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A model is derived for the frequency and time domain optoelectronic response of perovskite solar cells
(PSCs) that emphasizes the role of charge carrier exchange, i.e., extraction and injection, from (to) the
perovskite through the transport layer to (from) the collecting electrode. This process is described by a
charge carrier exchange velocity that depends on the mobility and electric field inside the transport layer.
The losses implied by this process are modeled in an equivalent circuit model in the form of a voltage-
dependent transport layer resistance. The analysis of the model predicts that the voltage dependence of the
measured time constants allows discriminating situations where the transport layer properties dominate the
experimental response. Application of this method to experimental impedance spectroscopy data identifies
charge extraction velocities between 1 and 100 cm/s under 1-sun open-circuit conditions for p-i-n PSCs
with poly(triaryl amine) as the hole transport layer; this corresponds to transport layer mobilities between
10−4 and 3 × 10−3 cm2 V−1 s−1. The model paves the way for an accurate estimation of the photocurrent
and fill factor losses in PSCs caused by low mobilities in the transport layers, using small-perturbation
measurements in the time and frequency domain.
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I. INTRODUCTION

The analysis of different fundamental working mecha-
nisms in perovskite solar cells (PSCs) is largely carried out
using a suite of time domain and frequency domain opto-
electronic techniques. These techniques generally involve
the measurement of the response of the solar cell or
stack to a perturbation of the photon flux, φ; the exter-
nal voltage, Vext; or the current density, j. In the time
domain, these techniques include transient photovoltage
(TPV), transient photocurrent (TPC), and transient photo-
luminescence (TRPL) measurements. While TPV and TPC
measure the external voltage and current density, respec-
tively, to a small perturbation of light intensity, TRPL
measures the emitted photon flux to a large perturbation
of light intensity. The analysis of these measurements
typically involves the fitting of the rise or decay of the
measured quantity using a mono- or biexponential fit
[1–4], subsequently assigning the calculated time constant
to a physical process, such as recombination or transport.
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However, as shown using drift-diffusion simulations, such
an analysis is almost always an oversimplification of a situ-
ation where several mechanisms can coexist, superimpose,
and vary in relative importance as a function of illumi-
nation and bias conditions, structure (device or stack),
and material properties [5,6]. For example, a compari-
son of lifetimes obtained from TRPL (usually measured
on stacks) and TPV (measured on devices) measurements
show that the TPV lifetimes are generally a few orders
higher due to measurement of the geometric capacitance-
dominated region of the apparent lifetime [7,8]. In this
regard, in the case of TPV and TRPL, the definition of
a differential decay time at each point of the decay in
addition to conversion of the time axis to an open-circuit
voltage (VOC) axis allows easier discrimination of physical
mechanisms, facilitating comparison of the different device
structures and between the two methods.

In the case of the frequency domain, the correspond-
ing counterparts for TPV and TPC are intensity-modulated
photovoltage spectroscopy (IMVS) and intensity-modu-
lated photocurrent spectroscopy (IMPS), respectively,
while impedance spectroscopy (IS) measures the modu-
lated current density upon the application of a modulated
external voltage. Recent work using these methods has
focused on combining the information contained within
each of them to obtain a unified interpretation, in the
form of a single equivalent circuit [9,10] or through the
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application of the diffusion-recombination model [11,12].
While equivalent circuits allow easier modeling and anal-
ysis of overlapping physical mechanisms compared to the
time domain methods, it is still unclear which equivalent
circuit reliably models a wide range of PSCs.

However, the biggest concern in the interpretation of
both time domain and frequency domain spectra is the
nonaccounting of nonlinear transport layer effects. While
the perovskite is known to be an efficient transporter
of charge due to its large electron and hole mobili-
ties (mobility > 1 cm2 V−1 s−1) [13], the transport layers
are much less efficient in comparison. Furthermore, due
to their low thickness, often low permittivity, and typ-
ically also low conductivity, they do not behave like
a simple series resistance that could easily be imple-
mented into an equivalent circuit. This is especially the
case for p-i-n PSCs, which employ thin organic lay-
ers, such as poly(triaryl amine) (PTAA), [6,6]-phenyl-
C61 butyric acid methyl ester (PCBM), C60-fused N -
methylpyrrolidine-m-C12-phenyl (CMC), and indene-C60
bisadduct (ICBA) [14], with comparatively lower mobil-
ities between 10−5 and 10−2 cm2 V−1 s−1 [15–17]. This
means that the effective response in a measurement can
contain contributions from, or even be dominated by,
the response of the transport layers, as we have shown
recently for different capacitance-based methods used to
investigate PSCs [18–20]. In such cases, the measured
response and hence the calculated parameters are wholly
and wrongly attributed to that of the perovskite layer.
In addition, recent studies have shed light on the exis-
tence of an internal series resistance in any illuminated
solar cell in general [21,22]. This series resistance is a
function of the external voltage and models the transla-
tion of the internal voltage, Vint, to the voltage, Vext, at
the electrodes, which is required to drive the current den-
sity from the bulk to the outer circuit [23]. In the case
of PSCs, this resistance is the chemical potential drop
in the transport layer (termed the transport layer resis-
tance) and is a function of the mobility of the transport
layer and the electric field inside it [18]. Therefore, a new
model that accounts for this transport layer resistance and
decouples the response of charge extraction and transport
in the transport layers from that of recombination in the
perovskite layer is required to model the time and fre-
quency domain spectra of PSCs more effectively.

Here, we solve this problem through the development
of a model that is applicable to small-perturbation mea-
surements of any solar cell that consists of a high mobility
absorber layer in series with charge transport layers of
variable mobility. In addition to encompassing the funda-
mental mechanisms of charge generation, recombination,
and capacitive discharge, this model explicitly accounts
for the difference in the internal and external voltages and
the associated charge carrier transfer between the bulk and
the electrodes, in the form of an injection or extraction

velocity, Sexc. This injection or extraction velocity depends
on the electric field and the mobility of the majority carri-
ers in the charge transport layers. The model predicts the
voltage dependence of the measured time constants and
their corresponding resistances and capacitances, which
can be exploited to discriminate between the overlap-
ping mechanisms of recombination in the perovskite layer
and charge extraction and transport in the transport lay-
ers. Analysis of experimental IS measurements of PSCs
with different transport layers using this method iden-
tifies that the high-frequency resistance of PTAA-based
PSCs at open-circuit voltages under 1 sun is dominated
by the transport layer resistance. This yields charge carrier
exchange velocities between 1 and 100 cm/s under 1-sun
open-circuit conditions, which corresponds to transport
layer mobilities between 10−4 and 3 × 10−3 cm2 V−1 s−1 for
the PTAA-based PSCs.

Thus, our developed model allows a deep analysis of
the loss mechanisms in the PSC and calculation of their
corresponding key parameters, such as the Shockley-Read-
Hall (SRH) lifetime, the charge extraction velocity, and the
transport layer mobility. In particular, the latter parameters
are fundamental for state-of-the-art high-efficiency PSCs
because they strongly contribute to losses in the fill fac-
tor of its current-voltage curve. Furthermore, this model
is universally applicable to any electrical or luminescence
technique in the time or frequency domain.

II. EXPERIMENTAL SPECTRA

IS measurements are performed on a range of p-i-n
PSCs under open-circuit conditions. These PSCs show effi-
ciencies between 15% and 20% and consist of different
compositions of the perovskite layer and different electron
and hole transport layers (ETL and HTL, respectively), as
summarized in Table S1 within the Supplemental Mate-
rial [48] (see Sec. A1 for experimental details and Fig.
S1 within the Supplemental Material [48] for current-
voltage curves). These include PTAA and self-assembled
monolayers (SAMs) of [2-(9H-Carbazol-9-yl)ethyl] phos-
phonic acid (2PACz) and (4-(3,6-dimethyl-9H-carbazol-9-
yl)butyl) phosphonic acid (Me-4PACz) for the HTL and
PCBM/bathocuproine (BCP), PCBM:CMC:ICBA/BCP,
and C60/BCP for the ETL. These devices show good sta-
bility during the measurements, with a maximum of only
4–5-mV dc open-circuit voltage loss after the measurement
at the highest light intensity.

The Nyquist (real vs imaginary part of the transfer func-
tion) plots from these measurements generally yield two
arcs (as shown in Fig. S2 within the Supplemental Mate-
rial [48]), one at high frequencies above 104 Hz and one
at low frequencies in the region of a few hundred Hz to
mHz. Under large open-circuit voltages, a third arc at low
frequencies is observed. For the case of frequency domain
measurements, the PSC response above approximately
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103 Hz is considered to be purely electronic in nature [24].
However, conductivity measurements on perovskite pellets
and films have calculated ionic transport frequencies (and
hence, ion-dominated response) of approximately 105 Hz
and below [25,26]. While the discrepancy in the values
between frequency domain measurements and conductiv-
ity measurements is not well understood, we assume that
frequencies of 104 Hz and above (i.e., high-frequency arc
in the IS spectrum) are dominated by purely electronic
phenomena.

Figure 1(a) shows the measured high-frequency time
constant and its evolution versus open-circuit voltage. At
large open-circuit voltages close to the 1-sun open-circuit
voltage, a constant value of the time constant is observed,
between 2 × 10−7 and 2 × 10−6 s. At lower open-circuit
voltages, this plateau transitions into an exponentially
increasing time constant with reducing open-circuit volt-
age. For comparison, the measured time constants of a PSC
from a TRPL measurement of a high-performance Methy-
lammonium lead iodide (MAPI) PSC is shown [27], which
follows a similar exponential increase at lower open-circuit
voltages, followed by a plateau, and then an exponential
decrease with increasing open-circuit voltage, forming an
“S” shape. The IS time constants follow a similar S shape
but do not show the exponential drop in the time con-
stant due to the inability to reach such large values of
open-circuit voltage compared to the TRPL measurement.
We clarify that the comparison of time constants obtained

from frequency domain methods and luminescence meth-
ods on the same device is justified by the fact that both
methods measure the decay of an excess charge carrier
density, �n, via an emitted photon flux, a current or a volt-
age that is measured. The rise or decay of these quantities
is then assigned a characteristic time constant using analy-
sis methods that depend on the type of measurement being
made. However, the decay of the excess charge carrier den-
sity is governed by the fundamental physical processes
of recombination, diffusion, charge extraction, etc., irre-
spective of the type of measurement. In the simplest case
of an infinitely thick absorber and perfectly injecting or
extracting contacts, we thus expect the measured time con-
stants from both electrical and luminescence methods to
correspond to the recombination lifetime.

