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Capacitance measurements as a function of voltage, frequency, and temperature are a useful tool to gain
a deeper insight into the electronic properties of semiconductor devices in general and of solar cells in
particular. Techniques such as capacitance-voltage, Mott-Schottky analysis, or thermal-admittance spec-
troscopy measurements are frequently employed in perovskite solar cells to obtain relevant parameters
of the perovskite absorber. However, state-of-the-art perovskite solar cells use thin electron- and hole-
transport layers to improve the contact selectivity. These contacts are often quite resistive in nature, which
implies that their resistance will significantly contribute to the total device impedance and thereby also
affect the overall capacitance of the device, thus partly obscuring the capacitance signal from the perovskite
absorber. Based on this premise, we develop a simple multilayer model that considers the perovskite
solar cell as a series connection of the geometric capacitance of each layer in parallel with their voltage-
dependent resistances. Analysis of this model yields fundamental limits to the resolution of spatial doping
profiles and minimum values of doping and trap densities, built-in voltages, and activation energies. We
observe that most of the experimental capacitance-voltage-frequency-temperature data, calculated doping
and defect densities, and activation energies reported in the literature are within the derived cutoff val-
ues, indicating that the capacitance response of the perovskite solar cell is indeed strongly affected by the

capacitance of its selective contacts.
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I. INTRODUCTION

Perovskite solar cells (PSCs) have developed tremen-
dously over the past decade, with the current highest
reported efficiency for a single-junction cell standing at
25.7% [1], close to that of a single-junction crystalline sil-
icon solar cell (26.7%) [2]. This growth has been possible
largely due to structural modifications of the perovskite
absorber for high-quality defect-free films that allow effi-
cient transport of charges, combined with passivation of
nonradiative recombination centers in its bulk [3—6]. Con-
sequently, the remaining losses in state-of-the-art PSCs
originate mainly from defect-mediated recombination at or
close to the interfaces between the perovskite and selec-
tive contacts and also resistive losses within the selective
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contacts [7—10]. Characterization of these loss mecha-
nisms is therefore of vital importance to develop suitable
design strategies to further improve the performance of
state-of-the-art PSCs.

Capacitance-based techniques are frequently used for
this purpose in perovskite and other emerging solar-cell
technologies, to measure doping and defect densities as
well as recombination coefficients or even mobilities [11].
The general idea is based on the fact that the capacitance
is sensitive to the charge stored in the device. If the capac-
itance is measured as a function of variables such as dc
bias voltage, frequency of the ac excitation, or temperature,
conclusions about various important parameters can be
made. For example, identification of the chemical capac-
itance from capacitance-voltage (CV) measurements can
provide information on the much-sought-after recombina-
tion lifetime, while the identification of the space-charge
capacitance related to the existence of a depletion region in
the device allows the doping density in the absorber to be
calculated and spatially resolved [12]. Capacitance mea-
surements over several orders of frequency allow the deter-
mination of the energetic depth and corresponding density
of trap states, based on the characteristic frequency of the
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trap [13]. This can be combined with temperature- and
voltage-dependent measurements to determine the distri-
bution of trap states both spatially and energetically in the
solar cell in an apparently straightforward manner [13,14].

However, the validity and applicability of these data
interpretation approaches depend on several conditions,
one of which is the assumption that the capacitance of
the absorber layer (in our case, the perovskite layer) either
dominates the total capacitance or can be separated from
other contributions to the total measured capacitance of
the complete device. This is a critical and often invalid
assumption because there are several different capacitances
that can respond in a given measurement. The charac-
teristic frequencies or voltage range of response of these
different capacitances overlap to a certain degree, mak-
ing it either extremely difficult or impossible to isolate a
specific capacitive contribution that is needed for a given
analysis method. Additionally, a capacitance measurement
requires the measurement of a current density going into
or out of the solar cell, which requires the use of contact
layers. Due to the fact that metal-semiconductor inter-
faces are regions of high surface-recombination velocities,
selective contacts or transport layers, which selectively
allow for the transport of one carrier while blocking
the other, are placed between the metal contacts and
the absorber layer. In the case of PSCs, these trans-
port layers are either made of metal oxides (e.g., TiO,,
SnO,, or NiO) or organic materials [e.g., poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), [6, 6]-
phenyl-C61-butyric acid methyl ester (PCBM), 2,2',7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluo-
rene (Spiro-OMeTAD)]. In particular, the organic tran-
sport layers have fairly poor mobilities (107> — 1072 c¢m?
V~ls7!) [15,16] and are, therefore, fairly resistive, thin
(tens of nanometers thick) layers that contribute substan-
tially to the impedance, and therefore, the capacitance, of
the device.

To unify the interpretation of the effect of the selective
contacts on different capacitance methods, we develop a
simple electrical model that considers the PSC as a series
connection of the geometric capacitances of the perovskite
and selective-contact layers, each in parallel to its voltage-
dependent resistance. This extremely simple model lends
itself to an analytical and comprehensive treatment that
reproduces a range of nontrivial features that are fre-
quently seen in experimental data. We complement these
analytical calculations with more sophisticated numerical
frequency-domain drift-diffusion simulations and compare
both theoretical approaches with experimental observa-
tions from ourselves and other groups using several dif-
ferent capacitance methods, such as Mott-Schottky, doping
profile, and thermal-admittance spectroscopy (TAS) mea-
surements. We will show that, in all these cases, our
equivalent-circuit (EC) model allows us to define a valid-
ity region of the method that depends on material and

device parameters, such as permittivities and thicknesses.
In the case of Mott-Schottky or doping-profile measure-
ments at forward bias, this leads to a fundamental limit
below which the measured charge densities cannot be con-
sidered to originate from dopant or trapped charges. For
charge densities below this limit, we show that the built-in
voltage obtained from the Mott-Schottky plots is an arte-
fact originating from the voltage-dependent recombination
resistance of the perovskite layer, leading to a characteris-
tic dependence on open-circuit voltage and measurement
frequency. In the case of TAS measurements, the capac-
itance of the charge-transport layers leads to a minimum
activation energy observed that depends on the built-in
electrostatic potential drop over the selective-contact lay-
ers. In addition, we identify that several of these reported
parameters in the literature are within the derived lim-
its, indicating an urgent need to revise the information
obtained regarding PSCs from capacitance measurements.

II. RESULTS AND DISCUSSION

The key challenge in analyzing solar-cell capacitance
measurements is unraveling the superposition of different
effects that contribute to the capacitance. Any attempt to
analyze data requires knowing and considering the differ-
ent contributions to the capacitance. We, therefore, begin
by briefly highlighting the main features of some funda-
mental capacitances that are observed experimentally and
theoretically in solar cells (an extended discussion is pro-
vided in Sec. Al of the Supplemental Material [17-31]).
These comprise of three capacitances: the depletion capac-
itance, the chemical capacitance, and the diffusion capac-
itance. We also clarify that all capacitances referred to in
this paper indicate a capacitance per unit area (F cm—2).

The depletion capacitance is associated with a space-
charge region of width w in the absorber layer of thickness
d, where the majority-carrier concentration is negligible
with respect to the bulk. This occurs as a consequence
of the electrostatic potential drop across this region due
to the density of dopants or defects. This region acts as
a parallel-plate capacitor, the plate spacing of which is
voltage dependent, leading to its capacitance having an
inverse-square-root dependence (Csc o 1/4/Vpr — on
the applied voltage, V, measured with respect to the built-
in voltage V. This means that a plot of CS_C2 versus V
approaches a straight line in the voltage region where
the space-charge-region capacitance dominates. The plot
of Cgé versus V is termed a Mott-Schottky plot [32].
The slope of the Mott-Schottky region contains important
information regarding the layer, such as its doping den-
sity and relative permittivity. Its intercept on the voltage
axis yields the built-in electrostatic potential difference,
Vg1 [see Eq. (S3) in the Supplemental Material [17-31]].
When the absorber layer is fully depleted, the depletion
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capacitance saturates to the voltage-independent geometric
capacitance, Cg, of the layer.

