers and trilayers with a p-
i-n configuration were studied. Herein, we used PTAA as the
HTL and C60 as the ETL. On comparing Figure 1e with 1f,
corresponding to neat CsMAFA and PTAA/CsMAFA bilayer,
a similar carrier decay behavior to that observed in the n-i-p
structure is found upon introduction of the HTL, i.e. a

Scheme 1. (a) Kinetic Model of Charge Carrier Processes Initiated by Optical Excitation of CsMAFAa and (b) Illustration of
Photo-Generated Carriers in CsMAFA under Pulsed Laser Combined with Bias Illuminationb

aGP and GBI represent the photo generation of charge carriers by pulsed laser alone or in combination with bias illumination (BI); k2 depicts the
second-order recombination rate. Electron trap-mediated recombination is described by trapping rate, kT, and depopulation rate, kD. Electrons are
collected by C60 and consecutively recombined with holes in CsMAFA, represented by extraction rate kext and recombination rate krec, respectively
(red arrows). bA BI arrives on the sample prior to the pulsed laser. Carriers generated by pulsed laser and BI are represented by green and light blue
circles, respectively.
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reduction in TRMC signal and an elongation of the lifetime of
charge carriers. For the CsMAFA/C60 bilayer (Figure 1g), it is
evident that charge extraction to C60 occurs, as shown by the
drop in the maximum signal. However, only short-lived TRMC
traces could be measured, possibly because C60 is not
compatible with the CsMAFA top surface, leading to rapid
interfacial recombination via a trap-assisted process (see
Scheme 1a).20 Nevertheless, in the PTAA/CsMAFA/C60
trilayer system (Figure 1h), the same features as in C60/
CsMAFA/Spiro are observed.
To further verify the occurrence of long-lived charge

extraction from CsMAFA to their respective TLs in the
trilayers, we compared TRMC measurements of a bare
CsMAFA layer with a C60/CsMAFA/Spiro trilayer under
various bias illuminations (BI) using a white LED, as illustrated
in Scheme 1b. A schematic representation of the TRMC setup
and the protocol for conducting TRMC measurements with
bias illumination are provided in Figure S6 and Figure S7 in
the Supporting Information, respectively. The measured
TRMC traces are shown in Figure 2. First, for the bare
CsMAFA layer under 0.86 mW BI (corresponding to 0.04 sun)
(Figure 2b), charge carrier decays become slightly faster and
display less dominant second-order recombination. This can be
attributed to the higher excess carrier concentration under BI.
However, the concentration of excess carriers generated by the
BI is still comparable to that generated by the pulsed
illumination. When BI is increased to 5 mW (∼ 0.3 sun),
the decay is much faster and exhibits a pseudo-first-order
recombination behavior, which indicates that carrier recombi-

nation is mainly governed by the charge carriers generated by
the BI.
In contrast to neat CsMAFA, the trilayer system exhibits

higher TRMC signals and longer carrier lifetimes with BI
(Figures 2d, 2e, 2f). Using low-intensity BI (0.86 mW) the
TRMC signals are increased by approximately 50% in
comparison to that without BI. On further increasing the BI,
the TRMC signal height is even higher and almost comparable
to that in neat CsMAFA (compare Figures 2c, 2f). These
observations can only be explained by the fact that under BI,
charge extraction to the TLs occurs leading to a charge carrier
equilibrium between CsMAFA and the TLs long before pulsed
excitation. At low BI, the carriers in TLs are not saturated, and
further charge extraction of carriers induced by the laser pulse
can still take place to a certain degree. At high BI, the TLs
appear to be almost saturated and no further charge extraction
is feasible. Therefore, similar TRMC signals are observed in
the single and triple layers under high BI. Then, the same
TRMC measurements with BI were carried out on neat
CsMAFA and PTAA/CsMAFA/C60 trilayer (p-i-n config-
uration, see Figure S8). For the CsMAFA single layer and
trilayer, almost identical features are noticed as described
above. It is worth mentioning that the charge carrier dynamics
after removing the BI are very similar to the initial TRMC
traces recorded with only the pulsed laser (see Figure S9).
Hence these BI-induced changes are fully reversible and all
perovskites and TLs are stable during BI.
To validate the above interpretation, we first modeled