The corresponding resistances and capacitances that
form the IS time constants are shown in Figs. 1(b) and
1(c) respectively. The resistance decreases exponentially
followed by either an increased slope or saturation at
large open-circuit voltages, while the capacitance shows
saturation at lower open-circuit voltages followed by an
exponential increase at larger open-circuit voltages. We
note that the resistances change over several orders of
magnitude compared to the capacitances, which means
the evolution of the time constant is dominated by the
resistances. The plateau region in the time constants is
usually interpreted as originating from a first-order recom-
bination process coupled with the chemical capacitance
(which leads to a voltage-independent lifetime), associated
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FIG. 1. Measured (a) high-frequency
time constant and corresponding (b)
resistance and (c) capacitance from IS
measurements at different open-circuit
voltages, on different p-i-n PSCs (see Table
S1 in the Supplemental Material [48] for
a summary of sample data and Fig. S1
within the Supplemental Material [48] for
current-voltage curves). Also shown in
(a) using a line with no symbols is the
differential lifetime obtained from a TRPL
measurement of a MAPI PSC, reproduced
with permission from Ref. [27]. Labels in
(a) indicate the HTL and ETL layers of the
cell in the format “HTL-ETL.” Labels in (b)
show the numbers corresponding to each
sample (see Table S1 in the Supplemental
Material [48]) used as a reference. Light
source used for the IS measurements is a
blue light-emitting diode (LED) centered at
482 nm.
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with either nonradiative recombination in the bulk (τSRH),
radiative recombination under low injection conditions
with bulk doping density ND (τ = 1/BradND), or surface
recombination [5]. The exponential increase in the time
constant at lower open-circuit voltages is found to origi-
nate from the coupling of the discharge of the geometric
capacitance to the recombination [5,7,8,28]. The influence
of a more general dielectric capacitance on the measured
lifetimes was discussed in Ref. [29]. However, these inter-
pretations are not sufficient to explain the data, as the IS
measurement is also sensitive to the transport layer resis-
tances due to the modulated current density flowing in or
out of the cell and is hence strongly affected by them.
This logic is given further credence by the saturation of
the resistances in Fig. 1(b), which is not typical of any
recombination mechanism, since a recombination resis-
tance scales versus voltage as exp(−qVint/nidkBT), with
nid = 1 for radiative recombination and nid = 2 for nonra-
diative recombination via deep traps in an intrinsic layer
[18,30]. Therefore, there is a fundamental need for an
advanced model of the PSC that incorporates the direct
and indirect effects of the transport layers on its transient
response, that is derived in the next section.

III. THEORY

A. Charge carrier exchange between absorber and
contact

We begin by assuming a thin-film PSC with an intrin-
sic perovskite absorber of thickness d in contact with an
ETL at x = 0 of thickness dTL and a perfectly blocking
contact for electrons at x = d. We further assume that the
electric field inside the perovskite layer is negligible due to
shielding by the ions and that the diffusion length is much
larger than the thickness of the perovskite layer (a valid
assumption for thin-film PSCs [13]), implying a constant
and equal density of electrons and holes within it, given by

np = n2 = n2
i exp

(
qVint

kBT

)
→ n = ni exp

(
qVint

2kBT

)
, (1)

where ni is the intrinsic carrier concentration and Vint =
(EFn − EFp)/q represents the steady-state splitting of the
quasi-Fermi levels EFn (EFp ) of electrons (holes) inside the
absorber layer. Assigning the split of the quasi-Fermi lev-
els to an internal voltage, Vint, is helpful, but we have to
bear in mind that this internal “voltage” is not a voltage in
the sense of an electrostatic potential, rather it expresses
the sum of the excess chemical potentials of electrons and
holes. The steady-state current, j, through the device, in the
traditional formalism, is given by

j = jSC − j0

(
exp

(
qVelec

nidkBT

)
− 1

)
, (2)

where jSC is the short-circuit current density, j0 is the
reverse saturation current density, nid is the ideality fac-
tor, and Velec is the steady-state quasi-Fermi level of the
electrons at the cathode minus the quasi-Fermi level of the
holes at the anode. Equation (2) connects the current den-
sity, j, to the applied external voltage by assuming that the
splitting of the quasi-Fermi levels equals the voltage, Velec,
i.e., Vint = Velec. Equation (2) is the basis of the superpo-
sition principle—adding the photogenerated current to the
dark recombination current to produce the current-voltage
curve under illumination.

However, while Vint = Velec might be a good approx-
imation at open circuit, it is never a good approxima-
tion for Velec significantly smaller than VOC. The need to
drive current out of a device leads to deviations from the
superposition principle that become visible in the form
of variations in recombination current under dark and
illumination conditions [22,31], with large luminescence
observed under short-circuit conditions for silicon [32],
Cu(In, Ga)Se2 (CIGS) [23], organic solar cells [33], and
perovskite solar cells [22,34]. These findings imply large
quasi-Fermi level splitting inside the absorber layer under
illumination followed by a drop to qVelec, which can occur
either inside the space-charge region (as in silicon or CIGS
solar cells) or within the transport layers (as in perovskite
solar cells). The current density in the PSC thus depends
on both Vint and Velec, given by [18]

jexc = jB

[
exp

(
qVint

2kBT

)
− exp

(
qVelec

2kBT

)]
. (3)

Prefactor jB is a reference current density that controls the
efficacy of charge carrier exchange between the absorber
and external terminal of the device. Corresponding ana-
logues of Eq. (3) were derived for single-sided p-n junc-
tions in Ref. [23] and using an alternative equivalent circuit
model in Ref. [21]. We note that a positive value of jexc in
Eq. (3) implies Vint > Velec, corresponding to the situation
where a current is driven out of the solar cell under illumi-
nation, with Velec = Vext + jexcRs, where Vext is the applied
external voltage and Rs is the series resistance.

Equation (3) assumes symmetry between the behavior
of electrons and holes, where the exchange current, jexc,
is the same at the electron contact and at the hole contact
[Fig. 2(a)]. While prefactor jB is voltage independent in
p-n junctions [23], it becomes voltage dependent in the
case of undoped electron and hole transport layers over
which a significant electric field drops. If the electric field
is approximately constant over the transport layers, an
analytical solution for jB exists, as given by

jB = qμTLFTLniexp(q�b,pero/kBT)

1 − exp(−(qFTLdTL/kBT))
= qnintSexc(Velec),

(4)
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which is consistent with the derivations found in Ref. [35].
In Eq. (4), μTL is the mobility of electrons in the ETL
and nint = niexp(q�b,pero/kBT) is the electron concentra-
tion at the interface between the perovskite and the ETL,
with ni being the intrinsic concentration in the perovskite
absorber and q�b,pero the band offset for electrons at the
perovskite-ETL interface. FTL is the electric field in the
transport layer, which is given by (under the assumption of
a constant electric field)

FTL = (VBI,TL − (Velec/k))
dTL

, (5)

where VBI,TL is the built-in electrostatic potential difference
in the transport layer and k is a factor that controls the
amount of the electrode voltage that goes to the transport
layer, i.e., k = 2 for the symmetric case [cf. Fig. 2(a)]. Sexc
is an exchange velocity, which, within the validity range of
Eq. (4), is given by [35]

Sexc(Velec) = μTLFTL

1 − exp(−(qFTLdTL/kBT))
. (6)

Sexc is a function of mobility μTL and electric field FTL
in the transport layer that determines the magnitude of the
gradient in electrochemical potential required to sustain
the current flow through the device. A factor similar to
Eq. (6) was derived in Ref. [36] for the current density in
organic light-emitting diodes. We note that Eq. (3) is an
alternative representation (see Sec. A2 in the Supplemen-
tal Material [48] for derivation) of the formula derived in
the Supporting Information of Ref. [18]. In addition, Table
S2 within the Supplemental Material [48] summarizes all
the parameters that are used in this paper.

B. Small-perturbation model

Now we turn to the overall balance of charge carriers
in the perovskite absorber. Based on the large reported
electronic diffusion coefficients, D, in a typical thin-film
perovskite of thickness d = 300 nm, we expect a diffusion
frequency of fdiff = D/d2 ∼= 1000 MHz (assuming D =
1 cm2/s, as reported in Refs. [37,38]). Such values are well
above the maximum frequency of perturbation in typical
frequency domain measurement setups; hence, we should
not be able to see any diffusion or diffusion-related effects,
such as a source wavelength dependence in the measured
spectra. The model therefore uses the assumption that dif-
fusion of electronic carriers within the typical thin-film
perovskite is fast enough to assume that the dc and ac con-
centrations of electronic carriers are uniform within the
thickness of the perovskite layer (a list of assumptions
made in the development of the model is shown in Fig.
S4 within the Supplemental Material [48]). Based on this
assumption, we may describe the total amount of electrons
in the absorber by concentration n multiplied by absorber

thickness d. Thus, the balance of electrons in the absorber
is given by photogeneration and recombination and by the
extraction (injection) of electrons to (from) the contact
according to

dn
dt

= − jexc

qd
+ j�

qd
− n

τSRH
− Bradn2, (7)

where j� is the input photon flux multiplied by the elemen-
tary charge q that corresponds to the generation rate, τSRH
is the lifetime corresponding to bulk Shockley-Read-Hall
(SRH) recombination via deep traps, and Brad is the radia-
tive recombination coefficient (cm3/s). We assume equal
electron and hole densities and negligible detrapping rates
to obtain a first-order SRH recombination rate with life-
time τSRH = τn + τp, where τn and τp are the SRH lifetimes
of electrons and holes. A schematic of the different pro-
cesses considered in the model is shown in Fig. 2(a). Note
that, for simplicity, we omit recombination at the interfaces
between the absorber and transport layers. Since our model
assumes deep traps, surface recombination depends lin-
early on the charge carrier concentration, n, with lifetime
τint rec = dpero/Sint rec, where Sint rec is the surface recombi-
nation velocity [5]. Furthermore, since our model assumes
flat Fermi levels, surface recombination is in parallel to
bulk SRH recombination to yield an effective SRH lifetime
of τeff,SRH = (1/τSRH + 1/τint rec)

−1. Thus, the omission of
surface recombination does not have any implications for
the analysis of the model, since surface recombination can
be accounted for by simply considering τSRH as τeff,SRH, the
parallel combination between the bulk SRH and surface
recombination lifetimes.

