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Capacitance response of perovskite-based solar cells (PSCs) can be exploited to infer underlying

physical mechanisms, both in the materials bulk and at outer interfaces. Particularly interesting is

applying the depletion layer capacitance theory to PSCs, following common procedures used with

inorganic and organic photovoltaic devices. Voltage-modulation of the depletion layer width allows

extracting relevant parameters as the absorber defect density and built-in potential by means of the

Mott-Schottky (MS) analysis. However, the uncritical use of the MS technique may be misleading

and yields incorrect outcomes as a consequence of masking effects that accumulation capacitances,

commonly observed in PSCs, produce on the measured capacitance value. Rules are provided here

to select the measuring frequency that allows extracting depletion layer capacitance, and the volt-

age range in which it dominates, avoiding accumulation capacitive parasitic contributions. It is

noted that the distinction of the depletion capacitance from the accumulation capacitance is only

feasible in the case of perovskite layers containing significant defect density (�1017 cm�3). It is

confirmed that MS reproducibility is assured by hysteresis reduction at slow scan rates, and positive

bias starting polarization. A complete procedure with specific checking points is provided here for

consistent MS measurement and interpretation. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4966127]

Since the successful introduction of hybrid perovskite

compounds as CH3NH3PbI3 (MAPbI3), acting as light

absorber materials (in 2012 all-solid-state solar cells with

10% power conversion efficiency were obtained)1,2 there

have been an unprecedented development of the so called

“Perovskite Solar Cells” (PSCs) reaching performances as

high as 22.1%.3 These devices basically consist of a layered

architecture where the absorber perovskite is sandwiched

between an electron transport material (ETM), regularly TiO2,

and a hole transport material (HTM), usually made of the

organic compound 2,20,7,70-tetrakis(N,N-di-p-methoxyphe-

nylamine)–9,90-spirobifluorene (spiro-OMeTAD).4,5 Recently,

significant attention has been paid to the capacitive response

of this kind of photovoltaic device.6 The observation of a huge

capacitance in the low frequency region of the spectrum, and

its variation with the light intensity, have been interpreted in

terms of contact or electrode charge accumulation mecha-

nisms.7 Other types of solar technologies also exhibit capaci-

tive responses related to contact phenomena as the depletion

layer capacitance commonly exhibited by inorganic and

organic photovoltaic devices.8 Voltage-modulation of

the depletion layer width (w) allows extracting relevant

parameters as the absorber acceptor defect density (N) and

built-in potential (Vbi) by means of capacitance-voltage (C-V)

Mott-Schottky (MS) analysis.9 These two parameters can be

used to derive experimentally-supported PSCs device models,

and also constitute key information of variations in materials

properties induced by device processing modifications.

However, the direct application of the MS technique to PSCs

is challenging because of the masking effects of additional

(and large) accumulation capacitance contributions.10–19 In

addition, there is still a lot of research and debate around

several current distorting behaviors producing hysteresis

effects,6,20,21 whose implications are often unnoticed when

analyzing typical MS plots. Therefore, the uncritical use of the

MS technique may be misleading and yields incorrect out-

comes. In this letter we point out some important PSCs capac-

itive features, aiming at providing useful information for the

interpretation of capacitance measurements in relation to the

validity of the MS analysis. Well-performed MS analysis will

permit exploring on the influence that materials synthesis and

device processing have on the operating physics parameters.

A complete procedure with specific checking points is pro-

vided here in order to perform consistent MS analyses.

The most common and established method for the

capacitance determination is through impedance spectros-

copy technique.22 It basically consists of applying an AC

potential small perturbation ~V at a given angular frequency

x, and then sensing the AC current response ~I of the sample.

Subsequently, the impedance is obtained from as Z� ¼ ~V=~I ,

being the capacitance spectrum, the real part of the complex

capacitance C� ¼ 1=ixZ�, with i ¼
ffiffiffiffiffiffiffi
�1
p

. The capacitance is

typically displayed as a function of the measuring frequency

f ¼ x=2p for several DC applied forward bias in the dark at

room temperature (Figure 1). For subsequent C-V and MS

analysis a certain frequency has to be selected.

Several solar cell structures have been analyzed compris-

ing planar TiO2 layers (with and without TiO2 mesoporous

scaffold) as electron selective layer, and spiro-OMeTAD as

hole selective material. Details on device processing, absorber

compounds CH3NH3PbI3 and CH3NH3PbI3–xClx, and photo-

voltaic response can be seen as supplementary material.

