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The Mott-Schottky analysis in the dark is a frequently used method to determine the doping
concentration of semiconductors from capacitance-voltage measurements, even for such complex systems
as polymer:fullerene blends used for organic solar cells. While the analysis of capacitance-voltage
measurements in the dark is relatively well established, the analysis of data taken under illumination is
currently not fully understood. Here, we present experiments and simulations to show which physical
mechanisms affect the Mott-Schottky analysis under illumination. We show that the mobility of the blend
has a major influence on the shape of the capacitance-voltage curve and can be obtained from data taken
under reverse bias. In addition, we show that the apparent shift of the built-in voltage observed previously
can be explained by a shift of the onset of space-charge-limited collection with illumination intensity.
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I. INTRODUCTION

Impedance-based techniques have been frequently used
to study doping concentration [1,2], charge recombination
[3–7], and the density of states [8] in various thin-film
solar cells including organic solar cells. The most basic
impedance-based technique is the capacitance-voltage
measurement in the dark, which allows one to derive the
doping concentration for sufficiently thick absorber layers
[9,10] and gives some information about the amount of band
bending in the device. While the capacitance-voltage meas-
urement in the dark is a well-understood method [9–12],
capacitance-voltage (CV) measurements under illumination
have so far been much more difficult to interpret [13,14] and
have shown features that were not straightforward [15,16] to
explain with analytical equations. Guerrero et al. [13] and
Bisquert et al. [16] observed for P3HT:PCBM-based devices
a marked shift in theCV curves with light intensity. In such a
case, the use of the Mott-Schottky analysis to calculate the
built-involtage leads tovalueswhich aremuch lower than the
value obtained in the dark andmay even be negative for high
light intensities.
Here, we attempt to explain the features observed in CV

measurements under illumination with a combination of the
charge-carrier mobility and the photogenerated space
charge in the device. Provided that the device is sufficiently
thin and not affected by a high doping concentration, we
show that theCV curves can be approximately described by
a theory of photocapacitance developed by Crandall
[17,18] for amorphous silicon solar cells. Through the
application of this theory, the mobility can be determined,
and CV measurements can be used as complementary
method to other techniques for the determination of doping
density and mobility [19,20]. However, for practical cases,

we observe differences between the theory of Crandall and
the experimental results that are due to the assumptions
required to derive Crandall’s equation breaking down in
certain cases. For instance, recombination may have a non-
negligible influence on the shape of the current-voltage
curve even in short circuit or under reverse bias. We use
numerical simulations and analytical estimates of the
space-charge-limited photocurrent to show how the capaci-
tance might change relative to Crandall’s theory for the
example where asymmetric mobilities lead to insufficient
charge collection. In particular, we explain why the
apparent built-in voltage that is obtained from Mott-
Schottky plots under illumination [13,16] is often substan-
tially lower than the built-in voltage obtained in the dark
and sometimes even negative. This initially surprising
result can be either attributed to the capacitance originating
from photogenerated charge carriers that can build up in
low-mobility materials even at reverse bias or from using an
inappropriate equivalent circuit for data analysis.

II. EXPERIMENTAL DETAILS

The preparation of thepolymer solar cells is as follows.We
produce deviceswith the inverted structure glass=ITO=ZnO=
polymers∶PC71BM=MoO3=Ag. As polymers, we use
PTB7 [poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b9)
dithiophene)-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno
[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] ] andPBDTTT-C
[poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b9)dithio-
phene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-b]thio-
phene-)-2-6-diyl)] ]. The active layer of the PTB7∶
PC71BMð½6;6�-phenyl-C71-butyric acid methyl esterÞ devi-
ces is prepared using a solution of 1:1.5 wt % in
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chlorobenzene at a concentration of 25 mg=mL towhich the
additive 1,8-diiodooctane (3% by volume) is subsequently
added. For the PBDTTT-C-based devices, a 1:1-wt % ratio
of PBDTTT-C to PC71BM 30-mg=mL chlorobenzene sol-
ution is used. The ZnO layer is spin coated on indium-tin-
oxide-covered glass substrates sonicated in acetone and
isopropanol. The polymer:PC71BM solution is deposited on
top by spin coating at 1600 or 800 rpm for the PTB7- and
PBDTTT-C-based devices, respectively. Finally, MoO3

(7 nm) and Ag (100 nm) are evaporated in high vacuum
as cathode.
The characterization of the PTB7∶PC71BM and

PBDTTT-C∶PC71BM devices is carried out under simu-
lated AM1.5 irradiation (100 mW=cm2) using a xenon
lamp as light source. The capacitance measurements are
performed with a Gamry Interface 1000 potentiostat at a
fixed frequency of 5 kHz.

