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ABSTRACT: Negative capacitance in photovoltaic devices has been
observed and reported in several cases, but its origin, at low or intermediate
frequencies, is under debate. Here we unambiguously demonstrate a direct
correlation between the observation of this capacitance and a corresponding
decrease in performance of a halide perovskite (HaP; CsPbBr3)-based
device, expressed as reduction of open-circuit voltage and fill factor. We
have prepared highly stable CsPbBr3 HaPs that do not exhibit any
degradation over the duration of the impedance spectroscopy measure-
ments, ruling out degradation as the origin of the observed phenomena.
Reconstruction of current−voltage curves from the impedance spectroscopy
provided further evidence of the deleterious role of negative capacitance on
photoconversion performance.

Halide perovskite (HaP)-based solar cells (HaP PV
cells) constitute an intensely studied topic in
photovoltaics because of the fast rise in photon to

electrical energy conversion efficiencies, currently peaking at
slightly above 22%.1 In addition, the use of earth-abundant
materials and of low-temperature solution-growth methods
make these technologies even more attractive.2−5 These
features have boosted interest in this topic and at the same
time allowed many laboratories around the world to make such
devices, owing to the relatively low cost and availability of the
facilities necessary to produce them. Despite this intensive
work, HaP PV cells still surprise us with unconventional
behaviors. In many cases, neither the origin of these behaviors
nor their influence on the final device performance are
(completely) understood.
Probably the most extensively studied unconventional

behavior is the hysteresis of current−potential curves6−13

because of its implications for determining solar cell perform-
ance.14 At the same time, preconditioning (e.g., poling,
illumination) was found to affect the performance of HaP
devices.15,16 Moreover, large capacitances have been observed
at low frequencies for HaP thin films17 and have been
attributed to majority carrier accumulation at the interface(s)
with the contacts.18 This fact has important implications in
carrier recombination, as accumulation implies a strong increase
in charge density at the interfaces with consequent increase of
recombination.19 Even though many aspects of these

phenomena are not completely understood, it is generally
thought that ion migration plays an important role in them
(even though direct proof of such migration, e.g., by isotope
tracing, is still lacking).
There are other unconventional phenomena in HaPs where

interpretation is not straightforward, and doubts remain
concerning their origin. This is the case of the inductive
loops20−24 and negative capacitance observed at intermediate
and low frequencies by impedance spectroscopy (IS). It is likely
that both phenomena would be related because both have been
observed on the same sample but at different applied bias.20

Nevertheless, the analysis of the relationship of both features is
beyond the scope of the present Letter, which will focus instead
on the negative capacitance at low frequencies. These
phenomena are less-studied and less-understood than those
mentioned earlier. It is worth highlighting that negative
capacitance has been observed in different halide perovskite
materials, with different configurations and different contacts
pointing to a general behavior not reduced just to a concrete set
of samples.17,20,25−28 The effects of this phenomenon on the
performance of the HaP PV cells was not clear. In this Letter,
we show that negative capacitance has, in fact, a deleterious
effect on the final solar cell performance, which should provide
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impetus for more studies to understand this feature, because it
is not just an exotic effect observed for poorly performing solar
cells but is observed also in solar cells with efficiencies close to
18%.21

