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The negative capacitance (NC) effect observed in perovskite-based devices is a unique phenomenon that
remains subject to debate regarding its origin. In this study, we present a unified model aimed at describ-
ing these NC features, providing valuable insights into the coupling of ionic and electronic properties that
give rise to NC behavior. Through meticulous analysis of impedance spectra, capacitance-frequency rela-
tionships, and current-voltage profiles under varying conditions of light intensity and bias voltage, we aim
to uncover the underlying sources of NC in perovskite solar cells (PSCs). Our findings suggest that the
emergence of NC in PSCs directly correlates with the migration of both positive and negative ions toward
the uppermost and lowermost surfaces of the perovskite layer. Moreover, the polarity of capacitance at
low frequencies is determined by the predominant recombination pathway within the device. We present a
unified model that comprehensively describes the evolution of NC in PSCs. This model not only elucidates
experimental observations but also confirms the connection between NC and recombination mechanisms.
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I. INTRODUCTION

The capacitance characteristics offer a nondestructive
means to assess semiconductor devices and evaluate their
structural and physical parameters. Capacitance or admit-
tance spectra also provide crucial insights into device
physics, aiding in the accurate interpretation of exper-
imental data. Among these capacitance features, the
phenomenon of negative capacitance (NC) is particu-
larly noteworthy. Semiconductor devices often exhibit NC
behavior in the low- or intermediate-frequency range dur-
ing impedance spectroscopy measurements. The induction
effect in transistors was reported as early as the 1960s
[1] and, subsequently, NC effects have been observed in
various electronic devices composed of crystals or amor-
phous semiconductors, including p-n junctions, Schottky
diodes, and ferroelectric capacitors [2–5]. The microphys-
ical mechanisms of NC behavior vary for different types
of devices. Essentially, there are two distinct ways to
explain NC behavior. For Schottky diodes or traditional
p-n junctions, observed NC is often attributed to vol-
ume effects, wherein the injection of a large number of
minority carriers under high-bias voltage reduces the serial
resistance of the material [6,7]. Conversely, for organic
semiconductor devices, NC observed at low frequencies
is explained as a characteristic of sequential electron injec-
tion at the organic-metal interface [8–10]. However, the
complex interplay of rich interface contacts, the mixed
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ion-electron nature, and intrinsic chemical instability in
perovskite-based devices complicate the measurement and
interpretation of the observed NC behavior.

Several explanations of NC phenomena in perovskite-
based devices have been proposed, including recombi-
nation at the perovskite interface [11–18], chemical and
structural properties of the perovskite-contact interface
[19–21], and vacancy-assisted ionic diffusion [22–24].
However, its physical origin has not been conclusively
identified. The existing issues can be broadly categorized
into the following aspects. First, the conditions for the
appearance of NC in photovoltaic devices are not clear.
Each layer of the device affects the NC behavior [19–21].
Second, the relationship between external bias conditions
and the NC phenomenon under light excitation is unclear.
The appearance of NC is confined to a specific volt-
age range [25]. Light significantly impacts capacitance,
as illumination causes the disappearance of the NC phe-
nomenon [14,16]. Third, the current theoretical framework
lacks a comprehensive physical mechanism supported by
empirical evidence. Although the NC effect can be accom-
modated within existing models to some extent [16,26],
there is a scarcity of experimental data to validate these
theoretical constructs.

In this work, we addressed the above issues by
meticulously analyzing impedance spectra, capacitance-
frequency relationships, and current-voltage profiles under
diverse conditions of light intensity and bias voltage.
Our aim is to unravel the underlying sources of NC in
perovskite solar cells (PSCs). By utilizing a standard
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coupled drift-diffusion model to simulate the motion of
ions in perovskite, we have precisely predicted the con-
ditions for the occurrence of NC and its correlation with
the predominant recombination pathway affected by ion
migration.

II. EXPERIMENTAL DETAILS

The F-doped tin oxide (FTO) transparent conductive
substrate is cleaned by ultrasonically washing it in deion-
ized water, ethanol, deionized water, and ethanol for
15 min each, followed by ozone treatment for 10 min after
drying. The PEDOT:PSS layer is prepared using a spin-
coating method, with filtered PEDOT:PSS stock solution
mixed with deionized water at a volume ratio of 1:3 and
allowed to stand at 0 °C for 12 h. During spin-coating,
after the rotation speed reaches 4000 rpm, two drops of
PEDOT:PSS solution are pipetted, followed by spinning
for 30 s and annealing at 150 °C in air for 15 min.