III. THE MODEL

At short circuit, the quasi-Fermi-levels of a diode are
equal at the two contacts, i.e., the voltage is zero; however,
they are not necessarily equal in the bulk of the device, as
shown in Fig. 1. Instead, depending on the amount of
illumination and the charge-carrier mobilities, charge
carriers can build up in the device. Figure 1 illustrates
the effect of charge-carrier mobility on the energy band
diagram calculated under 1-sun illumination at 0 V (short-
circuit conditions).
The data were obtained performing frequency-dependent

drift-diffusion simulations with the software SCAPS [21,22]
developed by the group of Marc Burgelman at the
University of Gent. The parameters used in the simulations
can be found in the Supplemental Material [23] Table SI.
The higher the illumination and the lower the mobilities,

the more charge carriers will exist at short circuit in a device
and will, therefore, contribute to its capacitance. Thus, it is
evident that a measurement of either the charge density or
the capacitance under illumination will provide information
about the charge-carrier mobilities. This concept has been
used previously in the time domain, for instance, by Shuttle
et al. [24] to determine the mobility in organic solar cells by
measuring the extracted charge density under illumination
at short circuit. Equivalent information can be obtained
using capacitance measurements under illumination and
short circuit or reverse bias. Crandall [17] derived an
expression for the photocapacitance of a p-i-n a-Si∶H
solar cell which can also apply to organic solar cells under
certain circumstances. The derivation in Ref. [17] relies on
three assumptions in order to be valid. The assumptions are
that recombination has to be negligible, the photocurrent
can be approximated by a drift current (diffusion is
neglected), and the electric field in the device is constant
and equal to ðVBI-VÞ=d where VBI is the built-in voltage,
and d is the active-layer thickness. These assumptions
imply that space-charge effects due to, e.g., asymmetric
mobilities [25–28], doping [11,29–31], or asymmetric
contact barriers [32] are not included in the theory.
These effects are more likely to matter in an organic solar
cell of a given thickness as opposed to an amorphous Si
solar cell because the relative permittivity of the organic
layers is small, and space charge has a stronger influence on
the electric field. It is important to note that the breakdown
of the assumptions of the negligible recombination rate and
constant electric field used in the derivation are important
later to explain deviations from Crandall’s equation
observed in experiment. The expression for the photo-
capacitance [17]

Cph ¼
qGd3

2ðμp þ μnÞðVBI − VÞ2 ð1Þ

shows how its value depends on the light intensity through
the generation rate G, the sample thickness d, the built-in
voltage VBI, and the applied dc bias V, as well as the
electron and hole mobilities μn and μp. Thus, given the
thickness of the active layer, the light intensity, and the
effective electric field, the value of the capacitance is
uniquely determined by the mobilities μn and μp.
Equation (1) means that knowing the sample thickness
and the generation rate, it is possible to extract the mobility
directly from capacitance-voltage measurements under
illumination. The total measured capacitance

Ctot ¼ Cph þ Cdark ð2Þ
is the sum of the photocapacitance Cph and the dark
capacitance Cdark which includes the geometrical capaci-
tance. It is possible to rewrite Eq. (1) in order to emphasize
the proportionality between the reciprocal of the square
root of the photocapacitance and the applied bias V. We
obtain a straight line if we plot
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FIG. 1. Band diagram of a 100-nm-thick intrinsic solar cell
under 1-sun illumination and short-circuit conditions (applied
voltage Vext ¼ 0 V) for different electron and hole mobilities.
The quasi-Fermi-level splitting Efn − Efp in the active layer
increases progressively with decreasing mobility and the charge-
carrier densities change consequently.
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1ffiffiffiffiffiffiffi
Cph

p ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ctot − Cdark

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðμn þ μpÞ

p
ffiffiffiffiffiffiffiffiffiffiffi
qGd3

p ðVBI − VÞ ð3Þ

versus the applied dc bias whose slope can be used to
determine the mobility. Here, μ refers to the average
mobility. When the same capacitance-voltage measurement
is performed under different light intensities, the plot of
ðCtot − CdarkÞ−1=2 versus the applied dc bias can be
replaced by the plot of ðCph;normÞ−1=2 versus the applied
bias, where the thickness and generation-rate-normalized
photocapacitance is defined as

Cph;norm ¼ 4Cph

qGd3
: ð4Þ

According to Eq. (3) and assuming μp ¼ μn, this plot
should lead to a series of overlapping straight lines whose
slope can be used to calculate mobility.