Negative capacitance at low frequencies was previously
observed for non-HaP-based photovoltaic devices, such as thin-
film CdS/CdTe, extremely thin absorber (ETA) solar cells, and
solid-state dye-sensitized solar cells with spiro-OMeTAD as
hole-transporting layer.29 There are basically two different ways
in the literature to interpret the negative capacitance. On one
hand, it could be explained by a bulk effect, a varying series
resistance of the material, which decreases under forward bias
conditions.30,31 High injection of minority carriers at high
forward bias produces the decrease of the series resistance, and
this interpretation has been used to explain the observation of
negative capacitance in Schottky diodes or in conventional p−n
junctions.32−34 On the other hand, negative capacitance has
been also explained by an interfacial process involving charge
accumulation.30 In this case, interfacial charge transfer between
two media is not direct but mediated by interface states. Charge
from the first medium is injected into the interfacial state and
then from that state into the second medium. The kinetics of
such a multistep process can produce a reduction of the
interface state population, which can lead to the negative
capacitance.35 In that case, capacitance, defined as C = dQ/dV
where Q is the charge and V the voltage, becomes negative
when Q decreases, because of the depopulation, while V
increases. Finally, a possible relation between the electrostatic
potential formed at the HaP/contact interface, due to charge
accumulation in HaPs, and negative capacitance36 cannot be
ruled out, and it has been used recently to explain the inductive
loops observed at intermediate frequencies.37 We have used the
term “negative capacitance” to describe this effect at low
frequency because the behavior observed is similar to the one
expected from a negative capacitance. We have kept this name
because we think that it gives a clear image of the phenomena
although the physical origin is still unclear.
Very recently we observed an increase in negative

capacitance in HaPs, by the introduction of scaffolds of
alternating SiO2/TiO2 layers, where the TiO2 layers were not
directly contacted to the extracting conductive transparent
oxide; this imposes an increasing number of injection processes
between the perovskite and TiO2, leading to the conclusion
that negative capacitance behavior is strongly related with the
oxide/HaP interface.20

The next step in understanding negative capacitance is
answering the question what are the physical mechanisms
causing the appearance of this behavior in HaP-based PV cells?
Working toward this goal, we show here unambiguously that
negative capacitance has a deleterious impact on the final PV
cell performance. While we cannot yet pinpoint the physical
mechanism that underlies this behavior, with the present study
we hope to boost interest in this issue. The reason is that
understanding (and hopefully understanding enough to prevent
it) should help optimization of these devices, because, as we
show, negative capacitance correlates with decrease in perform-
ance, suggesting that whatever its cause, it is harmful for PV
performance.
The methodology used in this Letter to unambiguously

highlight that the negative capacitance produces a deleterious
effect in the solar cell performance is the direct comparison
between a couple of samples where for one of them negative
capacitance is observed in a broad range of applied bias, while

for the other one the range is reduced just to high applied
voltages. To optimize the presentation in this Letter, we have
considered that the easiest and clearest way to show this effect
is by the direct comparison of just two cells prepared in the
same way. However, it is important to point out that this is just
an example of a completely general behavior, as we noted in
above. Nevertheless, more than six samples prepared and
measured in the same conditions have been analyzed, and
equivalent results were found in all cases.
Current−potential (J−V) curves and impedance spectrosco-

py were measured for two representative different HaP PV cells
(labeled as samples 1 and 2) with CsPbBr3 as active layer and
TiO2 and poly tri-aryl amine (PTAA) as electron and hole
selective layers, respectively, as described in Experimental
Methods. Both samples were prepared in the same way.
However, there is some dispersion on the J−V curves obtained
for samples from the same batch prepared in the same way, as
can be observed in Figure 1. To check the stability of the

samples during the impedance measurement, J−V curves under
1 sun illumination were recorded before and after impedance
measurements. The curves registered for samples 1 and 2 are
plotted in Figure 1a. No difference in the recorded J−V curves
is observed for sample 1 (Figure 1a), while for the sample 2,
with higher current, the J−V measurement after IS measure-
ment shows a clear loss in FF and Voc, although no change in
the photocurrent is observed. It is well-known in the perovskite
literature that the reproducibility of perovskite solar cells is
limited to a certain extent. Conventionally, this reproducibility
is associated with efficiency; however, other properties of the
devices, such as the light soaking or poling effects, are also
affected. Nevertheless, the original J−V behavior is recovered
after storing the sample under dark conditions for several
minutes (see Figure S1 in the Supporting Information). As a
result it can be concluded that the samples did not experienced
any degradation during the measurement.
The Nyquist plots derived from the impedance data, Figure

1b, reveal a clear difference between the two samples. While
sample 1 shows two arcs, for sample 2 the second arc, due to
perovskite accumulation capacitance,17,18 has collapsed into an
arc below the x-axis (the real impedance axis Z′), which is
attributed to the presence of a negative capacitance.29,26 In
sample 2, negative capacitance arcs are seen for voltages above
0.5 V, while for sample 1 they appear only above 0.9 V and
their effect is much less relevant (see Figure S3 for details).