The MAPbI3 thin film is prepared using a two-step
spin-coating method, where 1 M Pb and methylammo-
nium iodide (MAI) are dissolved in an organic solvent
mixture of N,N-dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) at a ratio of 7:3. After complete disso-
lution, 50 uL is uniformly dropped on the substrate, spun at
1000 rpm for 5 s and then at 2800 rpm for 30 s. In the sec-
ond spin-coating step, after 10 s, 170 uL of chlorobenzene
(CB) extract is uniformly pipetted and then annealed at
40 °C, 60 °C, 75 °C, and 85 °C for 5 min each in a gradient
manner.

The [6,6]-Phenyl-C61-butyric acid methyl ester (PCBM)
layer is prepared by dissolving 1M PCBM in CB, dropping
two drops on the substrate, spinning at 2500 rpm for 30 s,
and then annealing at 60 °C for 10 min. After annealing,
the supernatant of the oversaturated bathocuproine (BCP)
solution is taken, and after spinning at 5500 rpm for 30 s,
annealing is performed at 50 °C for 5 min. Approximately
80 nm of silver contacts are thermally evaporated on the
backside using a shadow mask with 0.24 rectangular holes.

For testing J–V curves, transient photocurrent, and
impedance spectra, the multifunctional charge car-
rier mobility measurement system (PAIOS, Fluxim,
Switzerland) is used, with illumination provided by a
15.2 mW/cm2 LED white light. For the impedance spec-
troscopy measurements, an AC perturbation of 7 mV volt-
age is applied on a DC positive bias, which varies from 0 to
2 V, with an AC frequency ranging from 1 MHz to 10 Hz.
The proposed equivalent circuit is fitted using ZSIMPWIN
software for spectral fitting.

III. RESULTS AND DISCUSSION

For PSCs employing the ITO/PEDOT:PSS/MAPbI3/

PC61BM/Ag structure, we designated a high power-
conversion efficiency device lacking negative capacitance

(NC) as Device B, while a low power-conversion effi-
ciency device exhibiting NC was labeled as Device
A. The representative J–V curves of these devices
are shown in Fig. S1 in the Supplemental Material
[37]. Previous studies have highlighted the correlation
between interfacial recombination and NC [11–18]. To
further investigate this, we fabricated solar cells with the
ITO/MAPbI3/PC61BM/Ag structure, omitting the hole
transport layer (HTL), which is expected to enhance inter-
facial recombination. These cells are denoted as Device
C; they also lack NC. Figure 1 illustrates the relation-
ship between the capacitance (C) of the devices as a
function of frequency and bias voltage, with the corre-
sponding impedance spectra displayed in Fig. S2 in the
Supplemental Material [37].

In the high-frequency regime (>103 Hz), the capaci-
tance is primarily dominated by the geometric
capacitance (C0) of the device, which depends on the
thickness and material properties. Additionally, the deple-
tion layer capacitance within the device contributes to
the high-frequency capacitance, causing slight variations
with changes in voltage and frequency. However, in the
low-frequency region (<103 Hz), as depicted in Fig. 1(a),
the capacitance of Device A starts to decline, eventually
becoming negative. Additionally, as frequency decreases,
NC increases, while the capacitance of Devices B and C
sharply rises in Figs. 1(b) and 1(c). This indicates that the
physical processes underlying the low-frequency capaci-
tance are closely related to both voltage and frequency.

To elucidate the behavior of NC further, we analyzed
data for these devices in the time domain. Transforming
frequency-domain information of impedance spectra into
the time domain through Fourier transformation enables
a direct correlation between the NC effect and hystere-
sis in the J–V curve, akin to the general low-frequency
response of the impedance [14,16,27,28]. As shown in
Fig. 2, the J–V curves exhibit divergence in the forward
and reverse directions, with the forward current exceed-
ing the reverse current, indicating normal hysteresis, and
the reverse current exceeding the forward current, suggest-
ing inverted hysteresis [16]. In Fig. 2(a), the hysteresis
of Device A transitions from normal to inverted as the
scan rate decreases, which corresponds to the shift from
high-frequency capacitance to low-frequency inductance
observed in Fig. 1(a). In contrast, the hysteresis curve
observed for Device B and C in Figs. 2(b) and 2(c), respec-
tively, remain consistently normal, corresponding to the
consistently positive capacitance values shown in Figs.
1(b) and 1(c). These characteristics are attributed to the
slow ion transport effect [29,30]. Due to the significantly
slower movement of ions compared with the response of
electrons, the observed delay in current results in both
capacitive and inductive components.