The chemical capacitance, C,,, and closely related dif-
fusion capacitance (see Secs. A1.2 and Al.3 in the Sup-
plemental Material [17-31]), on the other hand, are related
to the injection of free charge carriers into the semicon-
ductor layer, which leads to an exponential increase in the
capacitance with applied voltage (C o exp(qV/mkgT)),
where m is a dimensionless factor that we discuss in Sec.
IIb. In addition to the chemical capacitance of free carri-
ers, there also exists the chemical capacitance of trapped
carriers, related to filling of the trap density of states.
This capacitance makes a peak at half-occupation of the
trap energy level [Eq. (S7) in the Supplemental Material
[17-31]] [33]. Another contribution is from the geometric
or electrode capacitances of the different layers that com-
prise the solar cell. In general, the response from these
different capacitances can overlap, as a consequence of
the similar magnitudes of the capacitances, or similar time
constants that depend also on their associated resistances.
Therefore, we will develop a simple electrical model of
the PSC that accounts for only the fundamental mecha-
nisms of charge injection and geometric capacitances of
each individual layer of the solar cell, with the aim of iden-
tifying to which extent these factors affect or overlap with
the expected response of the fundamental capacitances.

A. Multilayer capacitances

The derivation of the fundamental -capacitances
described previously assumes that the contacts for charge
injection and extraction are metals or thin semiconductor
layers with sufficient conductivity to have very low trans-
port resistance, i.e., to be metal-like. This means that the
effective capacitance of the contacts is infinitely large, and
hence, does not make any contribution to the measured
capacitance of the absorber layer. However, this assump-
tion is not valid in the case of PSCs, which frequently
use thin organic layers as transport layers, the mobilities
of which are low compared to those of the perovskite
absorber. In such cases, the PSC cannot be considered
as a capacitive perovskite layer sandwiched between two
metal-like contacts, but rather as three individual layers
with their own capacitances.

This approach is illustrated in Figs. 1(a) and 1(b), where
the PSC is modeled as a series connection of the geo-
metric capacitances of each layer. Each of the geometric
capacitances, Cg ayer, 1S placed in parallel with its corre-
sponding voltage-dependent resistance, Riayer. Such an EC
model is based on the fact that, at steady state, the sum of
the voltage drops across the series resistance, perovskite
layer (internal voltage Viy), and transport layers is equal
to the external applied voltage, i.e., Ohm’s law. Thus, our
model can be used for the analysis of both n-i-p and p-i-n
devices and represents the simplest capacitance response

of a photovoltaic device that consists of an absorber layer
and corresponding low-conductivity selective contacts. As
a focused point of reference, we use the parameters (see
Table S2 in the Supplemental Material [17-31]) of a p-
i-n-type ITO/PTAA/CH;NH;Pbl;/PCBM/Ag device, as
shown in Fig. 1(a). The net impedance of this system is

-1
Z(V,a)):RS—{-(——l—ia)C, )
Rpcem (V) &PeoM
{ -1
+ + iwCq per >
<Rper0 ( V) ohere
i -1
+ | 7= +iwC,, ) . 1)
<RPTAA(V) P
The net capacitance is given by
Im(Z~1)
CV,w) =
w
R
m [_ <Rs+ . pceM (V)
® 1 + iwRpcem (V) Copcrm
Rpero(V)
1+ ia)Rpero(V)Cg,pero
R -1
n . p1AA (V) ) . 2)
1 + iwRpran (V) Cqpran

From Egs. (1) and (2), we note that the impedance and,
consequently, the capacitance is a function of both voltage
and frequency. While the frequency dependence of the net
capacitance is obvious, its voltage dependence is a conse-
quence of the voltage-dependent resistances of one or more
of the layers.

To complete the model, we require knowledge of the
resistances of the individual layers as a function of volt-
age. In the case of the perovskite layer, we assume that
it is a recombination resistance, Ry, which can be easily
obtained by differentiating the diode equation:

d.rec - nidk T
Rpero = (J_> = 5 > (3)
Vit qjoexp(qVint/niaksT)

where ji. is the recombination current density, nyq is the
ideality factor, and jj is the reverse saturation current den-
sity. jo can be calculated using the short-circuit current
density, jsc, and the open-circuit voltage:

.. —qVoc
= . 4
Jo Jscexp < nidkBT> ( )

To determine the resistances of the transport layers, we
first calculate the dark current through a transport layer.
Figure S5 in the Supplemental Material [17-31] shows
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(a) Band diagram of the reference PSC upon which the simulations of this paper are based (see Table S1 for parameters).

(b) EC model of the solar cell in the dark. R, RyTL, Rpero, and Reyp are the series resistance and voltage-dependent resistances of the
individual layers, and Cg i, Cypero, and Cg i, are the geometric capacitances of the individual layers. (c) Simulated capacitance
evolution versus measurement frequency for the EC of (b), with (C(Z)) and without (C(Z — Ry)) a series resistance, for well-separated
time constants of each R||C element. Three plateaus in the capacitance are observed at high frequency (C)), intermediate frequency
(C,), and low frequency (Cs), the analytical solutions of which are derived in Sec. A3 in the Supplemental Material [17-31] and shown
in (c). Corresponding EC representing the capacitance plateau is shown in the inset next to each plateau. Note that the high-frequency
drop in capacitance is simply a consequence of the series resistance, as derived in Sec. A3 in the Supplemental Material [17-31].

the energetics of a PSC with the absorber in contact with
its respective transport layers and metal electrodes. We
assume a constant Fermi-level splitting, Vi, in the intrin-
sic perovskite layer, and the difference of Fermi levels of
electrons and holes at the transport layer-electrode inter-
face is determined by the external applied voltage, Vey. We
also assume a constant built-in electrostatic potential VgL
through each transport layer (i.e., Vprgro and Vpruro for
the electron- and hole-transport layer, respectively). The
dark current through the transport layer is then given by
(see Sec. A2 in the Supplemental Material [17-31] for

derivation)
. qVTL
= -1 5
J =JorL (exp ( kBT> ) , (5)

where jo7o is the dark current prefactor and Vyp is the
potential drop across the transport layer.

The transport-layer resistance, Ry, can be calculated
analytically (see Sec. A2 in the Supplemental Material
[17-31]) and is given by

~ d q(VerL—VerTL)
R = q(VBL,TL—Vel,TL) exp knT -1
qung [ * kaT = :| B
dk
+ , (6)
2qung

where V¢ 1 is the amount of the external voltage that goes
to alter the electrostatic potential (controlled by param-
eter k) of the transport layer, d is the thickness of the
transport layer, p is the mobility of the majority carriers,
and ng is the majority-carrier concentration at the trans-
port layer-electrode interface determined by the injection
barrier.

Plugging the resistance in Eq. (6) into Eq. (2), we can
calculate the evolution of capacitance for this model versus
both voltage and frequency. We first discuss its evolution
versus frequency, as shown in Fig. 1(c), to provide a basic
understanding of the model.

In case of well-separated time constants of each R||C
pair, we observe three capacitance plateaus, one at high
frequency (C}), one at intermediate frequency (C,), and
one at low frequency (Cs). We hereafter refer to the three
capacitances and their corresponding resistances using the
subscripts “HF,” “IF,” and “LF,” corresponding to the
magnitude of their characteristic frequencies (high, inter-
mediate, and low frequency) and the subscripts 1-3 for
the capacitance plateaus observed. The analytical equa-
tions (see Sec. A3 in the Supplemental Material [17-31]
for the derivation) of the capacitance plateaus are

-1
1 (Ri+Rur)\> 1 1
C) = —<—HF) +—+ —
CHF RHF CIF CLF
1 1

1
—
Cur Cr Cip

~

()
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The effective EC representations of these capacitance
plateaus are also shown in Fig. 1(c).