Figure 1. (a) Reverse J−V curves, scanning from positive to zero
potential, showing stability of sample behavior before and after
impedance measurement. See Figure S1 for further examples of
stability checks and Figure S2 for hysteresis at reverse and forward
J−V curves. (b) Representative Impedance spectra of samples 1 and
2 taken at a fixed voltage of 0.7 V and under 1 sun illumination. A
prominent arc below the x-axis appears at low frequencies for
sample 2.
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Several equivalent circuits have been used to analyze impedance
spectra of HaP PV cells, but no consensus exists. Some of the
elements included in these circuits have been identified (e.g.,
bulk capacitance Cbulk involved in the high-frequency arc), and
their influence on the response of the solar cell was clarified.
We fitted our data using an equivalent circuit that is similar to
the one used previously20,21 but is simplified to two arc features,
instead of three, for the sake of clarity (Figure 2).

The equivalent circuit in Figure 2a was used to fit the
experimental data for impedance spectra without negative
capacitance (WONC). In this circuit, Rseries represents the series
resistance contributions of FTO, gold, contactswires, etc.; Cbulk
represents the geometric or bulk capacitance of the film, which
together with R3 accounts for the deformed arc at high
frequencies; C1 describes the accumulation capacitance at the
TiO2/perovskite interface and, together with R1 (related with
recombination resistance), accounts for the low-frequency
arc.20,21 Here, we have preferred to keep the same
nomenclature that was used in previous works20,21 to avoid
renaming the elements each time, which would create
confusion. We will focus on the DC resistance at frequency
zero, RDC, as this resistance is the inverse of the slope of the J−
V curve, which is a measurement under stationary conditions
(i.e., frequency zero). Consequently, when RDC is known, the
J−V curve can be reconstructed and the final efficiency of the
solar cell can be calculated. In a Nyquist plot, RDC can be
obtained by the intersection with the real impedance axis of the
extrapolation at zero frequency of the impedance spectra. Note
that at zero frequency the impedance of a capacitor becomes
infinite as ZC = 1/(jωC), where j = √−1 and ω is the
frequency; therefore, a capacitor behaves as an open circuit.
Consequently, RDC for a spectrum WONC, namely hereafter
RDC‑WONC, is given by the circuit in Figure 2c (the same as in
Figure 2a but at zero frequency):

= + +‐R R R RDC WONC series 3 1 (1)

When the arc below the x-axis appears, as for sample 2 in
Figure 1b, data are fitted using the equivalent circuit in Figure

2b, in which the inductance is used to describe the effect of
negative capacitance NC. Note that the introduction of the
inductance in the circuit has an important effect on RDC. The
inductor impedance at zero frequency becomes zero (ZL =
L·ω) behaving as a short circuit, see Figure 2d (the same as in
Figure 2b but at zero frequency). As a result, RDC‑NC (RDC when
negative capacitance is present) is given by

= +‐R R RDC NC series 3 (2)

RDC‑NC eliminates the influence of R1 at zero frequency. This
behavior decreases RDC when negative capacitance is present. In
most of the impedance analysis, just the data with positive
capacitance are considered, and the existence of this low-
frequency arc is typically neglected, mainly because up to now
its origin and the understanding of its implications are not clear.
However, negative capacitance data cannot be simply neglected,
otherwise an enormous error in the determination of RDC
would be made (see eqs 1 and 2 and Figure 3). We show below

that the negative capacitance data play a key role in the J−V
curve, owing to their influence on the final value of RDC and
thus on the efficiency of the solar cells. Consequently, it cannot
simply be removed from the analysis.
The fitting of impedance spectra using the circuits plotted in

panels a and b of Figure 2 depending if the spectra is WONC
or with NC, respectively, allows us to determine the values of
Rseries, R1, and R3. With these values, RDC can be calculated using
eq 1 or 2 depending on the case. Note that when negative
capacitance is present a large error on RDC can be made if
RDC‑WONC is considered instead of RDC‑NC (see Figure 3). The
DC resistance values, obtained from IS data analysis, have been
used to reconstruct the J−V curves using