Experiments were carried out at room temperature, within an
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electromagnetically shielded box, in the air under 20%–35%

of relative humidity. No special device encapsulation was

used. As it has been previously described,23 the capacitance

spectrum of perovskite solar cells presents three clear regions

that have been associated with different mechanisms. At

low frequencies, a capacitance excess arises caused by elec-

trode polarization phenomena Cs. At higher frequencies, the

effect of series resistances Rs is observed reducing the capaci-

tive response. Between these two limits, a rather constant

capacitance plateau appears, in principle governed by the

polarizability of the material, giving rise to the geometrical

capacitance per unit area Cg at zero and negative bias. This

central region may contain additional contributions in relation

to the depletion layer capacitance Cdl. These three capacitive

features are visible at different applied bias. However, it

is clear from Figure 1 that at low frequencies the capacitance

is exponentially enhanced by orders of magnitude.24 On

the contrary, the central capacitive plateau only increases

considerably above certain DC bias (approximately 0.5 V).

Concerning the low frequency capacitance, it has been sug-

gested to be associated with ionic accumulation mechanisms,

mainly located at the electrode interfaces, and further corre-

lated with the anomalous slow dynamic current transients and

the current-voltage curve hysteresis.23–25

It is apparent then that in PSCs several capacitive mech-

anisms simultaneously operate, dominating at different fre-

quency ranges. This means that it is not straightforward

to select a standard frequency at which to perform MS analy-

ses. In our experience, the frequency domain of the central

dielectric polarization region lies around 1–100 kHz, but still

varies with the measurement conditions as well as with the

specific characteristics of the sample.

Since a typical current rectifying behavior takes place

in PSCs, it is appealing to use the theory of semiconductor

heterojunctions,8 where the contact of acceptor (considering

p-type perovskite) and donor (ETM) layers form a space-

charge zone (depletion layer) that holds the barrier by equal-

izing the Fermi levels. In the one-side abrupt step junction

approximation (the simplest case), the depletion zone width

covers a prominent portion of the perovskite layer thickness,

where the defect density N entails a homogeneous charge

distribution q ¼ qN [see inset in Figure 2(a)], being q the

elementary charge. The depletion layer capacitance per unit

area can be approximated as a function of the applied bias

V as8,19

Cdl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qee0N

2 Vbi � Vð Þ

s
(1)

where e0 is the vacuum permittivity and e is the relative

dielectric constant of the perovskite material. As noted

Equation 1 follows a parabolic dependence on applied volt-

age, and it implies the common relation C�2
dl ¼ 2ðVbi � VÞ=

qee0N used in analyzing MS plots for V < Vbi (far from the

depletion layer collapse, or flat band condition). Depletion

layer width w in perovskite solar cells has not only been

extracted from capacitance analysis but also from direct

nanometric profiling of the electrical field using Kelvin

probe force microscopy.19,26 MS analysis is meaningful only

when Cdl is clearly identified.

In Figure 2(a) a solar cell comprising CH3NH3PbI3–xClx
as absorber in a mesoporous device structure is used as

an example. It allows illustrating the Mott-Schottky plot

and the linear fit derived from Equation (1), which permit

N and Vbi calculation. Usually, reported values lie around

N � 1017 cm�3 and Vbi � 1.0 V, in good agreement with the

energetic offset between perovskite and TiO2 Fermi lev-

els.17,19 The capacitance is extracted from the capacitance

spectra at a given frequency (10 kHz) within the high-

frequency plateau linked to the dielectric response of the

FIG. 1. Capacitance spectrum of a CH3NH3PbI3-based PSC (with mesopo-

rous TiO2 matrix) at several applied DC forward bias in the dark at room

temperature. Inset: impedance plot at zero bias signaling a single RC arc

(black solid line) fitting the high-frequency range. The MS analysis sampling

frequency is selected where the arc fits the data well (dielectric polarization

plateau in the Bode plot). The amplitude of the AC signal was of 10 mV (see

experimental details and solar cell structure as supplementary material).

FIG. 2. Illustrative Mott-Schottky plots of PSCs (left axis, black filled dot-

ted) and respective capacitance-voltage curves (right axis, gray open dotted)

for (a) CH3NH3PbI3-xClx and (b) CH3NH3PbI3-based devices with mesopo-

rous TiO2 matrix (see experimental section as supplementary material).