The low-frequency NC phenomenon can be com-
plex and not always straightforward. Despite having
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(a) (b) (c)

FIG. 1. Capacitance frequency (C–F) of (a) Device A, (b) Device B, and (c) Device C at different voltages.

the same architecture, Devices A and B exhibit oppo-
site low-frequency capacitance behaviors. Atomic force
microscopy measurements reveal that Device A has an
average surface roughness of 8.9 nm, while Device B
has a roughness of 12.0 nm (Fig. S3 in the Supplemental
Material [37]). The increased surface roughness in Device
B reduces charge transport across the perovskite layer
interface, promoting more recombination [31]. In con-
trast, the smoother surface of Device A (8.9 nm) enhances
the likelihood of forming a uniform and smooth inter-
face with the HTL [32], providing a better foundation for
improved electronic contact between the perovskite layer
and the HTL [33,34]. The SEM images (Fig. S4 in the
Supplemental Material [37]) also indicate that the sur-
face of Device B is rougher and has more distinct grains
compared with Device A. To further explore the relation-
ship between these surface properties and the observed
electrical behaviors, Fig. 3 provides a comparative anal-
ysis of the ideality factors for the three devices. Regard-
ing the ideality factor nid, according to the Shockley
ideal diode equation(JdarkV = J0(exp(eV/nidkBT) − 1)),
for perovskite devices, a nid value close to 1 indi-
cates radiative recombination and surface nonradiative
recombination, while a nid value close to 2 indicates
bulk nonradiative recombination [35,36] (see Supple-
mental Material [37]). In this study, we determined
the ideality factor of the devices from the dark J–V
curves (nid = (eJdarkV/kBT)(dV/dJ )). The ideality factor

for Device A (nid = 1.9) is greater than for Device B
(nid = 1.21) and Device C (nid = 1.26). This indicates
that carrier recombination in Device A predominantly
occurs through trap-assisted bulk recombination while, in
Devices B and C, recombination is more inclined toward
trap-assisted surface recombination.

For a more detailed analysis, we tested Device A under
various conditions. Figure 4(a) shows the capacitance C
variation in the dark state of Device A under elevated
bias conditions. At a bias voltage of 0.8 V, low-frequency
NC (1 kHz, 100 Hz) is observed, increasing with the bias
voltage and peaking at 1.1 V. Beyond this threshold, NC
decreases, and the capacitance at 1 kHz turns positive at
1.3 V, indicating the NC is confined to a specific voltage
range. A similar behavior is observed in the impedance
of Device A under illumination. As depicted in Figs. 4(b)
and 4(c), under a fixed bias voltage of 0.9 V, the high-
frequency capacitance of the device remains unaffected
by varying light intensities, whereas the high-frequency
resistance exhibits a decrease with increasing light inten-
sity. Additionally, the NC in the low-frequency region
disappears, and the low-frequency positive capacitance
grows with increasing light intensity. The variation of
resistance and capacitance with light intensity is illustrated
in Fig. 4(d). The changes in impedance under illumina-
tion can be explained by the nonuniform distribution of
photogenerated carriers [Fig. S6(b) in the Supplemental
Material [37]] with the highest concentration occurring
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FIG. 2. Under dark conditions, the forward and reverse J–V scans of (a) Device A, (b) Device B, and (c) Device C with different
scan rates.
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FIG. 3. Comparison of ideality factors for the devices.

at the interface. As the depth of the perovskite layer
increases, the concentration of photogenerated carriers
decreases exponentially. Moreover, with higher light inten-
sities, there is a greater accumulation of photogenerated
carriers at the interface. Similarly, the accumulation of
interface charges can also account for the changes in low-
frequency capacitance under high-bias voltages. At higher
voltages, there is a significant increase in the injection of
charges, leading to the formation of charge accumulation
regions near the electrodes, thereby resulting in an increase
in capacitance [25].