∫= −J J
V

R
dV

sc 0 DC

bias

(3)

Considering RDC obtained from the fitting (by eq 1 or 2
depending on the case) at each experimental applied bias, Vbias,
and the short circuit current, Jsc, the current, J, for that
corresponding bias is calculated. The pairs Vbias−J allow us to
obtain a reconstructed (i.e., not directly measured) J−V curve.
On the other hand, the real J−V curve can be directly measured
by two different methods: (i) by a conventional potential scan
or (ii) during an impedance measurement as current is also
recorded at each applied bias. A comparison of both methods is
displayed in Figure S4. Note that the second method, the
measurement from impedance, is the closest one to stationary

Figure 2. Equivalent circuits for AC and DC. AC circuits have been
used for fitting the impedance data (a) without negative
capacitance (WONC) and (b) with negative capacitance (NC).
Equivalent circuits a and b are reduced to the series association of
resistances at DC conditions, frequency zero, (c) WONC, as in
panel a but at DC. (d) NC as in panel b but at DC when the
capacitor behaves as an open circuit and inductance as a short
circuit.

Figure 3. Impedance spectra of 2 taken at a fixed voltage of 0.8 V
and under 1 sun illumination. Solid line is the fitting using the
equivalent circuit, shown in Figure 2b. Different resistances and the
sum of resistances are indicated on the real impedance, Z′, axis to
clarify the discussion. The frequencies, f, at these Z′ values, which
correspond to zero capacitance, are at infinite, at intermediate,
fifC=0, and at zero frequency (DC case).
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conditions as the sample remains at the same applied voltage
longer.
Taking into account these previous considerations in Figure

4, we have compared the real J−V curve obtained from

impedance measurement with the reconstructed curve where
the current has been calculated with eq 3 and the RDC obtained
from impedance at each voltage. For each cell, two
reconstructed J−V curves have been calculated using RDC-WONC
and RDC‑NC (Figure 3). For sample 1, which shows negative
capacitance only at the high voltages, the reconstructed J−V
curve considering RDC‑WONC (Figure 4a) presents a good
agreement with the real J−V curve especially at low voltages. If
the small contribution of the negative capacitance is considered
by using RDC‑NC instead of RDC‑WONC when the negative
capacitance is observed (Figure S3), a better agreement is
obtained between the real and the reconstructed curve J−V
curves at high applied bias where negative capacitance is
observed (Figure 4a).
For sample 2, when negative capacitance is observed at lower

applied bias (Figures 1b and S3), the effect of negative
capacitance on J−V is more dramatic, as shown in Figure 4b. If
we do not consider the negative capacitance and consider
RDC‑WONC, the reconstructed J−V curve diverges significantly
from the real J−V curve. When the contribution associated with
the negative capacitance is considered, by using RDC‑NC, the
reconstructed curve matches perfectly the experimental data.

This analysis shows unambiguously on one hand that the
negative capacitance cannot be simply neglected and on the
other hand that the effect of the negative capacitance is critical
for the performance of the solar cell, diminishing both Voc and
to an even higher degree the FF. However, the difference
observed between these two samples is unintentional as the
preparation of both cells was done in the same way. Thus,
processes leading to negative capacitance and governing its
magnitude are almost certainly reflecting the reproducibility
problems of the preparation of HaP materials and solar cells
based on them. More samples of the set have been analyzed in
the same way, and similar results were obtained. Although we
have analyzed a particular case, negative capacitance is a general
phenomenon observed many times in HaP materials and solar
cells.17,20,25−28