Now we turn to the linearized small-signal analysis of
Eq. (7), using small-perturbation quantities as symbols
with a tilde. For simplicity, we assume no band offset at the
perovskite-transport layer interface, i.e., nint = ni. Apply-
ing a small perturbation to Eqs. (3) and (7), using Eq. (1)
and removing steady-state terms, we obtain

dñ
dt = −

[
1

τSRH
+ 1

τrad

]
ñ − 1

qd

[
djexc

dVelec
Ṽelec + djexc

dn ñ
]

+ j̃φ
qd ,

= − ñ
τeff

− 1
qd

[
Ṽelec
Rexc

+ Sexcñ
]

+ J̃φ

qd ,

(8)

where τeff is the effective recombination lifetime given by
the parallel combination of the SRH lifetime and radiative
lifetime τrad = 1/(2Bradn). To rewrite Eq. (8) for the time
derivative of the modulated internal voltage, Ṽint, we use
Eq. (1) to obtain

ñ =
(

dn
dVint

)
Ṽint = qni

2kBT
exp

(
qVint

2kBT

)
Ṽint = Cμ

qd
Ṽint,

(9)
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(a) (b)

FIG. 2. (a) Schematic of physical mechanisms (represented as current densities j ) that are considered in the model. We consider a
symmetric device with equal exchange velocity Sexc for both transport layers. jrad is the radiative recombination current density and
jSRH is the Shockley-Read-Hall nonradiative recombination current density. Electrons and holes are represented as red and purple
spheres, respectively. Vint is the quasi-Fermi level splitting inside the perovskite layer and Velec is the quasi-Fermi level of the electrons
at the cathode minus the quasi-Fermi level of the holes at the anode. (b) Equivalent circuit derived from the model (see Sec. A4 in the
Supplemental Material [48] for derivation). The exchange resistance Rexc models the potential drop across both the transport layers
that translates the quasi-Fermi level splitting in the perovskite Vint to Velec. Rexc itself depends on Velec and the exchange velocity Sexc.

with the definition of the chemical capacitance, Cμ, given
by [39]

Cμ = qd
(

dn
dVint

)
= q2dni

2kBT
exp

(
qVint

2kBT

)
. (10)

With this, we obtain

Cμ

dṼint

dt
= − Ṽint

Rrec
−
[

djexc

dVelec
Ṽelec + djexc

dVint
Ṽint

]
+ j̃φ .

(11)

Under open-circuit bias conditions, we have Velec = Vint
and therefore

− djexc

dVelec
= djexc

dVint
= 1

Rexc
, (12)

which implies for the exchange resistance that

Rexc = 2kBT
qjB(Velec)

exp
(

−qVelec

2kBT

)
= 2kBT

qjB(Vint)

exp
(

− qVint

2kBT

)
. (13)

Thus, Eq. (8) transforms into

Cμ

dṼint

dt
= − Ṽint

Rrec
+ Ṽelec

Rexc
− Ṽint

Rexc
+ j̃φ , (14)

with the recombination resistance, Rrec, given by

Rrec = τeff
Cμ

=
(

1
Rrec,SRH

+ 1
Rrec,rad

)−1
,

=
[

1
(2kBTτSRH/q2dni)exp(−(qVint/2kBT))

+ 1
(kBT/q2dn2

i Brad)exp(−(qVint/kBT))

]−1

,

(15)

where Rrec,SRH and Rrec,rad are the nonradiative and radia-
tive recombination resistances, respectively. Finally, we
consider the time development of the small-signal external
voltage, Ṽelec, taking into account that this voltage builds
up over geometric capacitance Cg. The charge needed to
build up this voltage stems from the current leaving the
absorber and the electrical current, j̃elec, from the outer
circuit, leading to

Cg
dṼelec

dt
= − Ṽelec

Rexc
+ Ṽint

Rexc
− j̃elec. (16)

C. Matrix equations (dc open-circuit conditions)

At this point, it is convenient to put the time develop-
ment of both voltages Ṽint and Ṽelec into a matrix equation.
We thus have

(
Cμ 0
0 Cg

)(
(d/dt)Ṽint

(d/dt)Ṽelec

)

=
(

− 1
Rexc

− 1
Rrec

1
Rexc

1
Rexc

− 1
Rexc

)(
Ṽint

Ṽelec

)
+
(

j̃φ
−j̃elec

)
.

(17)

In Eq. (17), all small-signal quantities depend on time, and
all dc parameters are calculated under open-circuit condi-
tions. The excitation can be chosen to be j̃φ = j�,0 × δ(0),
where j�,0 is a prefactor and δ(0) is a Dirac-Delta function
centered at t = 0, and j̃elec = 0 to describe the transient of
the photovoltage (IMVS), Ṽelec(t), following delta excita-
tion by a light pulse. Similarly, we may calculate the time
transient of the internal voltage, Ṽint, i.e., of the chemi-
cal potential, to describe the transient photoluminescence
(TRPL); see also Ref. [40].
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When turning to frequency domain measurements, we
interpret Eq. (17) as an equation for complex-valued small-
signal quantities by replacing the time derivative with the
angular frequency, ω, with the imaginary unit, i, leading to

iω
(

Cμ 0
0 Cg

)(
Ṽint(ω)

Ṽelec(ω)

)
=
(

− 1
Rexc

− 1
Rrec

1
Rexc

1
Rexc

− 1
Rexc

)

×
(

Ṽint(ω)

Ṽelec(ω)

)
+
(

j̃φ(ω)

−j̃elec(ω)

)
. (18)

Analogously to the use of Eq. (17) in the time domain, Eq.
(18) can be used to describe different experimental meth-
ods in the frequency domain. For example, using a periodic
excitation of the chemical potential by photogeneration
j̃φ = j̃φ(ω) and keeping the sample under ac open-circuit
conditions (j̃elec = 0) would yield the signal Ṽelec(ω) as a
solution of Eq. (18), to obtain the IMVS transfer function
W = Ṽelec(ω)/j̃φ(ω). Likewise, keeping the ac voltage at
zero (Ṽelec = 0) and detecting instead j̃elec = j̃elec(ω) yields
the IMPS transfer function Q = j̃elec(ω)/j̃φ(ω). We may
also consider an excitation of the voltage Ṽelec(ω) with-
out any periodic optical excitation (j̃φ = 0) and detect the
response j̃elec = j̃elec(ω) of the electrical current, to obtain
the IS transfer function Z = Ṽelec(ω)/j̃elec(ω). However,
for the last two experimental methods, we need to consider
an additional series resistance, Rs, in the complete equiv-
alent circuit [shown in Fig. 2(b)], which slightly modifies
the simple matrix Eqs. (17) and (18).

The relationships between the applied external voltage,
Vext, and the voltage at the electrodes, Velec, is given using
the external series resistance, Rs, as

Ṽelec = Ṽext + Rs j̃elec. (19)

Substituting Eq. (19) into Eqs. (14) and (16), we obtain

j̃� + Rs

Rexc
j̃elec =

[
d
dt

+ 1
Cμ

(
1

Rexc
+ 1

Rrec

)]
CμṼint

− Ṽext

Rexc
, (20)

j̃elec

(
1 + Rs

Rexc
+ CgRs

d
dt

)
= Ṽint

Rexc
−
(

1
Rexc

+ Cg
d
dt

)
Ṽext.

(21)

Combining the frequency domain versions (d/dt → iω)

of Eqs. (20) and (21) and rearranging terms, we can
obtain the matrix equations corresponding to different fre-
quency domain techniques under dc open-circuit condition
as follows.