Based on the aforementioned observations, the grad-
ual relaxation of ions is considered the underlying cause
of low-frequency impedance characteristics. By analyz-
ing representative devices labeled as Device A, B, and C,
NC is found only in Device A, characterized by lower
efficiency and bulk recombination acting as the domi-
nant mechanism. Conversely, neither Device B, exhibiting
higher efficiency, nor Device C, which lacks the hole trans-
port layer to enhance surface recombination, exhibits NC.
However, the NC in Device A is not fixed; under condi-
tions of increased charge accumulation at the device inter-
face (high bias or illumination), the NC effect diminishes
and is replaced by low-frequency positive capacitance.
This raises the possibility that NC originates from the mod-
ulation of bulk recombination current by ion migration,
while ions induce low-frequency positive capacitance that
affects surface recombination. This elucidates why nega-
tive capacitance is observed only in certain devices. The
polarity of the low-frequency capacitance is determined by
the prevailing recombination mechanism in the device at
the current state.

The surface polarization model was previously proposed
to explain NC [15,38] but, due to the complexities in actual
measurements, some puzzling issues remain. One of the
main assumptions of the surface polarization model is the
distinction between the external voltage V(t) and the sur-
face polarization voltage VS under ion modulation [39].

In this study, we interpret this lag in surface voltage as a
result of interfacial ion accumulation. As shown in Fig. 5,
changes in the external voltage V(t) generate a bulk elec-
tric field Ebulk. This bulk electric field drives ions toward
the interface, where they gradually screen Ebulk. The relax-
ation of Ebulk leads to the difference between V(t) and VS
(V(t) + Vbi = Vs + bE).

The current through the device, J, can be divided into
different components:

1. A displacement current, jd, that represents the
device as a geometric capacitor undergoing charging and
discharging.

2. The remaining part of the current, j rec, consisting
of recombination currents based on the location of carrier
recombination.

3. Recombination occurring at the interface that corre-
sponds to the surface recombination current, j rec1. Recom-
bination occurring within the perovskite layer corresponds
to the bulk recombination current, j rec2.

The model equation is given by the following:

J = jd + jrec, (1)

V + Vbi = Vs + bE. (2)

The impedance is defined as

Z(ω) = V̂

Ĵ
= R + iX . (3)

The rate of charge accumulation within the depletion layer
following a voltage alteration is governed by the quan-
tity of mobile ions. These ions migrate to the interface
propelled by Ebulk during that specific timeframe so that

dQ = vqNdt = EbulkqNdt. (4)

where μ is the ion migration rate, N is the ion concen-
tration, and v is the velocity of ions driven by Ebulk. The
depletion layer charge is related to the interfacial potential
by the following functional relationship: [40]

Q(Vs) = √
qNεpVTsign(Vs)

√
2
(

eVs/VT − Vs

VT
− 1

)1/2

.

(5)

By combining Eqs. (4) and (5), and replacing all the
constant terms with τ 0, i.e., τ0 = μqN (dVs/dQ)|Vs=V̄s , we
derive the following:

τ0Ebulk = dVs

dt
, (6)

for the surface potential perturbation term V̂s. Due to
the generation of the bulk electric field, V̂s is no longer
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(a) (b)

(c) (d)

Offset voltage (V)

Relative light intensity

FIG. 4. (a) C–V characteristics of Device A under different frequencies in the dark. (b) C–F characteristics and (c) the impedance
spectrum of Device A with a fixed bias voltage of 0.9 V under different light intensities. The power of the light is 15.2 mW/cm2. (d)
Resistance and capacitance obtained by describing the electrochemical impedance spectroscopy (EIS) data measured in different light
intensities.

directly equal to the variation in the applied voltage V̂.
After accounting for the contribution of Ebulk, V̂s can be
expressed as

V̂s = V̂ − bE. (7)

By combining Eqs. (6) and (7), we determine that

V̂s = V̂
iω(b/τ0) + 1

. (8)

Given the potential distribution in the perovskite material
(V = V1 + V2 + xE), assuming an electron concentration

(a) (b)

FIG. 5. (a) Potential distribution diagram of a perovskite solar cell under steady-state conditions. (b) Potential diagram when an
external voltage changes, generating a bulk electric field. Here, V(t) and Vbi represent the applied voltage and the built-in volt-
age, respectively, and V1, V2, V3, and V4 denote the voltages within the space charge region; VS is the surface polarization voltage
(Vs = V1 + V2 + V3 + V4).