Finally, we analyzed the effect of light intensity on the
occurrence of the negative capacitance, as it is known that light
produces changes in the properties of HaPs.17,38Figure 5a
shows the value of f if C=0, the intermediate frequency at which
the capacitance is zero (see Figure 3), under different light
conditions. As illumination intensity decreases, the negative
capacitance appears at lower frequencies. This result explains
why normally the negative capacitance is not observed in the
dark or under low illumination conditions: under these
conditions, very low frequencies are needed to observe it, and
at these low frequencies, the measurement is commonly very
noisy and negative behavior cannot be clearly identified.
Panels b and c of Figure 5 plot both RDC‑WONC and RDC‑NC

obtained from impedance measurements carried out at open-
circuit conditions under different light intensities for samples 1
and 2, respectively. Under these conditions, negative
capacitance was observed for both samples in the 0.1−1 sun
illumination range. The impedance spectra obtained at these
conditions have been fitted consequently using the equivalent
circuit in Figure 2b. Despite the presence of negative
capacitance, both RDC‑WONC and RDC‑NC have been calculated
to obtain the intersection of the impedance spectra with the
real impedance axis at intermediate and at zero frequency
(Figure 3). This analysis allows us to determine if the weight of
negative capacitance, represented by RDC‑NC, compared with a
hypothetical sample with similar behavior but without negative
capacitance, represented by RDC‑WONC, is dependent on light
intensity. It can be seen in log−log representation that both
samples 1 and 2 (panels b and c of Figure 5, respectively)
present practically a parallel behavior. In fact, the difference in

Figure 4. Real J−V curves data (lines) extracted from the direct
measurement during the impedance experiment and reconstructed
J−V curve (symbols) of sample 1 (a) and sample 2 (b), where the
current is calculated from the RDC values, obtained from fitting the
impedance data with eq 3. The reconstructed J−V curves (symbols)
have been calculated using RDC‑WONC and RDC‑NC for each sample.

Figure 5. Impedance measurements carried out at open-circuit conditions under different light intensities. Only the cases where negative
capacitance is observed are represented. (a) Intermediate frequency at which capacitance is zero, f if C=0 (see Figure 3), and RDC‑WONC and
RDC‑NC calculated using eqs 1 and 2 and the values of Rseries, R1, and R3 obtained from the fitting when negative capacitance is observed
(equivalent circuit 2b); (b) sample 1 and (c) sample 2. Symbols represent obtained values of RDC‑WONC and RDC‑NC, while solid lines are the
corresponding linear regressions.
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the slopes of the linear regression of RDC‑WONC and RDC‑NC is
less than 3% for sample 1 and less than 5% for sample 2. This
finding indicates that the fraction of the negative capacitance,
considering RDC‑NC, in the total impedance, considering
RDC‑WONC, is independent of the illumination. An alternative
way to reflect this fact is by plotting the RDC‑WONC/RDC‑NC ratio,
as can be observed in Figure S5.
Moreover the difference RDC‑WONC and RDC‑NC is higher for

cell 2, with a large effect of the negative capacitance. Note that
for cell 1 where the effect of negative capacitance does not
cause a significant decrease of cell performance, the RDC‑WONC/
RDC‑NC ratio is lower than 1.5, while for sample 2 where the
effect on cell performance is severe, the RDC‑WONC/RDC‑NC ratio
is higher than 1.5 (see Figure S5). This fact indicates that the
RDC‑WONC/RDC‑NC ratio can be used as a dimensionless
parameter to weight the effect of negative capacitance in the
cell performance.
In summary, we have shown that the presence of a negative

capacitance is accompanied by a decrease of open-circuit
voltage, Voc, and fill factor, FF, with consequent reduction of
the photoconversion efficiency of CsPbBr3-based solar cells. We
have also shown that the relative contribution of negative
capacitance to total impedance is independent of the
illumination but appears at lower frequencies, when illumina-
tion is reduced. The origin of the negative capacitance is not
clear at this moment, and different hypotheses have been
introduced: (i) variation of series resistance with the applied
voltage, (ii) a multistep injection process, and (iii) formation of
electrostatic potential at the interfacial accumulation region.
Our recent results showing the enhancement of this negative
capacitance effect with the number of interfaces20 points to an
important interfacial effect. Further research is needed to reveal
the physical origin of this effect. The main scope of this Letter
is to highlight the importance of this effect generally observed
in perovskite solar cells stressing the deleterious consequences
on solar cell performance. Unraveling the origin of this effect
will not just help optimization of HaP-based solar cell
performance but also can increase reproducibility with
important implications for the field.