For IMVS,

iω
(

Cμ 0
0 Cg

)(
Ṽint(ω)

Ṽext(ω)

)
=
(

− 1
Rexc

− 1
Rrec

1
Rexc

1
Rexc

− 1
Rexc

)

×
(

Ṽint(ω)

Ṽext(ω)

)
+
(

j̃�(ω)

0

)
. (22)

For IMPS,

iω
(

Cμ 0
0 CgRs

)(
Ṽint(ω)

j̃elec(ω)

)
=
(
− 1

Rexc
− 1

Rrec
Rs

Rexc
1

Rexc
−1 − Rs

Rexc

)

×
(

Ṽint(ω)

j̃elec(ω)

)
+
(

j̃�(ω)

0

)
. (23)

In the case of IS, we have three variables that are evolving
as a function of time: Ṽint, Ṽext, and j̃elec. We thus require an
additional equation that creates a 3 × 3 matrix. We there-
fore consider an arbitrarily small geometric capacitor, Cb,
that is placed before Rs, with current j̃term flowing at the ter-
minals to yield the relationship Cb(dṼext/dt) = j̃elec − j̃term
and give a 3 × 3 matrix as

iω

⎛
⎝Cμ 0 0

0 Cg CgRs
0 Cb 0

⎞
⎠
⎛
⎝Ṽint(ω)

Ṽext(ω)

j̃elec(ω)

⎞
⎠

=
⎛
⎝− 1

Rexc
− 1

Rrec
1

Rexc
Rs

Rexc
1

Rexc
− 1

Rexc
−1 − Rs

Rexc
0 0 1

⎞
⎠
⎛
⎝Ṽint(ω)

Ṽext(ω)

j̃elec(ω)

⎞
⎠

+
⎛
⎝ j̃�(ω)

0
−j̃term(ω)

⎞
⎠ . (24)

The matrices in Eqs. (22)–(24) are of the form CẊ =
AX + B, where X is the matrix that contains the variables
that need to be solved (Ṽint, Ṽext, and j̃elec) and the overdot
indicates a first differential in time (or iω in the frequency
domain). Thus, the full solution is obtained by solving for
the eigenvalues and eigenvectors of the C−1A matrix. The
n × n C−1A matrix yields eigenvalues λ1 . . . λn, which are
connected to the time constants through λn = −1/τn. The
solutions of the matrices in Eqs. (22)–(24) and their corre-
sponding solutions in the time domain are shown in Table
S3 within the Supplemental Material [48]. While a sim-
ple analytical solution for the time constants of IS is not
achievable, an analytical solution of the transfer function
can be obtained using the relationship Z = W/Q [10]. In
the case of frequency domain measurements, the expressed
time constants are determined from the peak of the imagi-
nary part of the solution of the transfer function (Table S3
within the Supplemental Material [48]) versus frequency.
In addition, we note that the matrices in Eqs. (22)–(24)
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are applicable only under dc open-circuit conditions. The
general matrices corresponding to any applied dc external

voltage, Vext (i.e., when Vint �= Velec), are shown in Sec. A3
within the Supplemental Material [48] (Eqs. S37–S42).

D. Equivalent circuit

An alternative way of solving for the time constants is to use Eqs. (20) and (21) to calculate the IMVS, IMPS, and
IS transfer functions, followed by obtaining the expressed time constants from the frequency maxima of the negative
imaginary part of the transfer function. These are the IMVS transfer function, W; the IMPS transfer function, Q; and the
impedance transfer function, Z, given by (the derivation is given in Sec. A4 within the Supplemental Material [48])

W = Ṽext

j̃�
=
(

1
Rrec

+ iωCμ + iωCg

(
1 + Rexc

Rrec
+ iωRexcCμ

))−1

, (25)

Q = j̃elec

j̃�
=
(

1 + Rs + Rexc

Rrec
+ iω(Rs + Rexc)Cμ + iωRsCg

(
1 + Rexc

Rrec
+ iωRexcCμ

))−1

, (26)

Z = Ṽext

j̃elec
= Rs +

(
1

Rexc + ((1/Rrec) + iωCμ)−1 + iωCg

)−1

= W
Q

. (27)

Equations (25)–(27) yield the equivalent circuit of
Fig. 2(b). This circuit contains the traditional elements of
the solar cell model with the parallel combination of the
recombination resistance and chemical capacitance [41].
The novel aspect of the model is the voltage-dependent
exchange resistance, Rexc (which is in series with the
RrecCμ line), which models the potential drop across the
transport layers. Equations (4), (6), and (13) show that
Rexc depends on the steady-state quasi-Fermi level split-
ting at the electrodes, Velec, and the mobility and electric
field through the transport layer. Equations (25) and (26)
identify a time constant called the charge carrier exchange
lifetime, as given by (valid only under open-circuit condi-
tions)

τexc = RexcCμ = d
Sexc

. (28)

The exchange lifetime determines how quickly charge
carriers are extracted from (injected into) the volume of
the absorber into (from) the contacts through the trans-
port layers. We note that resistance Rexc is defined only
under small-perturbation conditions and is different from
the steady-state transport layer resistance derived in our
previous work [18]. The generation term is in the form of a
current source, j�, that is across the bulk RrecCμ line, corre-
sponding to internal voltage Vint. The model is completed
with geometric capacitance Cg, which is in parallel to all
the elements that are outside the external series resistance,
Rs. We clarify that capacitor Cb is ignored in the equivalent
circuit because it is made arbitrarily small and, hence, has
no influence on the solution of the model.

E. Model analysis

We now proceed to analyze the solution of the model
at different open-circuit voltages. The parameters used to
carry out the simulations are shown in Table S4 within
the Supplemental Material [48] and discussed in Sec. A5
within the Supplemental Material [48], with a list of input
and output parameters of the model shown in Fig. S4
within the Supplemental Material [48]. We consider two
cases, one where the extraction lifetime is much faster than
the effective recombination lifetime (τexc � τeff), which
we refer to as “fast charge carrier extraction,” and the other
case where the extraction lifetime is much slower than
the effective recombination lifetime (τexc � τeff), which
we refer to as “slow charge carrier extraction.” To sim-
ulate these two situations, the transport layer mobility is
varied between 10−1 and 10−5 cm2 V−1s−1. τexc is calcu-
lated by determining Sexc using Eq. (6) or, equivalently,
by determining Rexc and Cμ using Eqs. (10) and (13)
and using the relationship Vint = Velec under open-circuit
conditions. Summaries of these solutions are shown in
Figs. 3(a) and 3(b) for the case of fast charge carrier extrac-
tion, with the case of slow charge carrier extraction shown
in the corresponding lower panels [Figs. 3(c) and 3(d)].
We note that the time constants for IS and IMVS are iden-
tical, and we therefore plot the IMVS time constants in
Fig. S6 within the Supplemental Material [48] and show
only the time constants of IS and IMPS in our analysis.
In addition, the IS matrix yields a third time constant,
which corresponds to τ = RsCb, that attenuates the total
current response. However, since Cb is a capacitor that
is introduced only to facilitate solving the IS matrix, we
consequently make Cb arbitrarily small and, hence, τ =
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RsCb is also arbitrarily small and can be neglected in our
analysis.

In all cases, the model yields two time constants that
correspond to each of the inverse eigenvalues, which are
classified as slow (τslow) or fast (τfast) time constants with
respect to each other. These eigenvalues are combined with
their eigenvectors to yield the full solution of the trans-
fer function (Table S3 within the Supplemental Material
[48]). However, the traditional analysis method of fre-
quency domain data involves calculating time constants
from the frequency maxima of the negative imaginary part
of the transfer function. We therefore calculate the full
solution of the matrices using the eigenvalues and eigen-
vectors to obtain the analytical solution of the respective
transfer function, the time constants of which are calcu-
lated from the frequency maxima of the negative imaginary
part of the transfer function. An alternative way of calcu-
lating the time constants is to apply the same method to
the equivalent circuit solution for the respective transfer
function from Eqs. (25)–(27). Both the analytical solution
(line labeled solution in Fig. 3) and the EC solution (line
labeled EC in Fig. 3) yield only one time constant from the
frequency maxima of the negative imaginary part of the
transfer function, which corresponds to the slow time con-
stant, τslow (see Fig. S5 within the Supplemental Material

[48] for Nyquist plots, as summarized in Fig. 4). Therefore,
the fast time constant, τfast, is hidden from the traditional
analysis of the negative imaginary part of the frequency
domain transfer function. We developed a new analysis
method in Ref. [42] that allowed the hidden time con-
stant τfast to be extracted from the frequency domain data;
however, its discussion is beyond the scope of this paper.

For the case of fast charge carrier extraction [τexc � τeff,
Figs. 3(a) and 3(b)], the IS and IMPS solutions yield
a slow time constant that corresponds to the effective
recombination lifetime, τeff, under large open-circuit volt-
ages. τeff is voltage dependent due to the dominance of
radiative recombination over SRH recombination at high
open-circuit voltages [Eq. (15)]. In the absence of radia-
tive recombination, τeff will correspond to the constant
SRH lifetime, which forms a plateau in the time constant.
This region then transitions into an exponentially increas-
ing time constant at lower open-circuit voltages. For IMPS,
the slow time constant corresponds to the product of the
series resistance, Rs, and the geometric capacitance, Cg,
at lower open-circuit voltages (referred to as RC atten-
uation in the literature [43,44]) and transitions to τeff at
higher open-circuit voltages. The fast time constant for all
the transfer functions corresponds to the exchange lifetime,
τexc, at lower open-circuit voltages before transitioning to
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FIG. 3. Simulated analytical time constants τslow and τfast from the matrix model for τexc � τeff (a),(b) and τexc � τeff (c),(d), for
IS (a),(c) and IMPS (b),(d). To simulate these two situations, transport layer mobility is varied between 10−1 and 10−5 cm2 V−1 s−1.
Fast charge extraction corresponds to the case τexc � τeff, while slow charge extraction corresponds to the case τexc � τeff. IMVS time
constants are identical to those of IS, as shown in Fig. S6 within the Supplemental Material [48]. “Solution” and “EC” correspond to
the time constant calculated from the frequency maxima of the negative imaginary part of the analytical solution of the transfer function
(see Table S3 within the Supplemental Material [48]) and the equivalent circuit, respectively. Expressed time constant from the analysis
of the negative imaginary part of the transfer function is always the slower time constant, τslow. τeff is the effective recombination
lifetime, consisting of the parallel combination of SRH and radiative recombination, and τexc is the exchange lifetime between the
perovskite absorber and contacts [Eq. (28)]. Simulation parameters are shown in Table S4 within the Supplemental Material [48].
Equality of the EC solution and analytical solution of IS are shown in Fig. S7 within the Supplemental Material [48].
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FIG. 4. Schematic of the methods used to obtain time con-
stants using our developed model. While the analytical solution
of the model predicts the existence of two eigenvalues that corre-
spond to two time constants, τfast and τslow, traditional analysis of
the negative imaginary part of the simulated frequency domain
transfer function yields only τslow. Therefore, τfast cannot be
obtained using this method and requires a modification of the
transfer function to be extracted from the data, as described in
Ref. [42].

an exponential reduction at higher open-circuit voltages.
The open-circuit voltage dependence of τexc arises from
Eqs. (5) and (6) with Velec = Voc, causing it to increase at
higher open-circuit voltages.