TRMC traces in bare CsMAFA without BI using the kinetic
model (see Note S2 for the used set of differential equations

Figure 2. TRMC traces recorded in bare CsMAFA (left panels) and C60/CsMAFA/Spiro trilayer (right panels) deposited on quartz (light
gray) without BI (a, d), with low-intensity BI (b, e) and high-intensity BI (c, f). For bare CsMAFA, the fits are added to the dashed
experimental traces.
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S5−S7 for pulsed laser illumination), shown in Scheme 1a,
which was previously used to describe the photophysical
processes in various perovskites.36,37 This allows us to
quantitatively extract the carrier mobilities, trap densities,
and recombination rates in CsMAFA. The fits are added to
Figure 2a with solid lines (see Figure S10a for longer time
scales) and match the experimental traces well. In Table 1 the

kinetic parameters are collected. The second-order recombi-
nation rate constant (k2) is around 3.5 × 10−9 cm3 s−1, in line
with the reported value for other high-quality perovskite thin
films.38 Furthermore, the trap density (NT) is 6.5 × 1013 cm−3,
which is relatively low for polycrystalline perovskite films.
Since the effective masses of electrons and holes are very
comparable as shown by density functional theory calcu-
lations,39 we kept the mobilities of electrons and holes identical
during the fitting procedure to 14 cm2/(Vs).
Next, to simulate the TRMC traces under BI, we took both

the temporal laser pulse and continuous illumination into
account (see Note S2 for the used set of differential equations
S7−S9 for pulsed laser and bias illumination), using the same
kinetic model and the same set of parameters in Table 1, as has
been done for MAPbI3.

40 The detailed global, iterative fitting
procedure is summarized in Note S2. The fits were added to
the TRMC traces in Figures 2b, c (see Figures S10b, c for
longer time scales) as solid lines, in excellent agreement with
the dashed experimental traces. In Figure 3, the modeled
concentrations of holes, electrons, and trapped electrons for a
pulsed laser excitation of I0 = 7 × 109 photons/cm2/pulse (1 ×
1014 excitations/cm3/pulse) are shown. Figure 3a displays the
carrier concentration generated using only the pulsed laser,
showing the temporal evolution of the carriers and traps after
the pulse. Under a BI of 0.86 mW (Figure 3b), the carrier
concentrations created by the BI and pulsed laser are rather
comparable, which means that their carrier dynamics are
affected by both sources. When the BI increases to 5 mW
(Figure 3c), excess carriers generated by the BI become
dominant. Therefore, the carrier decay behavior is governed by
the BI, leading to a pseudo-first-order recombination process.
To better understand the differences in carrier extraction

dynamics between C60/CsMAFA and CsMAFA/C60, we
simulated the TRMC traces in these two bilayers using the
same kinetic model but extended it by the introduction of an
ETL, to account for the additional charge extraction and
recombination pathways, as shown in Scheme 1a in red (see
Note S2 for the used differential equation S10). The fits are
added as solid lines to the dashed experimental data in Figure
1b and Figure 1g, respectively. Note that we used the same set

of parameters obtained from the fit of neat CsMAFA, leaving
only kext and krec to vary. The results are added to Table 1. The
carrier extraction rate, kext, for both bilayers is found to amount
to 6 × 107 s−1, in agreement with previously reported
values.30,40 Interestingly, the recombination time constant, krec
is 10 times larger in CsMAFA/C60 than that in C60/
CsMAFA. This implies that for the former bilayer, carrier
recombination is likely to proceed via trap-mediated pathways,
as indicated by the dashed arrows in Scheme 1a, when C60 is
deposited on top of CsMAFA. Therefore, the sequence of
deposition seems to be important for the formation of
interfacial states between CsMAFA and C60.
Finally, we want to see how charge collection and

recombination at the interface affect the quasi-Fermi level
splitting (QFLS), which is a measure of the possible attainable
open circuit voltage. We derived the QFLS from steady-state
microwave conductivity measurements under simulated sun-
light (see the Experimental methods and Note S3 in the
Supporting Information for details). Figure 4 shows the
measured QFLS for a bare CsMAFA layer and various bi- and
triple-layers under AM 1.5 illumination. The QFLS of the neat
CsMAFA layer is approximately 1.17 eV, which is close to the
previously reported QFLS values derived from the PLQY (∼
1.2 eV) and the VOC obtained on FA-rich PSCs (1.13−1.18
eV).15,17,18,41 For the CsMAFA/C60 showing short-lived
charge separation, implying electron collection is followed by