■ EXPERIMENTAL METHODS
F-doped tin oxide (FTO) transparent conducting substrates
(Xinyan Technology TCO-XY15) were cut and cleaned by
sequential 15 min sonication in aqueous alconox solution,
deionized water, acetone, and ethanol, followed by drying
under N2 stream. After an oxygen plasma treatment for 10 min,
a compact ∼60 nm thin TiO2 layer was applied to the clean
substrate by spray pyrolysis of a 30 mM titanium
diisopropoxidebis(acetylacetonate) (Sigma-Aldrich) solution
in isopropanol using air as the carrier gas on a hot plate set
to 450 °C, followed by a two-step annealing procedure at 160
and 500 °C, each for 1 h in air.
A 450 nm thick mesoporous TiO2 scaffold was deposited by

spin-coating a TiO2 paste onto the dense TiO2-coated
substrates. A TiO2 paste (DYESOL, DSL 18NR-T) and
ethanol were mixed in a ratio of 2:7 by weight and sonicated
until all the paste dissolved. The paste was spin-coated for 5 s at
500 rpm and 40 s at 2000 rpm, twice, followed by a two-step
annealing procedure at 160 and 500 °C, each for 1 h in air.
The CsPbBr3 films were prepared by a 2-step sequential

deposition technique. 1 M of PbBr2 (Sigma-Aldrich) in DMF
was stirred on a hot plate at 75 °C for 20 min. It was then
filtered using a 0.2 μm pore size PTFE filter and immediately

used. The solution was kept at 75 °C during the spin-coating
process. The solution was spin-coated on preheated (75 °C)
substrates for 30 s at 2500 rpm and was then dried on a hot
plate at 70 °C for 30 min. After drying, the substrates were
dipped for 10 min in a heated (70 °C) solution of 17 mg/mL
CsBr (Sigma-Aldrich) in methanol for 10 min, washed with 2-
propanol, dried under N2 stream, and annealed for 10 min at
250 °C. All procedures were carried out in an ambient
atmosphere. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA, Lumtec) was applied by spin-coating for 5 s at 500 rpm
followed by 40 s at 2000 rpm. The PTAA solution contained 15
mg in 1 mL of chlorobenzene, mixed with 7.5 μL of 1:1
acetonitrile:tert-butylpyridine (TBP) solution and 7.5 μL of 170
mg/mL LiTFSi [bis(trifluoromethane)sulfonamide] in acetoni-
trile. The samples were left overnight in the dark in dry air
before ∼100 nm gold contacts were thermally evaporated on
the back through a shadow mask with 0.24 cm2 rectangular
holes.
Current−potential curves and impedance spectroscopy were

performed using a PGSTAT-30 Autolab potentiostat. J−V
curves of the HaPPV cells were measured under simulated 1
sun conditions (100 mW·cm−2, AM1.5G) using a 150 W Xe
lamp. The scan rate for recording the J−V curves was 50 mV/s.
For IS measurements, a 20 mV voltage AC perturbation was
applied on top of the DC forward bias, which varied between 0
and 1.2 V, with the AC frequency ranging between 1 MHz and
0.05 Hz. In order to obtain the J−V curve from impedance, we
have taken the value of the current at the lowest frequencies
(i.e., 0.05 Hz). This allows the sample to reach the closest
possible state to stationary conditions. In any case, no
significant difference between the current recorded at different
frequencies for the same applied bias was found. Zview software
was used for the fitting of the IS spectra to the proposed
equivalent circuits.
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