For the case of slow charge carrier extraction [τexc �
τeff, Figs. 3(c) and 3(d)], in the case of IS, the fast time
constant corresponds to τeff. The slow time constant does
not follow τexc but shows a much larger magnitude at low
open-circuit voltages, decreasing exponentially, followed
by saturation at high open-circuit voltages. In the case of
IMPS, the fast time constant corresponds to the RsCg prod-
uct, while the slow time constant corresponds to τeff. At
large open-circuit voltages, the IMPS fast and slow time
constants are exchanged, which results in the time constant
values not crossing each other. We highlight that, for all the
transfer functions, in both cases, the time constant obtained

from the frequency maxima of the negative imaginary part
of the transfer function (calculated from both the solution
of the model and the equivalent circuit) corresponds to the
slower time constant. Therefore, when τexc � τeff, which
is the case expected for a high-efficiency PSC with effi-
cient charge carrier extraction from the perovskite to the
contacts through the transport layers, the faster time con-
stant that contains information on the exchange properties
is not directly accessible using the traditional data analysis
method.

We now aim to identify the different unknown con-
tributions to the slow and fast time constants, as shown
in Fig. 5. For the case of fast charge carrier extraction,
the exponential drop in the fast time constant at high
open-circuit voltages for all the transfer functions is deter-
mined by the product RexcCg. We note that, in Fig. 3(a),
there is an abrupt transition of the time constant seen in
the Nyquist plot (labeled EC) from τslow to τfast at high
open-circuit voltage, because the dominant time constant
in the EC changes depending on whether the effective
recombination time constant or the charge carrier exchange
time constant is faster [equivalent to the transition from
Figs. 6(a) to 6(c)]. Furthermore, the exponential rise in the
slow (expressed) time constant for IS [Fig. 5(a)] at low
open-circuit voltages corresponds to the product of the
recombination resistance, Rrec, and the geometric capac-
itance, Cg. This coupling can also be seen from the
experimental resistances and capacitances [Figs. 1(b) and
1(c), respectively] at low open-circuit voltages, where
the resistance increases exponentially, while the capaci-
tance has saturated to a constant value. This effect was
labeled as the recombination of electrode charges by
Kiermasch et al. [8], who identified this effect for differ-
ent photovoltaic technologies when observing large life-
times in the order of milliseconds to seconds from TPV
and open-circuit voltage decay measurements. The same
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FIG. 5. Simulated analytical time con-
stants τslow and τfast from the model (same as
in Fig. 3), with different contributions to the
time constants shown with the corresponding
labels. Fast charge extraction corresponds to
the case of τexc � τeff, while slow charge
extraction corresponds to the case of τexc �
τeff. Rrec is the recombination resistance [Eq.
(15)], while Rexc is the exchange resistance
[Eq. (13)]. For IS measurements, RrecCg
dominates the expressed time constant (τslow)

at lower open-circuit voltages when τexc �
τeff, while RexcCg dominates the expressed
time constant when τexc � τeff. τfast for IS
is given by τexc at low open-circuit voltages
followed by RexcCg at high open-circuit volt-
ages when τexc � τeff, while τfast = τeff for
the case of τexc � τeff.
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phenomenon was later reported on by Wang et al. [28] in
the case of TPV measurements and IS simulations, who
concluded that the lifetimes observed were not represen-
tative of recombination dynamics but dominated by the
geometric capacitance of the device. Krückemeier et al. [7]
also compared the reported lifetimes from TPV and TRPL
measurements, concluding that the much larger lifetimes
reported from TPV measurements were due to measure-
ment of this RrecCg time constant. This occurs because
TPV measurements require a full device with electrodes
that introduces the effects of the geometric capacitance,
whereas TRPL is mostly measured on device stacks with-
out electrodes. We note that the exponential rise of this
slow time constant at low open-circuit voltages is lim-
ited by the voltage-independent shunt resistance of the
perovskite layer [45].

For the case of slow charge carrier extraction, the slow
time constant in the case of IS is determined by the product
of Rexc and Cg. The voltage dependence of the extrac-
tion velocity, Sexc [Eq. (6)], creates a unique evolution of
Rexc [Eq. (13)] and, hence, the RexcCg time constant, which
shows an exponential decrease followed by a saturation at
high open-circuit voltages; this could be misinterpreted as
an apparent SRH lifetime. Since the slow time constant is
the one that is expressed during a measurement, informa-
tion regarding the transport layer can be obtained through
the determination of Rexc as a function of the open-circuit
voltage in this case. An intermediate case is shown in Fig.
S8 within the Supplemental Material [48] for IS measure-
ments, when τexc ∼= τeff. In this case, the resistance at large
open-circuit voltages is dominated by Rexc, while, at lower
open-circuit voltages, Rrec dominates. This situation leads
to the slow (expressed) time constant at large open-circuit
voltages being dominated by the RexcCg product, which
makes a plateau, while, at lower open-circuit voltages, it
is dominated by the product RrecCg.

In summary, the model predicts that two time
constants are expressed under different dc conditions in
frequency domain small-perturbation measurements. These
are a slow and fast time constant (compared to each
other), which correspond to different RC products that
arise from coupling between physical mechanisms, such
as charge carrier recombination, injection, and extraction.
From the traditional analysis of frequency domain data,
only the slow time constant can be extracted, while the fast
time constant remains hidden below the arc of the slow
time constant. In the case of fast charge carrier extraction
compared to recombination, this slow time constant corre-
sponds to bulk recombination at high open-circuit voltages
and recombination limited by the back-injection of elec-
trode charges at low open-circuit voltages. For the case
of slow charge carrier extraction compared to recombina-
tion, the slow time constant is controlled by the resistance
of the transport layer. Therefore, irrespective of the mag-
nitudes of the measured time constants, only in situations
where the transport layer mobility is large enough to ensure
fast charge carrier extraction (i.e., τexc � τeff) can the
measured time constants at high open-circuit voltages be
considered a real recombination lifetime.

To provide an intuitive connection between the equiv-
alent circuit and the measured time constants, we cal-
culate the reduced equivalent circuits for each case and
compare them to the obtained time constants from the
model, as shown in Fig. 6. For the case of fast charge
extraction (τexc � τeff), there are two possible scenar-
ios. At a large forward bias, when the chemical capaci-
tance is much larger than the geometric capacitance and
the effective resistance, Reff, is simply a series connec-
tion of series resistance Rs, exchange resistance Rexc, and
recombination resistance Rrec, the time constant is given by
the bulk recombination lifetime, τeff = RrecCμ [Fig. 6(a)].
At reverse and low forward bias, the chemical capacitance

(a)

(c)

(d)

(b)

FIG. 6. Reduced equivalent circuit derived from the matrix model [see Fig. 2(b)] for the special cases (a),(b) τexc � τeff and (c)
τexc � τeff. (a) Case where chemical capacitance Cμ is much larger than geometric capacitance Cg (large forward bias), while (b)
corresponds to Cμ � Cg (reverse bias and low forward bias). (d) R||C products that form the time constant in each case [τ = τeff =
RrecCμ in (a), τ = RrecCg in (b), and τ = RexcCg in (c)] are the expressed time constants in an IS measurement. Total resistance of
the PSC is determined by the sum of series resistance Rs, exchange resistance Rexc, and recombination resistance Rrec (i.e., they are in
series).
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is smaller than the geometric capacitance and the effec-
tive resistance is dominated by the series resistance and the
recombination resistance, while the time constant is given
by τ = RrecCg [Fig. 6(b)]. In such situations of fast charge
carrier extraction, the measured time constant can be con-
sidered as the product of the differential resistance and
effective capacitance (geometric capacitance at low for-
ward bias and chemical capacitance at large forward bias)
of the device [45]. For the case of slow charge extraction
(τexc � τeff), the total resistance is a series connection of
Rs and Rexc, with the time constant given by τ = RexcCg
[Fig. 6(c)]. The effective capacitance, Ceff, in all cases,
depends not only on the individual capacitances but also
on the resistances (Eqs. S70 and S73 in Sec. A6 within the
Supplemental Material) [18,48]. This effect is seen in Fig.
S9 within the Supplemental Material [48], where both the
series resistance and exchange resistance create a satura-
tion of the effective capacitance calculated from the model
(also discussed in Ref. [46]).

These time constants are also shown as a function of
open-circuit voltage in Fig. 6(d). As discussed previously,
in the case of slow charge extraction (τexc � τeff), the
measured time constants from IS are dominated by the
resistance of the transport layer. When the mobility of the
transport layer is high enough to ensure efficient charge
extraction (τexc � τeff), the time constants are controlled
by bulk recombination at large open-circuit voltages while
being limited by charges back-injected from the electrodes
at lower open-circuit voltages.

Based on the predictions of the model in Secs. III D
and III E, we suggest that the best method to character-
ize the PSC is a combination of any two of the three
frequency domain methods. This is because of the rela-
tionship between the transfer functions, Z = W/Q, which
is proven experimentally for the PSC [10], and implies that
all the information of the system can be obtained from the
measurement of any two of the three transfer functions.
We further encourage the measurement of these spectra
and calculated parameters over a wide range of dc condi-
tions, such as light intensity, external voltage, and current
density, to discriminate between different physical mech-
anisms based on their characteristic evolution versus dc
parameters.