024041-5



JUNHUI WU et al. PHYS. REV. APPLIED 22, 024041 (2024)

of n0 in the electron transport layer (ETL), the carrier
concentration distribution in the device can be obtained as

n = n0 exp
(

−q(V1 + xE)

k0T

)
0 ≤ x ≤ b. (9)

For trap-assisted recombination (Shockley-Read-Hall
recombination), when electron recombination is domi-
nant, the recombination rate can be expressed as R ≈
(np/τpn + τnp) ≈ (n/τn) [41–43]. Here, τn represents the
electron lifetime. The recombination current is given by
j rec = qRd, and the surface recombination current j rec1 and
the bulk recombination current j rec2 can be expressed as
follows:

jrec1 = qvnn0 exp
(

−q(V1 + V2 + V3 + bE)

nidk0T

)
, (10)

jrec2 = qbn0

τn
exp

(
−2qV1 + 2qV2 + qbE

nidk0T

)
. (11)

In these equations, nid represents the ideality factor,
where nid = 1 for surface recombination and nid = 2 for
bulk recombination. By combining Eqs. (3)–(11), the
impedance analytical expression for the model can be
derived (see Supplemental Material [37]) as follows:

Zeq =
(

1
RL1 + RL2 + RH

+ i
CL

ω
− i

L
ω

+ iωCH

)−1

,

(12)

CH = C0, (13)

RH (V) = RH0e−(VH0/V), (14)

CL(V) =
(

1 − V̂1 + V̂2 + V̂3

V̂s

)

CL0e−(V/VL0), (15)

RL1(V) =
(

V̂s

V̂1 + V̂2 + V̂3
− 1

)

RL10e−(VL0/V), (16)

L(V) =
(

V̂1 + V̂2

V̂s
− 1

2

)

L0e−(V/VL0), (17)

RL2(V) =
(

V̂s

V̂1 + V̂2
− 2

)−1

RL20e−(V/VL0). (18)

Equations (13)–(18) demonstrate a robust correlation
between the circuit components, enabling the derivation of

relaxation times for various physical processes so that

τH = CH RH = nidk0T
q2vnn0

exp
(

−k0T
q

F(V)

)
, (19)

τC = CLRL1 = α
τ0

2

b2 , (20)

τL = −L/RL2 = β
τ0

2

b2 . (21)

The relaxation time τH of the high-frequency component
decreases exponentially with increasing voltage, whereas
the slow relaxation process associated with the low-
frequency component remains a voltage-independent con-
stant. In these expressions, α and β are recombination
parameters, with α denoting surface recombination

(

1 < α =
(

1 − V̂1 + V̂2 + V̂3

V̂s

)

×
(

V̂s

V̂1 + V̂2 + V̂3
− 1

)

< 1.5

)

and β denoting bulk recombination
(

0 < β =
(

1
2

− V̂1 + V̂2

V̂s

) (
V̂s

V̂1 + V̂2
− 2

)

< 0.5

)

.

Figure 6 demonstrates a strong agreement between the
relaxation times derived from experimental data and those
calculated using Eqs. (20) and (21). This model suc-
cessfully explains the temporal variation of the device’s
relaxation time τ . Notably, the experimentally obtained
slow relaxation time τB for Device B is shorter than both
the relaxation time τA for Device A and the theoretical
slow relaxation time τ L for the surface recombination cur-
rent component. This discrepancy can be attributed to the
fact that the slow relaxation time τ is also closely linked to
the ion concentration N in the device (τ ∝ τ 0

2 ∝ N 2). Com-
parative analysis of the J–V curves (Fig. S1 in the Sup-
plemental Material [37]) and impedance spectra (Fig. S2
in the Supplemental Material [37]) reveals that Device B,
which exhibits superior performance and fewer defect-
related recombinations than Device A, has a lower ion
concentration. As a result, the low-frequency characteristic
time constant τB is shorter than τA.