While in (a) three voltage regions can be differentiated allowing for correct

MS analysis, in (b) the depletion layer capacitance cannot be identified and

hence MS plot analysis is not feasible. Inset in (a): the respective charge

density distributions in the depletion layer as a function of the distance from

the junction. The measurements were carried out in the dark, at room tem-

perature and the AC perturbation was 10 mV at 10 kHz.
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absorber layer. Here it should be noted that such calculation

depends on the right estimation of e, which exhibits signifi-

cant scattering (20–35 for MAPbI3) in the literature.6,24,27,28

This estimation is often based on the classical parallel plate

capacitor Cg ¼ e0e=d, being d the layer thickness. As noted

previously, Cg can be readily extracted from the capacitance

response at zero or negative bias at frequencies within the

dielectric plateau. A selection of a low sampling frequency

for the measurement of Cg may result in the overestimation

of e. In order to warrant the dielectric character of Cg, it is

useful to check different surface areas and/or sample

thicknesses.

Figure 2(a) allows noticing that the aforementioned lin-

ear trend in C�2ðVÞ (derived from Equation (1)) is only pre-

sent in a limited range of applied bias (low forward bias) at

which Cdl is definitely identified. At reverse bias a sort of

saturation deviates from the linear trend. This signals the

occurrence of full depletion conditions, in contrast to other

photovoltaic technologies such as those based on Si29,30

or CdTe31,32 where the Mott-Schottky behavior is mainly

explored in the reverse bias regimen because of wider thick-

nesses. The full depletion take place when Cdl equalizes Cg

(depletion layer limit), at a given reverse bias. On the other

hand, MS plot deviates from the linear dependence as bias

approaches the built-in voltage in the forward direction. This

trend is associated to an exponential increase of the capaci-

tance of the form C / expðqV=nkBTÞ, which can be better

seen in the logarithm scaled right axes of Figures 2(a)

and 2(b) for V > 0:6 V [see also Figures S1 and S2(a),

S2(b), and S2(e) of supplementary material]. The exponen-

tial increase is a consequence of the low-frequency excess

capacitance (Figure 1), denoted as Cs, that even contributes

to the MS plot at frequencies as high as 10 kHz exceeding

Cdl. It is noted that Cs varies exponentially, while Cdl exhib-

its a parabolic voltage-dependence. In practical terms, these

different dependences allow separating their effects. Several

explanations have been proposed for the encountered expo-

nential dependences. For instance the chemical capacitance,

which arises from the Fermi level modulation of minority

carriers, has been traditionally identified in conventional

Si devices where the transition between regimens take place

around 0.2 V.8,9,33 Recently, charge accumulation capaci-

tance Cs occurring at the TiO2/perovskite interface has

been proposed.23,24 This last capacitive mechanism is able to

explain the huge capacitance values reported at low frequen-

cies (Figure 1).

The influence of capacitive term Cs on the MS represen-

tation is not always evident, as it can be seen in Figure S1

(supplementary material), where apparently the depletion

layer has just reached its collapsing limit. This has moved in

some cases to disregard the effect of the parasitic Cs without

examining the logarithm scaled C-V curve. The clear distinc-

tion of the three voltage regions drawn in Figure 2(a) (with

different capacitive mechanisms dominating in such a way

that Cg < Cdl < Cs) is needed for a proper MS application.

Figure 2(b) shows an example of a direct transition between

Cg and Cs without the occurrence of the depletion layer

voltage-modulation in the case of CH3NH3PbI3-based solar

cells including mesoporous TiO2 matrix. The last observa-

tion means that the fitting in the apparently linear region

(V> 0.5 V) is misleading as it does not stem from a true Cdl

response, but from a Cs-related capacitance [Figure 2(b)].

Therefore, it is then quite recommendable to endorse the

MS analysis with the corresponding C-V curve as presented

in Figure 2. Consequently, the MS analysis can only be

valid in those cases in which the distinction Cg < Cdl < Cs

is clearly established. The reported data in Figure 2(a)

give evidence that our mixed-halide perovskites of the

kind CH3NH3PbI3–xClx own a large enough defect density

(N� 1017 cm�3) so as to be detected by MS analysis, in good

agreement with the assumption of q ¼ qN. It is noted that

Cdl /
ffiffiffiffi
N
p

from Eq. (1). As a consequence, perovskite layers

containing less defects (highly crystalline materials or with

less disordered grain boundaries) cannot yield distinguish-

able Cdl in the MS plot representation [Figure 2(b)]. Actual

defect density will depend on the preparation route and spe-

cific device processing. Moreover, MS analysis can therefore

be used as a probing technique able to explore the influence

of processing on defect formation.