IV. SIMULATIONS

To confirm the validity of our model, we carry
out IS simulations on a p-i-n PSC with the structure
ITO/PTAA/perovskite/PCBM/Ag, the band diagram of
which is shown in Fig. 7(a). For simplicity, we consider no
band offsets between the perovskite and transport layers,
mobilities of electrons and holes to be equal in the respec-
tive layers, and no external series resistance (Rs = 0). We
consider a uniform volume density of mid-gap electron

(acceptorlike) traps, Nt, through the perovskite layer. Fur-
ther details of the simulation parameters are shown in
Table S5 within the Supplemental Material [48]. We also
neglect ionic densities within the perovskite layer, since we
are interested only in electronic phenomena and because
the ionic contributions to the PSC spectra are known to
occur below about 103 Hz in IS measurements [24], indi-
cating that the response at frequencies above this value are
purely electronic in nature and, hence, can be represented
by a purely electronic model. The strategy of this section
is to simulate situations of increasing complexity, starting
from equal mobilities of the perovskite and transport layers
up to the situation of a full device with varying mobili-
ties of the transport layers, to identify if the influence of
bulk recombination can be separated from transport-layer-
related effects in the frequency domain response of the
PSC.

A. Perfectly conducting transport layers with no bulk
electric field

We begin by considering equal mobilities of the per-
ovskite layer (μpero = 20 cm2/Vs) and the transport lay-
ers. We further make the relative permittivity of the per-
ovskite very high (εr,pero = 3 × 105) to ensure that there
is no electric field in the perovskite layer. Figure 7(b)
shows the time constants calculated from the maxima of
the imaginary part of the simulated IS transfer function
for different SRH lifetimes. These time constants decrease
exponentially with increasing open-circuit voltage, with
a subsequent change in slope that leads to approaching
the same value (∼ 10−7 s) at high open-circuit voltages.
For the same open-circuit voltage, a larger SRH lifetime
corresponds to a larger magnitude of the time constant.
Figures 7(c) and 7(d) show the resistance and capacitance,
respectively, the product of which yields the measured time
constants.

We define a factor m that controls the slope of the
exponential evolution of resistances R and capacitances
C (which correspond to the effective resistance, Reff, and
effective capacitance, Ceff, as defined in Sec. III E and
in Sec. A6 within the Supplemental Material [48]) with
respect to the open-circuit voltage, given by

R ∝ exp
(

− qVOC

mRkBT

)
, (29)

C ∝ exp
(

qVOC

mCkBT

)
. (30)

The slope factors of the resistances and capacitances in
Fig. 7 are shown in Fig. S10 within the Supplemen-
tal Material [48]. The capacitance evolves identically for
all cases, transitioning from the geometric capacitance
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FIG. 7. (a) Band diagram
of the ITO/PTAA/perovskite/
PCBM/Ag PSC upon which
the drift-diffusion simulations
are based. Relative permittivity
of the perovskite is increased
arbitrarily high to ensure no elec-
tric field within the perovskite
layer. Mobilities of the transport
layers are made equal to that
of the perovskite layer. Calcu-
lated (a) high-frequency time
constants and corresponding
(b) resistances and (c) capaci-
tances from IS simulations at
open circuit for different SRH
lifetimes [dotted lines in (b)].
Simulation parameters are shown
in Table S5 within the Supple-
mental Material [48]. Radiative
recombination prevents the
observation of the plateau in the
time constant corresponding to
SRH recombination.

at low open-circuit voltages to an exponential increase
with a slope factor, mC, that approaches a value of
two at high open-circuit voltages, corresponding to the
chemical capacitance of an intrinsic layer [Eq. (10)].
The resistances show a slope factor, mR, equal to two
at low open-circuit voltages, corresponding to the dom-
inance of first-order SRH recombination in the bulk
[Eq. (15)]. For higher open-circuit voltages, mR tran-
sitions to a value of one, corresponding to the dom-
inance of second-order radiative recombination. There-
fore, the product of the resistances and capacitances
in the low open-circuit voltage regime shows an expo-
nential evolution (τ = Rrec,SRHCg ∝ exp(−qVOC/2kBT)),
while, in the high open-circuit voltage regime, the expo-
nential trend is maintained due to their differing slopes
(τ = τrad ∝ exp(−qVOC/2kBT)), leading to the time con-
stants not saturating anywhere near their respective SRH
lifetimes. An exception is the case of the smallest SRH
lifetime [red stars in Fig. 7(b)] due to its slower transition
of mR from a value of two compared to the other two cases.
We thus speculate that the onset of radiative recombination
prevents the observation of a plateau that corresponds to
the SRH lifetime; this is also observed in the simulations
from the matrix model shown in Fig. 3(a).

B. Perfectly conducting transport layers with no bulk
electric field and no radiative recombination

To confirm our hypothesis, we switch off radiative
recombination and redo the simulations of the previous
section, as shown in Fig. 8. We find that the time con-
stants (symbols) now saturate nicely at the respective SRH

lifetime under high open-circuit voltages. The slope fac-
tors of the resistances and capacitances are shown in Fig.
S11 within the Supplemental Material [48]. The capaci-
tances [symbols in Fig. 8(c)] again evolve identically in all
cases, with a slope factor of about two at high open-circuit
voltages corresponding to the chemical capacitance, Cμ,
and the geometric capacitance, Cg, expressed at low open-
circuit voltages. The resistances [symbols in Fig. 8(b)]
also show a slope factor close to two, indicating a first-
order SRH recombination resistance through the entire
voltage range. Therefore, at low open-circuit voltages, we
again observe the exponential Cg-dominated lifetime. At
high open-circuit voltages, when the capacitance transi-
tions from Cg to Cμ, the product of the SRH recombination
resistance and Cμ yields the constant SRH lifetime. Fur-
thermore, the predicted time constants, resistances, and
capacitances from the model [lines in Figs. 8(a)–8(c)]
match nicely with simulated data. The predicted satura-
tion of the capacitance at low voltages, Csat, from the
model is different from that of the simulations because
Cg of the transport layers is not included in the model
(Csat = [1/Cg,ETL + 1/Cg,pero + 1/Cg,HTL]−1) [18].

C. Perfectly conducting HTL with variable ETL
mobility

We now increase the complexity of the simulations fur-
ther by varying the mobility of the ETL while keeping
the HTL mobility equal to that of the perovskite layer.
The simulated time constants are shown in Fig. 9(a), with
the corresponding resistances and capacitances shown in
Figs. 9(b) and 9(c), respectively. Quantities corresponding
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FIG. 8. Calculated (symbols) (a) high-frequency time constants and corresponding (b) resistances and (c) capacitances from IS
simulations at open circuit for different SRH lifetimes [dotted lines in (a)] from drift-diffusion simulations of the PSC. In addition to
ensuring no electric field in the perovskite layer with an arbitrarily high relative permittivity, radiative recombination is switched off
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in Table S5 within the Supplemental Material [48]. Lines in (a)–(c) are the corresponding predictions from the model. Absence of
radiative recombination allows the observation of a plateau in the time constant, which corresponds to the SRH lifetime. Saturation of
the capacitance at low open-circuit voltages predicted by the matrix model is different from the simulations because the model does
not consider the individual geometric capacitances of the transport layers.

to different mobilities of the ETL are represented using
both symbols, as shown in the legend, and varying line
darkness, while different SRH lifetimes are represented
using different colors. The time constants show the same
exponential evolution at low open-circuit voltages due
to the dominance of Cg, as discussed in previous cases
(Figs. 7 and 8), irrespective of the ETL mobility. At higher
open-circuit voltages, this transitions into a plateau that
shows a weak evolution versus open-circuit voltage and
is strongly dependent on the ETL mobility but indepen-
dent of the SRH lifetime. For lower mobilities, the time
constant saturates at a corresponding larger value. There-
fore, we conclude that the plateau region is not a real SRH
lifetime in this case.

The corresponding resistances in Fig. 9(b) show two
regimes, the first being an exponential evolution at low
open-circuit voltages, followed by a transition to a plateau
at high open-circuit voltages, similar to the time constants.
For higher mobilities of the ETL, we expect that, based
on the findings of the previous sections, the exponen-
tial evolution at low open-circuit voltages is dominated
by SRH recombination (mR = 2). At higher open-circuit

voltages, this region should transition into a steeper expo-
nential drop due to the dominance of radiative recom-
bination (mR = 1). However, for lower ETL mobilities,
the resistance makes a plateau at high open-circuit volt-
ages. Simulations of the evolution of the total resistance
versus transport layer mobility and open-circuit voltage
from the model (Fig. S12 in the Supplemental Material
[48]) show the same trends as those observed in Fig. 9(b),
where the larger resistance between Rexc and Rrec domi-
nates the measured resistance (i.e., Rexc and Rrec are in
series, as shown in Fig. 6). Therefore, for lower mobili-
ties of the ETL, the expressed resistance is indeed Rexc,
which transitions into the Rrec-dominated resistance for
high ETL mobilities. The transition from Rrec to Rexc for
reducing mobilities of the ETL is difficult to identify, since
both resistances possess the same slope factor of mR =
2 [see Eqs. (13) and (15)] at low open-circuit voltages.
The capacitance in Fig. 9(c) shows the typical geomet-
ric capacitance to chemical capacitance transition for high
mobilities of the ETL. This transition is strongly dampened
for lower ETL mobilities (larger Rexc), causing the capaci-
tance to saturate at higher open-circuit voltages. This effect
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FIG. 9. Calculated (a) high-
frequency time constants and
corresponding (b) resistances and
(c) capacitances from IS simulations
at open circuit for different SRH
lifetimes [dashed blue and red lines in
(a)] from drift-diffusion simulations
of a PSC, where the HTL mobility
is set equal to the perovskite layer,
while the ETL mobility is varied, as
shown in the legend (stars correspond
to the ETL mobility being equal
to that of the perovskite layer).
Reduced darkness of blue and red
lines also corresponds to increasing
mobility of the ETL layer for the
respective SRH lifetime. Simulation
parameters are shown in Table S5
within the Supplemental Material
[48]. Exchange resistance, Rexc,
dominates the resistance and time
constant at high open-circuit voltages
for lower mobilities of the ETL.
Mobility range used for the ETL is
10−5 − 10−3 cm2 V−1 s−1.

of Rexc on the effective capacitance is also predicted by
the model, as shown in Fig. S9 within the Supplemental
Material [48].