B. Mott-Schottky plots and doping densities

One of the most important applications of capacitance
measurements is the use of the Mott-Schottky plot [Eq.
(S3) in the Supplemental Material [17-31]] to determine
the doping density (dopants or traps) in the semicon-
ductor layer. The doping density is calculated from the
Mott-Schottky relation as

—2(dC2/dv)”!
Ny = i,

q€r€o

(10)

where N, is a constant value if the Mott-Schottky region is
a straight line. In the case of a spatially nonuniform doping
density, N; would slightly change with voltage. Within the
framework of the depletion approximation, N;(V) would
represent the doping density at the edge of the space-
charge region present at an applied voltage V' [34]. Thus,
to determine the doping profile, the convention is then to
plot Eq. (10) versus the distance of the edge of the space-
charge region to the metal contact that carries the counter
charge to the charge of the majority carries in the bulk
(e.g., in a p-type semiconductor, it would be the distance
to the electron-injecting contact). This distance is typically
called the profiling distance (same as the space-charge

region width) w. The profiling distance follows from a sim-
ple plate-capacitor approximation of the depletion region
given by

€,€0

cn’

Note that, at sufficient reverse bias, the entire semiconduc-
tor film is fully depleted, and the measured capacitance
corresponds to the geometric capacitance (assuming a dark
measurement). This allows calculation of the thickness of
the semiconductor layer d [see Eq. S2 in the Supplemental
Material [17-31]]. The spatial resolution of the Mott-
Schottky method is limited by a few Debye lengths, which
reflects the fact that the majority-carrier density cannot
abruptly transition from zero to the doping-density value in
the neutral zone at the edge of the depletion layer [34]. In
addition, in the case of PSCs, the measurement frequency
must be chosen carefully to avoid capacitive contribu-
tions from the mobile ions within the perovskite layer.
Capacitance measurements on thin-film devices have iden-
tified that ionic effects occur at frequencies of 10° Hz and
below [35-39]. Therefore, for capacitance measurements,
we expect that frequencies above these values will be suf-
ficient to neglect ionic contributions to the spectra. How-
ever, conductivity measurements on perovskite pellets and
films have identified ionic transport frequencies of 10° Hz
and below [40,41]. The discrepancies between these mea-
sured ionic transport times are not clearly understood yet.
Finally, the measurement of the capacitance itself is limited
by the measurement system’s ability to resolve the phase
angle (~0.5° for our Zahner system), which can signifi-
cantly affect the validity of data at large forward bias and
low frequencies (see Fig. S7 in the Supplemental Material
[17-31]).

Figure 2(a) shows some experimentally measured
capacitance-voltage plots under dark conditions and

w(l) = an
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FIG. 2. Experimentally measured (a) capacitance versus voltage plots, (b) Mott-Schottky plots, and (c¢) doping profiles for
ITO/PTAA/CH3;NH;Pb(Iy sBrg,);/PCBM/BCP/Ag samples with increasing thickness of the PTAA layer, as indicated in the inset.
Fits of the capacitance versus voltage to the equation C = C; + Coexp(gV/mkpT) to obtain the m value are shown in Fig. S8(a) in the
Supplemental Material [17—31]. Measurement frequency is 25469 Hz.
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Figs. 2(b) and 2(c) show the corresponding Mott-Schottky
and doping-profile plots, respectively, for [TO/ PTAA/CHj;
NH;Pb(IggBrg2)3/PCBM/BCP (Bathocuproine)/Ag sam-
ples [42] (see the Supplemental Material [17-31] for infor-
mation on fabrication) with increasing thickness of the
PTAA layer. The measurement frequency of 25469 Hz
is chosen because it corresponds to the high-frequency
plateau in the capacitance, which should be related to
the free-carrier response. The capacitance-voltage profiles
show a weak exponential increase of the capacitance start-
ing at around 0.5 V with slope factor m between 12.7 and
16.4 [see Fig. S8(a) in the Supplemental Material for fits],
making it difficult to identify its mechanistic origin. The
corresponding Mott-Schottky plots also show the onset of
the linear Mott-Schottky region at intermediate forward
bias, around 0.4 V for all the samples.

A summary of Mott-Schottky plots of different PSCs
reported in literature are shown in Fig. 3(a). The nature of

T | T I T I T I T I

() (x 100) 3% 10" l
| 6x107 cm=[28] 7 x 10"
400 I omspogy 7> 10° N cm=3[30]
| cm=[21]
< > 200 7 2 x 10'® cm~ [20]
=
O -
L o
L | om B3I~ __N
5_%%%%%%%%%%_
G (b)
O 800 — 10"® cm3 =
400 5x10'6 cm™ 300 nm .
10" cm3 I \a
0 '1"Erp"l'"l'"l'"l"'T"T"T"
-08 -04 00 04 08 12
Voltage V (V)
FIG. 3. (a) Mott-Schottky plots of different PSCs and a sili-

con solar cell reported in the literature. Corresponding calculated
doping densities are shown in the label, obtained from their cor-
responding doping profiles [see Fig. S8(b) in the Supplemental
Material [17-31]]. (b) Simulated Mott-Schottky plots of a PSC
with different acceptor doping densities of the perovskite layer,
as shown in the label, using SCAPS. Orange and red lines are
simulations of an intrinsic perovskite layer with different thick-
nesses. Simulated Mott-Schottky plots for an intrinsic layer and
dopant density of 10'3 cm™ are very similar to each other and to
the experimental plots shown in (a). Literature data are obtained
from refs. [35,36,43—46], as mentioned in the corresponding
label.

these plots is very similar to that of Fig. 2(b), showing the
linear Mott-Schottky region only at intermediate-to-large
forward bias with either a plateau or weak evolution at
lower voltages. In addition, we can also observe a sec-
ond linear region with reduced slope (downward kink)
at large forward bias in some of the plots, which is
generally assigned to a contribution from the exponen-
tial chemical or ionic capacitance [43,44]. Literature data
suggest doping densities in the perovskite layer [calcu-
lated from their corresponding doping profiles, see Fig.
S8(b) in the Supplemental Material [17-31]] between 3 x
10'° and 7 x 107ecm™3. As a reference, a Mott-Schottky
plot of a monocrystalline silicon solar cell is also shown
in Fig. 3(a), which shows a similar doping density to the
perovskite data points but a very different Mott-Schottky
plot, yielding a clear linear Mott-Schottky region from
deep reverse bias to forward bias. SCAPS simulations of
PSCs with different doping densities shown in Fig. 3(b)
also indicate that the onset of the Mott-Schottky region
should occur from deep reverse bias, while, conversely,
for doping densities of about 10'°cm™2, the behavior is
identical to that of an intrinsic perovskite. Furthermore,
the expected onset voltage, Vonset, Of the space-charge
capacitance is plotted as a function of doping density and
perovskite layer thickness in Fig. 4(a), calculated by set-
ting the space-charge capacitance equal to the geometric
capacitance of the perovskite layer. For typical thin-film
PSCs of thickness 300 nm, doping densities in excess of
approximately 3 x 10'® cm™> should show an onset of the
Mott-Schottky plot at reverse bias, which is not observed
in literature data in Fig. 3(a). However, for lower reported
doping densities, the onset voltage coincides with that
observed in literature data, i.e., intermediate-to-large for-
ward bias. Therefore, based on the analysis so far, it is
still difficult to confirm the validity of the doping densities
reported in the literature from the Mott-Schottky analysis
of PSCs.