We stress on the selection of the frequency at which the

measurement is done, which must coincide with the central

capacitance plateau observed at zero bias. It is evident that

depending on the selected frequency, the resulting MS plot

can significantly differ. We propose to select the measuring

frequency within the high-frequency range of the dielectric

plateau. In our measurements a proper selection is 10 kHz

(Figure 1). It should be noted that the contact mechanisms

can introduce featured capacitance responses able to

completely mask Cdl. In a recent impedance analysis it was

found that the interfacial impedance has a rich structure that

reveals different parasitic capacitive processes, serial steps

for electron extraction, and a prominent inductive loop

related to negative capacitance at intermediate frequencies.34

The application of the MS technique is clearly problematic

in these cases. Alternatively, the frequency selection can rely

on the Nyquist plot representation by fitting a single RC arc

in the high frequency range. As presented in the inset of

Figure 1, the arc coincides with the experimental data at

those frequencies where the dielectric polarization plateau

occurs (in the Bode plot).

Furthermore, there are additional anomalous behaviors

that often distort the capacitance measurements. C-V analysis

is always a dynamic measuring technique in which capacitance

is registered in response to voltage steps. Similar to that occur-

ring to the current-voltage curve hysteresis, the rate and direc-

tion at which the DC applied bias is swept also produce

hysteresis in the capacitance-voltage curve. As an illustration

of the effect of a wide voltage window and scan rate, Figure 3

shows hysteretic capacitive measurements. In the inset of

Figure 3(a) the capacitance difference DC between sweep

directions is drawn. The presence of significant DC, and its

peaks around certain specific voltages, can be understood as a

product of the contact reactivity.34,35 In this case, the analysis

of MS slopes is absolutely meaningless as observed in the inset

of Figure 3(b), producing unexpected and erroneous

Vbi � 0:6� 0:8 V estimations. C-V plots at different scan rates

have been previously reported for perovskite solar cells,35 and

also related to degradation in the case of CdTe photovoltaic

devices.36 In supplemental Figures S2(e) and S2(f), analogue

to Figure 3, curves are presented for a different device
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ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-109-042643
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-109-042643


architecture and polarization routines evidencing their impact

on the degree of “capacitance hysteresis.”

By examining supplemental Figure S1, which corre-

sponds to the same device as that presented in Figure 2(a),

one can observe how MS plots exhibit minor Cs contribution

when voltage scan starts at positive bias. This is also observed

by comparing Figs. S2(a) and S2(b) (supplementary material)

that differ in the starting bias of the voltage sweep. Again pos-

itive polarization produces reproducible curves with proper

MS plots [Figure S2(d) of supplementary material], in this

case, using planar devices. These last findings indicate that

positive polarization pretreatment and slow scan rate are

necessary conditions for correct MS analysis application.

Slow scan reduces hysteretic contributions and starting posi-

tive polarization reduces interfacial capacitance accumulation.

Thus, it is clear that the time scale and range of DC applied

bias, as well as the cell design and moving defect distribution,

can distort capacitance responses.

Also of importance is noticing the commonly observed

materials instability of the PSCs, demanding a compulsory

need for checking measurement reproducibility. Consequently,

it is prudent to design fast and low stressing experiments on

fresh cells, trying to extend the stability period of the sample.

For the latter, the isolation from moisture, oxygen, UV light,

high temperatures, and the application of not excessive DC

bias is advisable.37

In summary, the interpretation of Mott-Schottky analy-

sis based on measurements of capacitance for PSCs should

be performed with certain precautions. Following standard

procedures may lead to interpretation mistakes, contrary to

that occurring with other photovoltaic technologies. The

presence of large parasitic Cs caused by ionic polarization as

well as reactivity at the contacts hinders from Cdl proper

extraction, and sometimes even prevents from using the MS

technique. In order to accurately develop such analysis the

following steps must be considered: (i) identification within

the capacitance spectrum of the frequency range at which

the perovskite dielectric features can be extracted. Here

the dielectric constant should be estimated at zero or nega-

tive bias. (ii) Selection of a proper measuring frequency

within the central plateau of the capacitance spectra. (iii)

Identification of the voltage region dominated by Cdl within

the C-V plot, which must be checked with the MS plot for

consistency. And finally (iv) verification of the sensitivity of

C-V analysis on scan directions, rates, and pretreatment

polarization. As noted previously, reactivity, predominantly

at contacts, significantly alters both capacitive and resistive

electrical behavior. Only under careful checking of the

capacitance response, Mott-Schottky analysis can lead to

meaningful and reliable parameter extraction to be properly

used in device physical modeling.

See supplementary material for device preparation,

experimental conditions and photovoltaic characteristics

details. Additional results on C-V and Mott-Schottky analy-

sis are also provided.
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