To confirm the validity of our interpretation, we switch
off radiative recombination and repeat the simulations;
these results are shown in Fig. S13 within the Supple-
mental Material [48]. For the case of highest mobility of
the ETL (μETL = μpero, represented using stars), the time
constants saturate at their respective SRH lifetimes, while
also observing exponential Rrec through the entire range
of open-circuit voltage and the chemical capacitance at
large open-circuit voltages. For lower mobilities of the
ETL, the SRH lifetimes are not expressed anymore but
are instead replaced by the plateaus that are a function
of the ETL mobility, with the corresponding dominance
of Rexc observed in the resistances. In summary, we con-
clude that, for low mobilities of the transport layer, the
plateaus in the time constants are not representative of
the SRH lifetimes but are a consequence of the exchange
resistance, Rexc. Therefore, analysis of the evolution of the
high-frequency resistance versus dc open-circuit voltage is
an effective tool to discriminate between the dominance of
either bulk recombination or transport-layer-related effects
in the frequency domain response of the PSC.

D. Variable ETL and HTL mobilities

We finally simulate the scenario of variable mobilities
of both the ETL and HTL, as shown in Fig. S14 within

the Supplemental Material [48]. The time constants, resis-
tances, and capacitances show an identical evolution as a
function of mobility and open-circuit voltage to the case
of a single transport layer with variable mobility (Fig. 9).
We conclude that the salient features of the IS response
of a full PSC with variable mobilities of the ETL and
HTL is captured well by the model. However, the contri-
bution of each transport layer to the observed resistance
cannot be known from such an analysis, since our model
assumes a symmetric PSC. Therefore, measurements on
PSCs with the same ETL but different HTLs or vice versa
will allow discriminating between the response of either
transport layer.

V. DISCUSSION

Having established the validity of the model in Sec. IV,
we now proceed to interpret the experimental IS data in
Fig. 1. We note that the 1-sun open-circuit condition is
chosen for the measurements because it implies flat Fermi
levels under dc conditions; this allows the direct calcula-
tion of the magnitudes of the chemical capacitance and
recombination resistance, which depend on the internal
voltage, using Vint = Velec. Second, it also leads to a small
or completely absent electric field in the bulk of the per-
ovskite layer, which is one of the assumptions of the
model. We first analyze the three data points that do not
show a plateau in the time constant: three SAM-C60/BCP
devices (samples 6, 7, and 8 in Fig. 1). The corresponding
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slope factors of the resistances and capacitances are shown
in Fig. S15 within the Supplemental Material [48]. The
slope factor of the resistance shows a value between 1 and
2 at lower open-circuit voltages that transitions to lower
values between 0.2 and 1 at higher open-circuit voltages.
This behavior is similar to the transition between first-
order to second-order recombination in Fig. 7(c), although
it is unclear why the values go below one. The slope factor
of the capacitance also decreases continuously from val-
ues above two to values below one, similar to a transition
from the geometric capacitance to the chemical capaci-
tance at high open-circuit voltages. We conclude that the
recombination resistance, Rrec, dominates the measured
resistances for devices with the SAM-C60/BCP combina-
tion of transport layers, which therefore does not contain
any information regarding the transport layer properties.

The dominance of Rrec in unison with the absence of a
plateau region raises the following question: under which
conditions can the plateau region corresponding to the
SRH lifetime be clearly observed? We therefore calcu-
late the width, �Vsat, of the plateau region to identify
the parameters that it depends on. From the model, for
τexc � τeff [Fig. 5(a)], we know that �Vsat is determined
by the intercept of the time constant RrecCg with τSRH on
the left side and τrad with τSRH on the right side, leading to
(see Sec. A7 within the Supplemental Material [48] for the
derivation)

�Vsat = kBT
q

ln
(

Cμ,0

Cg

τrad,0

τSRH

)
, (31)

where Cμ,0 and τrad,0 are the equilibrium chemical capac-
itance and radiative lifetime, respectively. Equation (31)
implies that �Vsat ∝ ln(d2), which means �Vsat can be
increased by increasing the thickness of the perovskite
layer (thereby reducing the geometric capacitance). This
effect is confirmed in the simulations corresponding to a
thin and thick perovskite layer, as shown in Fig. 10, where
the device corresponding to a thick perovskite layer shows
an S-shaped evolution of the time constant with a clear
plateau at τSRH, for large enough mobilities of the transport
layer. Thus, moving from thin film devices to devices with
a thick perovskite layer (lateral devices or single crystals)
opens up an interesting possibility to clearly observe the
SRH lifetime. The maximum thickness of the perovskite
layer that can be used for this method is limited by the dif-
fusion length of electrons and holes in the perovskite layer,
to satisfy the model’s assumption of a uniform charge
carrier concentration in the perovskite layer. Consider-
ing a diffusion coefficient of D = 1 cm2 s−1 [37,38] and
a SRH lifetime of τSRH ∼= 10−6 s (from the TRPL data in
Fig. 1), we obtain a diffusion length of LD = √

DτSRH ∼=
10 μm, which implies that perovskite layer thicknesses up
to 10 μm can be used to detect the SRH lifetime using our
model.

We now analyze the data points that show a plateau
in the time constant in Fig. 1. These correspond to
samples 1–5, which include the PTAA-PCBM/BCP,
PTAA-PCBM:CMC:ICBA/BCP, and PTAA-C60/BCP com-
binations of transport layers. The corresponding slope fac-
tors of the resistances and capacitances are shown in Fig.
S15 within the Supplemental Material [48]. The PTAA-
PCBM/BCP devices (samples 1 and 2) show a transition
of the resistance slope factor from a value about two at
low open-circuit voltages to much larger values that corre-
spond to a saturation of the resistance at large open-circuit
voltages. This behavior is identical to the evolution of Rexc,
as shown in Fig. 9(b) and Fig. S12 within the Supplemen-
tal Material [48]. If the plateau region in the time constant
indeed corresponds to a real SRH lifetime, then the cor-
responding resistance would show an exponential trend
throughout the entire range of open-circuit voltage, with-
out any plateau, as shown in Fig. 8(b). A similar trend is
observed for the resistance slope factors of samples 3–5,
corresponding to the PTAA-PCBM:CMC:ICBA/BCP and
PTAA-C60/BCP combination of transport layers. How-
ever, for the case of τexc ∼= τeff shown in Fig. S8 within the
Supplemental Material [48], we observe that, while Rexc
dominates the plateau region of the time constants at large
open-circuit voltages, Rrec dominates the exponential rise
in the time constant at lower open-circuit voltages. Since
we have no information regarding the value of τSRH, we
conclude that the measured resistance at high frequencies
for samples 1–5 are dominated by the exchange resistance,
Rexc, only in the plateau region at large open-circuit volt-
ages. This allows calculation of the exchange velocity,
Sexc, using Eqs. (13) and (4), by

Sexc = 2kBT
q2nintRexc

exp
(

−qVOC

2kBT

)
. (32)

Since samples 1–5 all correspond to the same HTL, we
speculate that the observed Rexc values originate from the
PTAA layer. From the band gaps of the perovskite lay-
ers for samples 1–5 (Table S1 within the Supplemental
Material [48]), we calculate (assuming a valence band den-
sity of states of Nv = 1018 cm−3) an intrinsic concentration
of ni = pi ∼= 4.3 × 104 cm−3 for the perovskite layer in
samples 1, 2, 4, and 5 and ni = pi ∼= 4 × 103 cm−3 in sam-
ple 3. We further assume a conduction band offset, �b,
of 0.08 eV at the perovskite-PTAA interface [47], which
allows the interface concentration of holes to be calculated
as pint = pi exp(q�b/kBT) ∼= 9.4 × 105 cm−3 for samples
1, 2, 4, and 5 and pint ∼= 9.4 × 104 cm−3 for sample 3. The
exchange lifetime, τexc, is then calculated using Eq. (28),
assuming a thickness of d = 300 nm for the perovskite
layer. If the electric field, FTL, in the transport layers is
known, we can then also estimate the mobilities in the
transport layers from Sexc using Eq. (6). However, the elec-
tric field itself is very difficult to measure and estimates of
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FIG. 10. Simulated time constants from the model for different mobilities, μTL, of the transport layer for (a) a thin perovskite layer
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Simulation parameters are shown in Table S4 within the Supplemental Material [48]. μTL is varied between 10−5 and 10 cm2 V−1 s−1.

the built-in electrostatic potential difference are generally
quite crude in situations where the Mott-Schottky analysis
fails (as is the case for perovskites) [18]. We assume that
the built-in electrostatic potential difference in the trans-
port layers, VBI,TL, is comparable to the best open-circuit
voltage values obtained for this band gap, since charge col-
lection losses are maximized when the applied voltage is
larger than the built-in electrostatic voltage [35]. Based on
the 1-sun open-circuit voltage values and band gaps for
samples 1–5 in Table S1 within the Supplemental Material
[48], we thus assume that VBI,TL of samples 1–3 is approx-
imated by the respective open-circuit voltages. Therefore,
for samples 1–3 at 1-sun open-circuit voltage conditions,
we assume a negligible electric field in the transport lay-
ers, which allows us to approximate the exponential in Eq.
(6) with a first-order Taylor expansion, yielding

Sexc(VOC(1 sun)) ∼= μTLFTL

1 −
(

1 − qFTLdTL
kBT

) =
(

kBT
q

)
μTL

dTL
.