However, Ref. [47] has previously discussed the sen-
sitivity of the Mott-Schottky analysis for organic solar
cells, identifying that, in cases where the doping density
is not high enough to alter the bulk carrier concentration
sufficiently to create a neutral region, an apparent Mott-
Schottky plot similar to the one generated by an intrinsic
perovskite shown in Fig. 3(b) is obtained. This apparent
Mott-Schottky region can originate from either the chemi-
cal capacitance or from transitions between the geometric
capacitances of the different layers comprising the solar
cell, based on the model developed in Sec. Ila (see Fig.
S9 in the Supplemental Material [17-31]). This is because
the resistances in this model depend exponentially on the
external voltage, and hence, the capacitance also shows an
exponential evolution with the external voltage [see Egs.
(2), (3), and (6)]. To account for the effects of these two
additional voltage-dependent capacitances that can create
an apparent Mott-Schottky region, we define the general
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(a) Onset voltage of the space-charge capacitance as a function of doping density for different thicknesses of the absorber

layer, calculated by setting the space-charge capacitance [Eq. (S1) in the Supplemental Material [17-31]] equal to the geometric

capacitance. For thin-film solar cells, dopant densities in excess of 10'® cm

~3 are required to observe the space-charge capacitance at

reverse bias. (b) SCAPS simulations of Mott-Schottky plots of a PSC (without selective contacts and 0-eV injection barrier on either
side) with different doping densities of the perovskite layer, as shown in the label. Arrow indicates the shift in the onset voltage of the

linear Mott-Schottky region with increasing doping density.

voltage-dependent capacitance as

qV
= - 12
C(V) = Cq + Coexp (kaT>, (12)

where C, is the geometric capacitance, Cy is a prefactor,
and m is a parameter that controls the slope of the exponen-
tial evolution of the capacitance versus voltage. Carrying
out a Mott-Schottky analysis of Eq. (12) using Eq. (10)
(see Sec. A4 and A5 in the Supplemental Material [17-31]
for the derivation), we obtain a charge density given by
[48]

27mkpTe, €
4242

pero

(13)

d,min —

Equation (13) provides a lower limit of resolution and sug-
gests that only charge densities that are significantly above
this limit can be considered as originating from doping
or trap densities in capacitance measurements. For com-
monly used perovskite layer thicknesses between 300 and
1000 nm, we obtain apparent doping densities between
6 x 10" and 2 x 10"cm~3, assuming m = 1. The large
values of m observed experimentally (m > 10, see Fig.
S8 in the Supplemental Material [17—31]) then suggest
that this limit increases by at least an order of magni-
tudeto 6 x 10'°cm™3 for a 300-nm-thick perovskite layer
and 2 x 10%¢cm™ for a 1000-nm-thick perovskite layer.
These charge densities are very similar to the measured
doping densities seen in Fig. 3(a), suggesting that the cal-
culated doping densities are erroneous and in fact originate
from the response of the chemical capacitance or geometric
capacitances, rather than from a depletion-layer capaci-
tance. In addition, Eq. (13) implies that, for measured

charge densities close to the resolution limit, thin films
will always show higher apparent doping or trap densities
compared to a bulk single crystal due to the inverse-square-
thickness dependence. Therefore, care must be taken dur-
ing such measurements, since such a trend is intuitively
expected based on the higher crystallinity of bulk single
crystals compared to thin films.

We now justify the use of Eq. (12) to represent the
capacitance-voltage evolution of the multilayer model
developed in Sec. Ila. Figure 5(a) shows the simulated
capacitance evolution of this model versus applied voltage,
and Fig. 5(b) shows the corresponding Mott-Schottky plot.
The capacitance remains flat through most of the voltage
range before it starts to increase exponentially and peaks
at a certain value. This creates a Mott-Schottky plot very
similar to those observed in Fig. 3(a). To understand how
the constant geometric capacitances of the PSC can make
a step in the capacitance versus voltage, we must look at
the evolution of the characteristic frequencies of the lay-
ers and their corresponding resistances. The characteristic
frequencies are given by

a)layer( V) = [Rlayer ( V) Clayer] - ) ( 1 4)

where the “layer” subscript indicates the name of the dif-
ferent layers comprising the solar cell. The voltage depen-
dence of the resistances of the PTAA, perovskite, and
PCBM layers [see Egs. (3) and (6)] causes their corre-
sponding characteristic frequencies to evolve with voltage,
both of which are plotted in Figs. 5(c) and 5(d), respec-
tively. The resistance of the perovskite layer decreases
exponentially with applied forward bias because it is a
recombination resistance, while the contact-layer resis-
tances show an exponential decrease with applied forward
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Simulated evolution of (a) capacitance, (b) corresponding Mott-Schottky plot, (c) resistances, and (d) characteristic frequen-

cies versus applied voltage based on the multilayer model developed in Sec. Ila. Viy = Ve is assumed in these simulations, which
is a good approximation for the relevant voltage range in dark measurements [see fig. S6(a) in the Supplemental Material [17-31] ].
Parameters are discussed in Table S2 in the Supplemental Material [17—31]. Green and blue dashed lines in (a) correspond to the low-
voltage capacitance limit, Cpy, and high-voltage capacitance limit, Cyy [Egs. (S50) and (S52) in the Supplemental Material [17-31]].

Measurement frequency is chosen to be fox, = 10° Hz.

bias related to increasing conductivity upon injection of
majority carriers and saturates at a minimum value, Rtp min
[see Eq. (S37) in the Supplemental Material [17-31]].
By comparing the values of the characteristic frequencies
to the measurement frequency, wex,, We can derive ana-
lytical approximations (see Sec. A3 in the Supplemental
Material [17—31]) of the low- and high-voltage plateaus of
capacitance (Cry and Cyy , respectively) in Fig. 5(a) as

= (G am)
i CPTAA Cpero ’

Cuv = Cpraa,

(15)
(16)

with the principle being that only those capacitances with
characteristic frequencies that are much smaller than the
measurement frequency dominate the net capacitance. The
low-voltage plateau is then the series connection of the
geometric capacitances of the PTAA and perovskite lay-
ers, which transitions to a high-voltage plateau of the
geometric capacitance of the PTAA layer. Comparing the
Mott-Schottky behavior of the multilayer model with that
of the depletion capacitance and the chemical capacitance
shows that their behavior is very similar and overlaps at
the same voltage range, with only reverse-bias conditions
being suitable to clearly isolate the response of the deple-
tion capacitance (see Fig. S9 in the Supplemental Material
[17-31]).

Therefore, to discriminate such effects from actual Mott-
Schottky behavior arising from a depletion-layer capac-
itance, we must ensure the calculated doping densities
are significantly higher than Eq. (13). Additionally, we
note that, in any working solar cell, there has to be
some amount of charge injection, and hence, a contribu-
tion from the chemical capacitance to the total capaci-
tance (which might be hidden, as is the case for PSCs).
This suggests that the capacitance evolution of the PSC
is likely a combination of the chemical-capacitance and
multilayer-geometric-capacitance transition mechanisms,
both of which evolve exponentially, as previously dis-
cussed. Simulations including the chemical capacitance in
the multilayer-capacitance model are shown in Fig. S10 in
the Supplemental Material [17-31]. Larger m values alter
the plateau at low voltages, creating a weak evolution in
the apparent Mott-Schottky region, similar to that observed
experimentally in Fig. 3(a). Note that the downward kink
at large forward bias seen in the Mott-Schottky plots in
Fig. 3(a) is also reproduced in this model.