The equivalent circuit is shown in Fig. 7. Here, CH and
RH are the geometric capacitance and the composite resis-
tance of the device, respectively; CL and RL1 signify the
phase and magnitude of the trap-assisted surface recom-
bination current, which is modulated by ions. With both
coefficients being positive, they contribute positively to
the low-frequency capacitance and resistance; L and RL2
denote the impact of ion migration on the trap-assisted
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FIG. 6. Relaxation times derived from experimental data and
analytical calculations. The parameters utilized for the analytical
calculations include carrier charge q = 1.6 × 10−19 C, recombi-
nation parameters α = 0.25, β = 1.25, perovskite layer thickness
d = 400 nm, ion concentration N = 2 × 1020 cm−3 [44], effective
ion mobility µ = 5 × 10−11 m2 V−1 S−1 [45], and the ratio of
Debye layer voltage to charge dVs/dQ|Vs=V̄s = 5 VC−1 [46].

bulk recombination current. When the voltage perturbation
at the ETL-perovskite interface (V̂1 + V̂2) surpasses that
at the perovskite-HTL interface (V̂3 + V̂4), the coefficients
become negative, resulting in negative values for the low-
frequency capacitance and resistance. A constant series
resistance (Rs) represents losses in the external circuit.
The fits effectively capture the features of the impedance
spectra, as shown in Fig. 7, successfully reproducing the
impedance spectrum characteristics discussed previously.

The dependency of CL and RL on voltage in the present
devices exhibits exponential trends. At low voltages, CL is
predominantly determined by the C0 of the device. How-
ever, as the applied bias voltage approaches the device’s
open-circuit voltage, there is a pronounced increase in CL,
which can be attributed to the alterations in the charge
carrier dynamics. This alteration readily accounts for the

abrupt changes observed in CL at higher bias voltages.
In Device B, which primarily exhibits surface recombi-
nation, CL is large and we can obtain the double RC
feature of Fig. 7(a). In device A, carrier recombination
predominantly entails bulk recombination, resulting in a
relatively large inductive component L. The capacitive arc
is not observed at low frequencies and is replaced by the
chemical inductor feature of Fig. 7(b).

The low-frequency impedance characteristics are deter-
mined by the primary recombination mechanism of the
device. Under illumination, the recombination mechanism
changes due to the nonuniform distribution of photogen-
erated carriers [Fig. S6(b) in the Supplemental Material
[37]]. Consequently, the equivalent impedance reflecting
the inductive and capacitive components in the impedance
function is given by

Zeq
L =

(
exp

(
q(VL0 − ab)

k0T

) (
1

RL2
− i

L
ω

))−1

, (22)

Zeq
C =

(
exp

(
qVL0

k0T

) (
1

RL1
+ i

CL

ω

))−1

. (23)

The accumulation of photogenerated carriers at the inci-
dent interface increases the interface recombination of
carriers, leading to an increase in the capacitive component
of the impedance function. Therefore, in our experiments,
we observed a transition from low-frequency negative
capacitance to positive capacitance under illumination. In
addition, as the light intensity increases, the low-frequency
capacitance continues to rise.

The origin of NC in PSCs using a unified model
was investigated. Our analysis established the relationship
between the NC effect, ion migration, and recombination
mechanisms. In addition, we proposed a surface polariza-
tion model to quantitatively characterize this relationship.
Experimental validation of the model confirms that both

(a) (b)

Experimental data Experimental data

FIG. 7. (a) Experimental data and fitting curves for Device B and (b) experimental data and fitting curves for Device A.
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illumination and bias voltage notably influence negative
capacitance. This study provides valuable insights into the
origin of NC and its association with carrier recombination
mechanisms in PSCs.

IV. CONCLUSION

In summary, we have conducted a comprehensive anal-
ysis of impedance spectroscopy measurements across var-
ious solar cell architectures. Our research sheds light on
the intricate relationship between the NC effect and fun-
damental carrier recombination mechanisms, particularly
focusing on ion dynamics at both the surface and within the
bulk of perovskite materials. By refining the surface polar-
ization model, we have derived analytical expressions that
quantitatively link the NC effect to carrier recombination
processes. Our findings highlight the significant influence
of illumination and bias voltage on modulating the NC
effect, providing a succinct explanation for its dissipation
under illuminated conditions. This model not only estab-
lishes a robust theoretical framework for optimizing the
performance of perovskite-based devices but also offers a
fresh perspective on carrier recombination dynamics.
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