(33)

Equation (33) thus allows us to calculate the mobil-
ity of the transport layer from the Sexc value mea-
sured at 1-sun open-circuit voltage only for samples
1–3. Figure 11 shows the calculated Sexc values and the
corresponding τexc and μTL values, assuming a thick-
ness dTL = 20 nm for the transport layer. The Sexc val-
ues for samples 1–3 (PTAA-PCBM/BCP and PTAA-
PCBM:CMC:ICBA/BCP) lie between 1 and 40 cm/s, with
corresponding τexc values approximately between 0.8 and
12 μs, while samples 4 and 5 (PTAA-C60/BCP) show
Sexc values between 20 and 100 cm/s with corresponding
τexc values between 0.3 and 1 μs. The calculated trans-
port layer mobilities for samples 1–3 lie between 10−4 and
3 × 10−3 cm2 V−1 s−1, similar to those reported in Refs.
[15–17] for PTAA and PCBM layers. The faster charge

exchange lifetime and corresponding higher transport layer
mobility of sample 3, compared to samples 1 and 2, is
reflected in the higher fill factor of sample 3 compared to
samples 1 and 2 (see Table S1 within the Supplemental
Material [48]).

In summary, we have developed an advanced model that
captures the different physical mechanisms that contribute
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FIG. 11. Calculated charge carrier (a) exchange velocity Sexc,
(b) exchange lifetime τexc and transport layer mobilities for
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to the frequency domain response of the PSC. This model
focusses on the role of charge carrier exchange between the
perovskite layer and the electrodes through the transport
layers, and its coupling with recombination in the per-
ovskite layer. The model identifies that the measured time
constants of the PSC in a frequency domain measurement
need not necessarily be limited by recombination but can
also be limited by the resistance of the low-mobility trans-
port layers. While discriminating between recombination-
limited time constants and transport-layer-limited time
constants is difficult due to the characteristic S shape of the
time constants in both cases, the model predicts the evolu-
tion of the effective resistances and capacitances versus dc
parameters, which allows us to differentiate between the
two situations. Thus, the model can be used to calculate
fundamental parameters of the PSC operation, such as the
Shockley-Read-Hall lifetime, the charge carrier exchange
lifetime (or velocity), and the transport layer mobilities.
The last two parameters allow the quality of the transport
layers and their interfaces with the perovskite layer to be
determined by quantifying their ability to extract charge
efficiently, since the ratio of the charge carrier lifetime
and the recombination lifetime determines recombination
losses at short circuit and low forward bias [40].

VI. CONCLUSIONS

In any time domain or frequency domain measurement
of a solar cell, recombination and transport mechanisms
are superimposed. In the case of perovskite solar cells,
these mechanisms include not only transport within the
perovskite layer but also charge extraction from the per-
ovskite to the transport layer, followed by transport within
the transport layer, and subsequent collection by the elec-
trode. Due to the large diffusion length of electronic car-
riers in the perovskite layer, the charge extraction and
transport properties of the transport layers are significant
factors that determine the charge collection efficiency of
the perovskite solar cell. While models that account for
charge transport within the absorber layer exist in the lit-
erature, there is a lack of knowledge in the photovoltaic
community regarding the physical mechanisms that govern
charge extraction and collection, and their coupling with
recombination in the perovskite layer.

To solve this problem, we develop a model for per-
ovskite solar cells (and any multilayer solar cell in general)
that describes the charge carrier exchange between the
perovskite absorber and collecting electrodes through the
transport layers, i.e., the conversion between internal and
external voltages. The model predicts the influence of a
charge carrier exchange lifetime that determines the rate at
which charge carriers are injected into or extracted from
the bulk volume of the absorber layer through the trans-
port layers. This lifetime is associated with a charge carrier
exchange resistance that models the potential drop across

the transport layers. For a variety of small-perturbation
measurements in the frequency domain (IMVS, IMPS, and
IS), we find that the additional information required to
decouple recombination and charge carrier exchange is
embedded in the voltage dependence of the time constants,
which can be easily measured experimentally. With the
help of drift-diffusion simulations, we explain the coupling
between the different physical mechanisms that generate
the expressed and unexpressed time constants, providing
both analytical solutions and an equivalent circuit for the
interpretation of experimental data.

In the case of impedance spectroscopy, the model pre-
dicts that, in cases where charge exchange is faster than
the effective recombination lifetime, the typical S-shaped
evolution of the measured time constants is observed.
The voltage dependence of the time constants in such
a scenario is dominated by the coupling between the
recombination resistance and geometric capacitance at low
open-circuit voltages, followed by a plateau correspond-
ing to the SRH lifetime, and a subsequent exponentially
voltage-dependent radiative lifetime at high open-circuit
voltages. For cases where the charge carrier exchange is
slower than the effective recombination lifetime, the time
constant is dominated by the coupling between the charge
carrier exchange resistance and the geometric capaci-
tance, showing a characteristic exponential evolution at
low open-circuit voltages and a plateau at higher open-
circuit voltages. This plateau can be mistaken for a SRH
recombination lifetime if the corresponding resistances
and capacitances are not analyzed.

These insights are used to analyze impedance spec-
troscopy data of p-i-n perovskite solar cells with differ-
ent transport layers. We find that the devices with the
PTAA hole transport layer show the characteristic behav-
ior and evolution of the charge carrier exchange resis-
tance versus open-circuit voltage, irrespective of the type
of electron transport layer used. This allows the deter-
mination of charge carrier exchange velocities between
1 and 100 cm/s under 1-sun open-circuit conditions,
which corresponds to transport layer mobilities between
10−4 and 3 × 10−3 cm2 V−1 s−1 for the PTAA-based
PSCs.

Drift-diffusion simulations are performed using SETFOS
developed by Fluxim AG and matrix model simulations
are performed using MATLAB. Analytical solutions of the
matrices are obtained using Maplesoft. All simulation files
are uploaded to the Zenodo database [54].

ACKNOWLEDGMENTS

S.R. acknowledges the German Research Foundation
(DFG) for a Walter-Benjamin fellowship—Project No.
462572437—and the Helmholtz Association (POF IV).

033006-18



HOW CHARGE CARRIER EXCHANGE. . . PRX ENERGY 2, 033006 (2023)

U.R. and T.K. acknowledge funding from the Helmholtz
Association via the project PEROSEED. Open access
publication funded by the German Research Foundation
(DFG)—491111487.

S.R. carried out all the experiments, simulations, and
wrote the first draft and the final version of the manuscript.
Z.L. and Y.W. fabricated the samples. U.R. developed the
concept of the charge carrier exchange model and con-
tributed to the writing of the manuscript. T.K. supervised
the project and contributed to reviewing and editing the
manuscript.

There are no conflicts of interest to declare.

[1] S. Wheeler, D. Bryant, J. Troughton, T. Kirchartz, T.
Watson, J. Nelson, and J. R. Durrant, Transient opto-
electronic analysis of the impact of material energetics
and recombination kinetics on the open-circuit voltage of
hybrid perovskite solar cells, J. Phys. Chem. C 121, 13496
(2017).

[2] D. W. de Quilettes, S. M. Vorpahl, S. D. Stranks, H.
Nagaoka, G. E. Eperon, M. E. Ziffer, H. J. Snaith, and D. S.
Ginger, Impact of microstructure on local carrier lifetime in
perovskite solar cells, Science 348, 683 (2015).

[3] J. Chung, S. S. Shin, K. Hwang, G. Kim, K. W. Kim,
D.-S. Lee, W. Kim, B. S. Ma, Y.-K. Kim, T.-S. Kim,
et al., Record-efficiency flexible perovskite solar cell and
module enabled by a porous-planar structure as an elec-
tron transport layer, Energy Environ. Sci. 13, 4854
(2020).

[4] B. C. O’Regan, K. Bakker, J. Kroeze, H. Smit, P. Som-
meling, and J. R. Durrant, Measuring charge transport from
transient photovoltage rise times. A new tool to investigate
electron transport in nanoparticle films, J. Phys. Chem. B
110, 17155 (2006).

[5] L. Krückemeier, B. Krogmeier, Z. Liu, U. Rau, and T.
Kirchartz, Understanding transient photoluminescence in
halide perovskite layer stacks and solar cells, Adv. Energy
Mater. 11, 2003489 (2021).

[6] B. Krogmeier, F. Staub, D. Grabowski, U. Rau, and T.
Kirchartz, Quantitative analysis of the transient photo-
luminescence of CH3NH3PbI3/PC61BM heterojunctions
by numerical simulations, Sustain. Energy Fuels 2, 1027
(2018).

[7] L. Krückemeier, Z. Liu, B. Krogmeier, U. Rau, and T. Kir-
chartz, Consistent interpretation of electrical and optical
transients in halide perovskite layers and solar cells, Adv.
Energy Mater. 11, 2102290 (2021).

[8] D. Kiermasch, A. Baumann, M. Fischer, V. Dyakonov, and
K. Tvingstedt, Revisiting lifetimes from transient electrical
characterization of thin film solar cells; a capacitive con-
cern evaluated for silicon, organic and perovskite devices,
Energy Environ. Sci. 11, 629 (2018).

[9] S. Ravishankar, C. Aranda, S. Sanchez, J. Bisquert, M. Sal-
iba, and G. Garcia-Belmonte, Perovskite solar cell model-
ing using light-and voltage-modulated techniques, J. Phys.
Chem. C 123, 6444 (2019).

[10] A. O. Alvarez, S. Ravishankar, and F. Fabregat-Santiago,
Combining modulated techniques for the analysis of photo-
sensitive devices, Small Methods 5, 2100661 (2021).

[11] J. S. Laird, S. Ravishankar, K. J. Rietwyk, W. Mao, U.
Bach, and T. A. Smith, Intensity modulated photocurrent
microspectroscopy for next generation photovoltaics, Small
Methods 6, 2200493 (2022).
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