C. The relationship between the open-circuit voltage
and built-in voltage

Another important parameter that is obtained from Mott-
Schottky plots (intercept on the voltage axis) is the built-in
electrostatic potential drop, Vg (generally referred to as the
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built-in voltage), in the absorber layer. The built-in volt-
age is generated upon equilibration of the Fermi levels of
the metallic and semiconductor layers in the device and,
depending on the doping density, can drop in a small layer
at an interface, as is the case for strongly doped crystalline
silicon solar cells, or drop across the entire thickness of
the absorber for an intrinsic solar cell. In general, the built-
in voltage is important to maximize the performance of a
solar cell, offering the beneficial properties of charge selec-
tivity and preventing the formation of extraction barriers
for electrons and holes at large forward biases. For intrinsic
low-mobility semiconductors, the Vg, also allows efficient
charge separation and transport under short-circuit condi-
tions while also reducing recombination under open-circuit
conditions by reducing the density of minority carriers at
either interface [49,50].

Therefore, it is intuitively expected that larger Vg values
will result in higher open-circuit voltages. This is indeed
observed from experimental Mott-Schottky data reported
in the literature, shown in Fig. 6(a). These data points
correspond to cases where the improved performance and
open-circuit voltage of a passivated sample compared to an
unpassivated sample is interpreted as occurring due to effi-
cient charge extraction as a consequence of the increased
Vg1 observed for the passivated sample from the Mott-
Schottky plot. However, the exact mechanism regarding
how passivation alters the equilibrium electrostatic poten-
tial distribution is unclear. To confirm the validity of this
interpretation, we simulate the effect of variations in open-
circuit voltage using the multilayer model because the
recombination resistance in the model creates an open-
circuit voltage dependence [Eqgs. (3) and (4)]. Figure 6(b)
shows the simulated Mott-Schottky plots, which show the
same trend of increased apparent Vg; with increasing open-
circuit voltage, as observed experimentally in Fig. 6(a). An

analytical equation showing the open-circuit voltage and
frequency dependence of the capacitance step that yields
the apparent Vg from the multilayer model is provided in
Sec. A7 in the Supplemental Material [17-31] [Eq. (S79)].

We can conclude that, in situations where the Mott-
Schottky transition does not arise from a depletion capac-
itance, the observed Vg is only an artefact generated by
a step in the capacitance. Therefore, any increase in the
open-circuit voltage due to passivation or material mod-
ification causes an increase in the apparent Vg and not
the other way around. This occurs due to the fundamen-
tal dependence of the recombination resistance of the
perovskite layer on its open-circuit voltage in combination
with charge injection or multilayer-capacitance transitions.
Arguments of increased charge extraction due to an appar-
ent increased Vp; from Mott-Schottky plots, therefore,
cannot be invoked to justify an increase in the open-circuit
voltage of passivated samples compared to unpassivated
ones.

D. Interpretation of doping profiles

We now turn to understanding the spatial depen-
dence of the apparent doping density from doping-
profile plots. Figure 2(c) shows the measured doping pro-
files of ITO/PTAA/CH;NH;Pb(IygBry);/PCBM/BCP/
Ag solar cells for different thicknesses of the PTAA layer.
The doping profile makes a “U” shape, with a plateau
region in the apparent bulk of the perovskite layer and
steep rises at both small and large apparent profiling dis-
tances corresponding to regions close to the interfaces of
the perovskite with the selective contacts. This U shape
moves to lower charge densities and larger profiling dis-
tances for increasing thickness of the PTAA layer. Such a
doping profile and its evolution with PTA A-layer thickness
is intuitively puzzling; however, based on our previous
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FIG. 6. (a) Plot of reported apparent built-in voltages obtained from Mott-Schottky analysis in the literature versus corresponding
open-circuit voltages. Solid line indicates the region where Vg; = Voc. Larger built-in voltages are associated with larger open-circuit
voltages. (b) Simulated Mott-Schottky plots for different open-circuit voltages shown in the label, using the multilayer model. Mea-
surement frequency is chosen to be fox, = 10° Hz. Multilayer model predicts the trend observed in (a) for the evolution of built-in
voltage versus open-circuit voltage. Literature data correspond to Refs. [36,43—45,51—67]. Variation of the built-in voltage of the
multilayer model as a function of frequency is shown in Fig. S13(b) in the Supplemental Material [17-31].
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FIG. 7. (a) Simulated spatial doping profiles (from CV simulations) of a thin-film PSC for different thicknesses of the perovskite
layer, using SCAPS and the multilayer model developed in Sec. Ila. Arrow indicates the reduction of the minimum doping density
obtained in the plateau region, versus perovskite-layer thickness. (b) Comparison of experimental (from Ref. [68]) and simulated spatial
doping profiles for different PSCs. Analytical approximation of the forward-bias behavior of the doping profile, as predicted by Eq.
(17) (m = 1.5 is assumed), is also shown. Slopes of experimental data match nicely with this limit. (c) Comparison of minimum doping
density resolvable from capacitance measurements and calculated minimum doping densities (lowest value of plateau region of doping
profile) versus implied perovskite-layer thickness from different capacitance measurements of PSCs. Blue data points correspond to
DLCP measurements in Ref. [68]. Black data points correspond to CV measurements in Refs. [35,36,43—45,61,66,67,69,70], where
the implied perovskite-layer thickness is calculated using Eq. (S2) in the Supplemental Material [17-31] (the validity of which is
assumed during a Mott-Schottky analysis) with &, = 30 from the low-bias saturation-capacitance value. Black dotted lines indicate the
typical thin-film perovskite-layer thicknesses used. Area between the red and green lines sets the range of the limiting doping-density
value, depending on the m value of the capacitance transition. PSCs generally show large m values, see Fig. S8(a) in the Supplemental
Material [17-31]. Star indicates the only data point (from Ref. [68]) that lies above the resolution limit and the black point filled with

red indicates a device without selective contacts [70].

analysis of the Mott-Schottky plots, we speculate that
this profile is generated by the combination of the mul-
tilayer model and the chemical capacitance. To confirm
our hypothesis, we carry out SCAPS simulations of spa-
tial doping profiles of thin-film trap-free dopant-free PSCs
with different thicknesses of perovskite layer, shown in
Fig. 7(a).

All the profiles form the U shape observed in Fig. 2(c),
even in the absence of any traps or dopant densities.
The simulated apparent charge densities of a PSC with
300 nm thickness of the perovskite layer is similar in
magnitude to the experimental values seen in Fig. 2(c).
Furthermore, an analysis of the doping profiles of sev-
eral different photovoltaic technologies shows that they all
yield the same U shape [48], which would be quite a coin-
cidental occurrence. These observations suggest that these
apparent charge densities are indeed related to signals from
the chemical capacitance and the multilayer model. We,
therefore, derive analytical approximations (see Secs. A4
and A5 in the Supplemental Material [17—31]) of the dop-
ing profile by considering a simple geometric capacitance
in parallel to a general capacitance that evolves exponen-
tially with voltage, as carried out previously [Eq. (13)].
Since the doping profile is determined by the inverse slope
of the Mott-Schottky plot [Eq. (10)], the rise in apparent
charge density at large profiling distances (reverse bias)
is simply due to the constant geometric capacitance. The
plateau region in the doping profile thus corresponds to

the apparent linear Mott-Schottky region in the bulk of the
sample (intermediate forward bias), yielding a minimum
doping-density value. For small profiling distances (large
forward bias), we observe another sharp rise in doping den-
sity, corresponding to the plateau region at large forward
bias of the Mott-Schottky plot. The plateau region and
forward-bias rise of the doping profile can be analytically
calculated as [48]

ka Téréo

Nd(W) = Nd,min + P (17)

q2 w2

where Ngmin 1 the minimum charge density shown in
Eq. (13). A simulated doping profile using the multilayer
model is also shown in Fig. 7(a), which shows a very
similar behavior to the SCAPS simulations, lending further
credence to our developed model. There are also some
other interesting observations to be made. Equations (13)
and (17) predict a reduction in the bulk doping density
(plateau region of U shape) of these profiles with increas-
ing thickness of the perovskite layer, due to the inverse
square dependence of N,;min on the layer thickness d, as
seen in Fig. 7(a). Additionally, we note that the appar-
ent profiling distances in Fig. 7(a) and experimental data
of Fig. 2(c) extend to distances larger than the thickness
of the perovskite layer. This is further confirmation of
the contribution of capacitances that are not related to the
depletion-layer capacitance, causing either an error in the
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values of capacitance or the choice of relative permittivity.
We will now proceed to further interpret experimental data
based on the previous analysis after a short discussion on
measurement methods of these doping profiles.