Table 1. Rate Constants, Trap Densities, and Mobilities
Extracted from the Fits to TRMC traces of CsMAFA, C60/
CsMAFA, and CsMAFA/C60 Bilayers

CsMAFA C60/CsMAFA CsMAFA/C60

k2 (×10−9 cm3 s−1) 3.5 3.5 3.5
kT (×10−9 cm3 s−1) 5 5 5
kD (×10−9 cm3 s−1) 0.5 0.5 0.5
NT (×1013 cm−3) 6.5 6.5 6.5
p0 (×1013 cm−3) 0.8 0.8 0.8
μe (cm2/(Vs)) 14 14 14
μh (cm2/(Vs)) 14 14 14
kext (×107 s−1) − 6 6
krec (×107 s−1) − 0.06 0.6

Figure 3. Modeling of the charge carrier concentration using the
pulsed laser with an incident fluence of 7 × 109 photons/cm2/
pulse (a) or a combination of pulsed and biased illumination
sources under different BI intensities (b, c) in the neat CsMAFA
layer.
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rapid interfacial recombination through multiple possible
processes as shown by the red arrows in Scheme 1a. Hence
the corresponding QFLS is reduced with respect to the pristine
CsMAFA layer. Most importantly, for the other bilayer
combinations including in C60/CsMAFA long-lived charge
separation is observed which translates into an increase of the
QFLS with respect to the CsMAFA layer. We attribute this to
the passivation effect at the C60/CsMAFA or CsMAFA/Spiro
interface. Therefore, the QFLS measurements imply that
interfacial recombination by trapping does not play a dominant
role in the n/i and i/p interfaces. Furthermore, the n-i-p and p-
i-n stacks were evaluated. Compared to the n-i-p configuration,
the QFLS of the p-i-n structure is significantly lower,
suggesting that again the CsMAFA/C60 interface is likely to
be the major issue limiting the final VOC of the device.
Therefore, the inclusion of an interfacial layer might indeed be
important to obtain long-lived charge separation in CsMAFA/
C60 bilayers.11 The origin of the losses is not well-known and
might be due to the deposition conditions used for the C60
layer or the impact of the collision of the C60 molecules with
the perovskite surface. A recent study claimed that this
interfacial recombination most likely occurs within the first
monolayer of C60 at the interface.20 Future research on
fundamental aspects may help to understand more about the
origins of these losses.
To summarize, in this Letter, we performed TRMC

measurements in single, double, and triple layers comprising
a triple-cation lead mixed-halide perovskite absorber layer
(CsMAFA), C60 as ETL and Spiro-OMeTAD (n-i-p) or
PTAA (p-i-n) as HTL. From the analysis of the bilayers,
charge extraction from CsMAFA to Spiro and PTAA is
efficient, demonstrating long-lived charge separation. The
recombination in CsMAFA/C60 is much faster than in C60/
CsMAFA, implying the presence of interfacial trap states when
C60 is deposited on top of CsMAFA. The sequence of
deposition seems to be important for the formation of these
interfacial states which should be reduced to increase the
Fermi level splitting and subsequently the VOC of a
corresponding solar cell. Furthermore, the similar reduction

of the TRMC signal in CsMAFA/ETL and CsMAFA/HTL
bilayers compared to neat CsMAFA indicates that the
mobilities of electrons and holes are balanced in the perovskite.
In trilayer systems, a strongly decreased TRMC signal is
observed for both n-i-p and p-i-n stacks indicating efficient
charge carrier extraction. At higher incident intensities, the
charge asymmetry caused by charge extraction leads to an
internal electric field, which is opposite to the direction of the
charge extraction, increasing the TRMC signal. Applying BI
leads to the formation of an equilibrium of electrons and holes
in both TLs. Interestingly, recording a TRMC signal results in
a much higher signal in the presence of BI than without BI. In
fact, with BI, the triple layer resembles the TRMC signal of a
bare CsMAFA under the same BI. This provides valuable
insight into how charge collection and recombination at the
perovskite/TL interfaces affect the performance of PSCs based
on FA-rich perovskites.
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