Recently, Ni et al. [68] used drive-level capacitance
profiling (DLCP) to spatially resolve apparent trap den-
sities in the PSC. DLCP is a similar technique to stan-
dard CV measurements but also uses a first-order term in
voltage in addition to the zero-order term that gives the
standard CV response [71]. The general charge response,
0, in a capacitance measurement is given by the Taylor
expansion:

g @~ d*0
Q(V+V)—Q(V)+dI7V+ (2dl72

) 4., (18)
where overbars represent steady-state quantities, and the
tilde represents a time-dependent quantity. Equation (18)
can be rearranged to give the capacitance as

dQ 5
C=—==C+CV+.... 19
5= C+G (19)

The first term on the right-hand side of Eq. (19) cor-
responds to the zero-order capacitance term measured
from CV, while the second term is included in case of a
DLCP measurement. Therefore, any differences between
the DLCP and CV responses arise from the frequency or
voltage dependence of the first-order term’s coefficient.
This term is shown to have a weak frequency dependence
in PSCs and is then used to differentiate between the free
and trapped charge responses going from high to low fre-
quencies [68]. Using this assumption, Ni et al. identified
a U-shaped profile for both the trap and doping densi-
ties for different PSCs. We have shown previously that
such an interpretation is incorrect and that Eq. (13) is
still valid for all measurement frequencies [48]. There-
fore, experimental doping profiles obtained from DLCP
measurements will hereafter be shown in conjunction
with CV simulations to obtain a unified and consistent
interpretation.

Figure 7(b) shows a comparison of experimental dop-
ing profiles obtained from DLCP measurements of both a
perovskite thin film and bulk single crystal, in conjunction
with a CV simulation of a dopant-free trap-free PSC and
a simulated doping profile from the multilayer model. The
typical U shape of the experimental doping profile and the
reduction in apparent bulk doping density with increasing
thickness is clearly observed in this figure. For small pro-
filing distances (forward bias), Fig. 7(b) illustrates clearly
that the experimental and simulated data follow the pre-
dicted w2 dependence of the apparent doping densities
in Eq. (17). Figure 7(c) summarizes the minimum dop-
ing densities obtained from capacitance-voltage (black)

and DLCP (blue) measurements reported in the litera-
ture and compared to the minimum doping-density limit,
Ny min, derived [Eq. (13)] for different implied thicknesses
of the perovskite layer [calculated from the saturation of
the capacitance at low forward bias, see Eq. (S2) in the
Supplemental Material [17—31]]. This limit is plotted for
different m values, depending on the type of capacitance
that dominates the capacitance step (see Fig. S9 in the Sup-
plemental Material [17-31]). The DLCP data points all lie
just below the m = 2 line for both thin films and bulk sin-
gle crystals, while the data points from CV measurements
lie close to the m = 4 line. Only one data point lies clearly
in the green region, well above the resolution limit, a per-
ovskite single crystal measured by Ni ef al. [68] Apart
from this data point, all the other data points correspond
to complete devices with transport layers and, therefore,
we conclude that the transport-layer capacitances dom-
inate the capacitance step at forward bias. In addition,
Fig. 7(c) contains one data point (black point filled with
red) that corresponds to a PSC without selective con-
tacts (ITO/CH3NH;3PbBr;/Au), measured by Peng et al.
[70]. This data point also lies very close to the resolution
limit and is experimental evidence of a situation where
the chemical capacitance dominates the capacitance step.
Further proof of the invalidity of the measured doping
and defect densities in PSCs using capacitance methods
is provided by the fact that the measured lifetimes show
no correlation to the device thickness [unlike the appar-
ent defect densities, which clearly show a d~2 trend from
Fig. 7(c)] [72]. We also note that a significant displacement
along the x axis is also observed for some of the Mott-
Schottky data when compared to typical thin-film thick-
nesses used [shown using black dashed lines in Fig. 7(c)],
where the implied perovskite-layer thickness is estimated
from the saturation of the capacitance at the lowest bias
point. This is related to the fact that the experimentally
observed capacitance plateau at low forward biases does
not directly correspond to the geometric capacitance of the
perovskite layer [see Figs. 5(a) and 5(b)] and related errors
in the assumed permittivity.

In summary, the application of the traditional Mott-
Schottky method to obtain doping densities and the built-in
potential in the PSC is complicated by the concomitant
contributions of the transport-layer geometric capacitances
and the chemical capacitance of the perovskite layer to
the total measured capacitance at forward bias. There-
fore, depending on the m value of the multilayer-chemical
capacitance transition, only charge densities significantly
higher than N, mi, for the given thickness of the perovskite
layer can be considered to originate from any real doping
or trapped charge densities [green region in Fig. 7(c)]. Our
analysis of experimental doping profiles from the literature
and our own samples indicates that the calculated dop-
ing and trap densities of PSCs using capacitance-voltage
methods are below the limit of resolution provided by
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the fundamental response of a trap-free dopant-free intrin-
sic perovskite layer. We recommend that any calculated
doping and defect densities from capacitance-voltage mea-
surements must first be compared to the resolution limit
provided in Eq. (13). If it is significantly higher than this
value, it can safely be reported as a doping or defect den-
sity. If it is below or close to this resolution limit, it can
only be considered as an upper limit to the actual doping
and defect density in the device. Second, the onset of the
linear Mott-Schottky region in a Mott-Schottky plot can be
compared to the theoretical onset voltage for the calculated
doping density, shown in Fig. 4(a), as an additional validity
check.

We also emphasize that the model and analysis meth-
ods developed are applicable to any solar cell that consists
of an absorber layer and low-conductivity selective con-
tacts. Thus, the multilayer model must be considered as
the simplest or base response of a range of photovoltaic
technologies, as discussed for Cu(In, Ga)Se, solar cells
[73,74]. Furthermore, the model is applicable to a wide
range of device configurations and is independent of the
constituents or performance of the device, assuming that
hysteresis effects are not significant enough to prevent
stable and reproducible capacitance spectra from being
obtained. The model can also be extended to electron- or
hole-transport-layer-free devices by setting the mobility of
the omitted layer infinitely high. The developed resolution
limit in Eq. (13) is also independent of the device configu-
ration and performance and depends only on the geometric
capacitance and the slope of the exponential capacitance
step that occurs.

E. Capacitance plateaus: Evolution versus frequency

In this section, we will attempt to shed some light on
the mechanisms governing the frequency-dependent evo-
lution of the dark capacitance of the PSC. In a system
that consists of several different capacitances, we expect
to observe several plateaus and corresponding transitions
from one net capacitance to the other with a sweep of the
measurement frequency. There are a number of candidate
capacitances that can cause these plateaus, which are dis-
cussed in the introduction of Sec. II. These include the
chemical capacitance, depletion capacitance, trap capac-
itance, and the geometric capacitances of the individual
layers of the solar cell. In the case of PSCs, we also have
a capacitance response from mobile ions in the bulk and
accumulated ions at interfaces [39]. The timescales for the
responses of these capacitances (which also depend on the
resistances they are coupled with) usually overlap, at least
to a certain degree, making it quite difficult to identify
which capacitance is responding in a given measurement.

The capacitance evolution versus frequency of an
ITO/PTAA/CH3NH3Pb(IolgBr0b2)3/PCBM/BCP/Ag PSC
for different applied voltages is shown in Fig. 8(a). At low

forward biases, we observe a single plateau at high fre-
quencies, the magnitude of which increases with applied
voltage, followed by a small step in the capacitance, start-
ing at about 103 Hz, as shown in Fig. 8(b). At large forward
bias, we additionally observe a low-frequency capacitance
that overshadows the small capacitance step at intermedi-
ate frequencies with a magnitude that is very large, in the
order of millifarads per cm?. This low-frequency capac-
itance and its evolution with voltage and light intensity
have been extensively investigated and associated with the
density of mobile ions within the PSC (see Fig. S11 in
the Supplemental Material [17-31]), although the exact
mechanism is debated [75—79]. The interpretation of this
low-frequency capacitance is further affected by inconsis-
tency in measurements due to time drift in the response
of the PSC at low frequencies, for which correction pro-
cedures have been suggested [80]. The interpretation of
ionic effects in the capacitance response is out of the scope
of this work; therefore, we will focus on the interpreta-
tion of the high- and intermediate-frequency capacitance
behavior. However, this does not imply that the multilayer
model is not relevant for the analysis of low-frequency
data of PSCs. As stated in Sec. IId, the multilayer model
provides the simplest capacitance response of a solar cell
that consists of an absorber layer and selective-contact
layers. Therefore, any experimental capacitance steps that
are assigned to ionic effects that can be sufficiently repro-
duced by the multilayer model (that does not consider ionic
effects) must be questioned as to the interpretation of its
origin. To explicitly account for ionic effects, the multi-
layer model can be extended by the addition of a resistor
in series with a capacitor, in parallel to the perovskite R||C
element [40,78]. This resistance corresponds to a transport
resistance for mobile ions across the perovskite bulk termi-
nating in an ionic capacitance, where the ions accumulate
at the blocking interfaces to form double layers. Accumu-
lation of electronic charges at these interfaces due to the
electrostatic potential drop created by the ions can also lead
to increased recombination at these locations, which can be
modeled by an additional recombination resistance in par-
allel to the ionic accumulation capacitance [75]. Advanced
modeling of the ionic diffusion behavior can be carried
out by using a transmission line [81]. Similar assump-
tions of ionic accumulation at interfaces and subsequent
drift or diffusion are used to model the ionic response
in time-domain capacitance measurements [35]. However,
we note that the exact modeling of the ionic response is an
open question due to the complexity of the ionic-electronic
interaction in the PSC [39].

To understand if the complex capacitance-frequency-
voltage behavior in Fig. 8(a) can originate from the simple
geometric capacitance transitions of the multilayer model,
we carry out simulations of a dopant-free trap-free PSC
using both SCAPS and the multilayer model, as shown in
Figs. 8(c) and 8(d), respectively. For SCAPS simulations,
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FIG. 8. (a) Experimental dark capacitance evolution versus frequency for different applied voltages for an
ITO/PTAA/CH3NH;Pb(IysBrg,);/PCBM/BCP/Ag PSC. (b) is a magnified plot of (a), showing an additional capacitance
step (indicated by the arrow) at frequencies between 10~' and 10* Hz at low forward biases. (c) SCAPS simulations of the
capacitance-voltage-frequency behavior of a PSC [band diagram in Fig. 1(a)]. Mobilities of the PCBM and PTAA layers are set
to = 10"% cm*V~'s~! in (c). (d) Simulations of the capacitance-voltage-frequency behavior from the multilayer model. Cry
corresponds to the low-voltage capacitance plateau of Eq. (S50) in the Supplemental Material [17-31]. Multilayer model reproduces
the general capacitance features observed in experiments versus applied voltage and frequency. Steep rise in capacitance at low

frequencies seen in (a) is related to the mobile ionic density in the PSC, which are not included in the simulations of (c) and (d).

the mobilities of both the selective contacts are set at
w=10"° cm*V~!s7! to increase the resistance of the
contact layers sufficiently. The SCAPS simulations show
similar behavior to the experimentally measured data,
showing two capacitance plateaus at high and intermedi-
ate frequencies, the magnitudes of which both increase
with applied voltage. Simulations using the multilayer
model also generate behavior similar to the experimentally
observed transitions with voltage and frequency (exclud-
ing the ionic capacitance transition at large forward bias
and low frequency), with a high-frequency capacitance
step, the magnitude of which increases with applied for-
ward voltage followed by a small low-frequency (between
about 10° and 10?Hz) step observed at only low forward
voltages. Additionally, we note that the high-frequency
drop-off in capacitance [> 10°Hz in Figs. 8(a), 8(c),
and 8(d)] is a consequence of the series resistance [see
Fig. 1(c)] and should not be mistaken as originating from
the trapping and detrapping of electronic charges [82].
Therefore, we can conclude that the multilayer-capacitance
model, which is based on transitions between the geomet-
ric capacitances of the resistive selective-contact layers
and the absorber layer, is a credible model that can repro-
duce the general electronic-carrier-related features of the
capacitance-voltage-frequency behavior of the PSC.

F. Thermal-admittance spectroscopy (TAS)

Thermal-admittance spectroscopy is a technique that
aims to obtain information regarding the depth and den-
sity of trap states within the semiconductor band gap by
identifying the trap’s contribution to the measured capaci-
tance, through the variation of temperature and frequency.
It has been widely used for the characterization of dif-
ferent semiconductor technologies [83—87]. The method
relies on the fact that the trapping and detrapping pro-
cesses occur on a characteristic timescale. This means that,
upon the application of a small ac voltage perturbation,
the trapping-detrapping processes can either follow the
modulation of the Fermi level or not, depending upon the
frequency employed. This leads to a frequency-dependent
capacitance response from the trapped charges, which can
be combined with its fundamental temperature dependence
to obtain the depth of the trap within the band gap using the
following relationship [13]:

1n(°‘;;f) —Ink— %‘T

(20)

where wi,r 1s the inflection frequency of the capacitance
transition; 7 is the temperature in Kelvin; & is a constant;
and E4 is the demarcation or activation energy, which is
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the depth of the trap energy level from the conduction
or valence band. Based on Eq. (20), admittance measure-
ments are made over a range of frequencies as a function of
temperature, usually at zero voltage bias. From the inflec-
tion points of the capacitance versus frequency, wi,s for
each temperature point is determined and the slope of
(wint/ T?) versus 1/kgT yields the activation energy.

Before examining experimental data reported in the lit-
erature, we will first examine the TAS response of our
multilayer model. To determine wiy,r of the multilayer
model, we consider two R||C elements in series, yield-
ing a transition from a high-frequency capacitance plateau
to a low-frequency capacitance plateau, as shown in Sec.
A6 in the Supplemental Material [17-31]. The inflec-
tion frequency is then calculated as (see Sec. A8 in the
Supplemental Material [17-31])

Vi 2
gL el,TL):|. @1

1
Winf X ——€Xp |: kBT

kT

Since TAS measurements are usually carried out at zero-
bias conditions, we then have the apparent activation
energy from the multilayer model:

E4 = qVeimL — 3kgT. (22)
Simulated capacitance measurements versus frequency as
a function of temperature for the multilayer model are
shown in Fig. 9(a). We observe three plateaus, one at

low temperature, followed by a transition to the second
capacitance plateau at higher frequencies for increasing
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FIG. 9.

temperatures, while the third plateau occurs at low fre-
quencies below 100 Hz. The transition region for all
these plateaus shifts to higher frequencies for increasing
temperatures. Similar capacitance-frequency-temperature
trends have been observed experimentally for the PSC.
For n-i-p devices, two capacitance steps are generally
observed from TAS measurements: one that originates
at 300 K at high frequencies (~10° — 10° Hz), termed
D1, and one that originates at 300 K at low frequencies
(~10% — 10° Hz), termed D2 [88-94]. The origin of these
capacitance steps could be electronic, ionic (measured
ionic transport frequencies from conductivity measure-
ments on perovskite pellets and films are ~10° Hz and
below [40,41]), or a combination of both. However, since
the D1 step is a few orders faster than the D2 step,
we consider it to be more strongly influenced by elec-
tronic effects (trapping-detrapping), and hence, focus on
its analysis. We again emphasize that though our model
does not include ionic effects; it is still valid in frequency
ranges where the ions apparently dominate the capaci-
tance to clearly discriminate the ionic response from the
expected electronic response of the absorber and transport
layers.

Figure 9(b) shows the TAS response of the “D1” step
reported in the literature for different PSCs. A large dis-
persion in the apparent activation energies, ranging from
20 to 200 meV, is calculated from these plots. The corre-
sponding TAS response and calculated activation energies
from the multilayer model for different built-in voltages of
the PCBM layer are also shown (dashed lines). We note
that the dominant resistance for the D1 transition in the

3
000000 5’} [77] |
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Vg = 0.15 V
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(a) Simulated evolution of capacitance versus frequency for different temperatures using the multilayer model. D1 step

generally observed for n-i-p PSCs at high frequencies is labeled. (b) Comparison of TAS data reported in the literature for PSCs with
simulated TAS results using the multilayer model (dashed) for the D1 step using different built-in voltages, Vpr 1L, for the electron-
transport layer. Literature data are obtained from refs. [88—93], as mentioned in the corresponding label. Fits of simulated activation
energies to the analytical solution in Eq. (22) are shown in Fig. S14 in the Supplemental Material [17—31]. Experimental data sets from
the same literature reference are shown in light and dark colors. Electron-transport-layer mobility is reduced to 2 x 10 3cm?V~!s~!
for the simulations in (a) and (b), while Vg gL = VerurL = 0.1 V is used for (a).
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multilayer model is the electron-transport-layer resistance
due to the large characteristic frequency of its correspond-
ing R||C element at zero bias, see Fig. 5(d). Therefore, we
expect the built-in voltage of the electron-transport layer to
affect the TAS behavior of the D1 step, the values of which
are hence varied.

The simulated evolution from the multilayer model
is similar to experimental data, making a straight line
at lower temperatures (large 1/kg7) and slightly curv-
ing downwards at higher temperatures (small 1/kzT) due
to the temperature-dependent term in Eq. (22) [fits of
simulated data using analytical Eq. (22) shown in Fig. S14
in the Supplemental Material [17-31] ]. The corresponding
apparent activation energies obtained for reasonable val-
ues of Vg of the electron-transport layer are well within
the range of commonly measured activation energies for
the PSC, as seen from the slopes of the plots in Fig. 9(b).
This indicates that several of the experimental TAS data
observed do not arise from the trapping and detrapping
of free charge carriers in the perovskite layer. Instead,
they are likely an artefact caused by the contribution of
the capacitances and resistances of the selective contacts.
Similar conclusions were made from TAS measurements
on PSCs with and without the selective contacts by Awni
et al. [88], who suggested that the D1 capacitance step
and associated activation energy commonly measured was
actually a response from trapping-detrapping processes in
the hole-selective-contact layer.

The problem in interpreting TAS data becomes clear
when considering Egs. (12) in Ref. [13] and (S76) in
the Supplemental Material [17-31], which correspond to
the frequency dependence of the trap capacitance and
the capacitance associated with a general R||C transition,
respectively. Both these capacitances possess an inverse-
square-frequency dependence, and hence, show very sim-
ilar evolution versus frequency. Therefore, the geometric
capacitance transitions arising from the multilayer model
must be considered as a lower limit to the measured acti-
vation energies of not only PSCs but any photovoltaic
technology that makes use of additional nonmetallic lay-
ers (selective contacts) in the device stack. The limit itself
is determined by the electrostatic potential drop through
the selective contact, the resistance of which dominates
the capacitance transition in the frequency and temperature
range of interest.

III. CONCLUSIONS

We carry out a critical assessment of various com-
monly used capacitance techniques to probe perovskite
solar cells. These include CV, Mott-Schottky analysis,
drive-level capacitance profiling, and TAS measurements,
which, in principle, yield information on key parameters,
such as spatial and energetic distributions of doping and
trap densities. However, the use of selective contacts in

these devices, which are often quite resistive in nature,
means that these layers possess impedances with signals
that can overlap with those from the perovskite layer. We
explain this phenomenon by the development of a simple
multilayer model that considers the perovskite solar cell
as a series connection of the geometric capacitances of
the selective contacts and the perovskite layer, with each
capacitance in parallel with its transport or recombination
resistance. The voltage dependence of these resistances,
and hence, the characteristic frequencies of each layer,
create a rich capacitance-voltage-frequency-temperature
behavior that is, in several cases, similar to that observed
experimentally. The model is adaptable for any configura-
tion of the device and is independent of the composition
of the absorber layer. Thus, despite its simplicity, the mul-
tilayer model serves as a base model for the capacitance
response of not only perovskite solar cells but any photo-
voltaic technology that consists of an absorber layer and
low-conductivity selective contacts, creating fundamental
limits below which the observed response cannot be con-
sidered as originating from fundamental mechanisms such
as doping, trap, or chemical capacitances.

In the case of Mott-Schottky measurements, such an
analysis leads to a minimum doping and trap density that
has an inverse dependence on the thickness of the absorber
layer. At this limit, polycrystalline thin-film solar cells will
show larger apparent trap and doping densities compared
to bulk single-crystal devices, which can be misconstrued
as a valid result, as it is intuitively expected. The multilayer
model also yields a fundamental dependence of the appar-
ent built-in voltages obtained from Mott-Schottky plots
on the open-circuit voltage and measurement frequency,
the evolution of which is similar to that observed exper-
imentally [45,52,61]. This means that commonly used
arguments of better charge collection due to an increased
built-in voltage observed from Mott-Schottky plots upon
passivation or material modification are incorrect, rather it
is the higher open-circuit voltage that causes an increase
in the apparent built-in voltage observed. Additionally, the
model also predicts a typical U shape of the spatial doping
profile, yielding a constant, minimum doping or trap den-
sity in the bulk with large increases of the doping or trap
densities over several orders near the perovskite-selective-
contact interfaces that is also observed experimentally
[68]. These large peaks in doping and trap densities are
simply a consequence of the constant geometric capaci-
tance at reverse bias and geometric capacitance transitions
coupled with charge injection at forward bias. Finally,
in the case of TAS measurements, we show that the
trap-induced capacitance-frequency transition has a simi-
lar form to any arbitrary capacitance-frequency transition
between R||C elements in series. This yields an apparent
activation energy that depends on the built-in electrostatic
potential drop through the selective-contact layer that dom-
inates the transition, which must be considered as a cutoff
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value for the calculated trap-activation energies from this
method.

The calculated minimum-resolution values for all these
capacitance methods show a significant overlap with sev-
eral experimental data sets in the literature, indicating that
the capacitance response of the perovskite solar cell is
indeed strongly affected by its resistive contact layers.

Scripts for all simulations in this paper are archived in
Zenodo [95].
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