IV. RESULTS AND DISCUSSION

In order to test the validity of Eq. (1), capacitance-voltage
measurements in the dark and as a function of light intensity
are performed on solar cells composed of PTB7blendedwith
PC71BM and solar cells composed of PBDTTT-C blended
with PC71BM. All the devices are fabricated using the
inverted architecture glass=ITO=ZnO=polymers∶PC71BM=
MoO3=Ag.The PTB7-based devices are 190 nm thick,while
the PBDTTT-C-based devices are 170 nm thick.
It is important to stress the fact that when a capacitance-

voltage measurement is performed, the quantity recorded as
function of voltage is the total impedance of the device at a
certain frequency from which the capacitance can later be
extracted. In order to analyze measurements done as a
function of voltage for a single frequency, the device has

to be modeled with a simple equivalent circuit consisting of a
resistor and a capacitor. In principle, there are two ways to
connect these: in series, which we call the CsRs mode, or in
parallel, which we call the CpRp mode. At reverse bias or
short circuit, wherewemostly analyze our data, the resistance
of the diode in parallel to the capacitorC is large and certainly
not negligible relative to C. Therefore, the CpRp mode
is certainly the more sensible one for the analysis of
capacitance-voltage measurements. However, the use of
the CsRs leads to quite peculiar results, especially under
illuminations that are relevant to the analysis of CV
measurements. Therefore, in the following, we briefly sketch
how these different modes lead to different results for the
resulting capacitance.
In the CsRs mode, the total impedance Zs;tot is simply the

sumof the impedance of the resistorZR and the impedance of
the capacitor ZC (Zs;tot ¼ ZR þ ZC), while in the CpRp

mode, the inverse ofZp;tot is equal to the sumof the inverse of
the ZR and the inverse of ZC (1=Zp;tot ¼ 1=ZR þ 1=ZC).
Thus, in the former case, the capacitanceCs can be calculated
from the imaginary part of the total impedance Zs;tot via

ImðZs;totÞ ¼ − 1

ωCs
; ð5Þ

and in the latter case, the capacitance Cp from the imaginary
part of the total impedance Zp;tot,

ImðZp;totÞ ¼ − ωCpR2
p

1þ ω2C2
pR2

p
; ð6Þ

where ω is the angular frequency, and Rp the value of the
resistor connected in parallel with the capacitor Cp. The two
analysis modes normally provide different capacitance
values, as shown in Fig. 2, which presents the CV

0.020

0.025

0.030

0.035

0

2

4

6

8

-3 -2 -1 0 1
0

1

2

3

-3 -2 -1 0 1
0

1

2

3

0

1

2

3

(a)

C
  (

µ F
/c

m
²)

C
  (

µ F
/c

m
²)

(c)

Increasing 
light intensity

Increasing 
light intensity

C
p
R

p s
mode C R

s
mode

(b)

1/
C

2   (
10

15
 c

m
4 /F

2 )

1/
C

2   (
10

15
 c

m
4 /F

2 )

Voltage V  (V)

Increasing
light intensity

(d)

Voltage V  (V)

Increasing
light intensity

FIG. 2. (a),(c) Capacitance C and (b),(d)
C−2 versus applied bias for different light
intensities (dark, 0.2, 0.5, 0.7, 1 sun) ob-
tained measuring a PBDTTT-C∶PC71BM
(1:1.5 wt %) device. The panels on the left
[(a),(b)] show the case where a capacitor in
parallel with a resistor is used to evaluate the
data, while the panels on the right [(c),(d)]
show the casewhere a resistor in serieswith a
capacitor is used to evaluate the data. The
data differ drastically, especially with respect
to their light-intensity dependence. Particu-
larly, the Mott-Schottky plot in the CsRs
mode shows a strong effect of the illumina-
tion on the data.
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characteristics and C−2V characteristics (Mott-Schottky
plot) obtained by calculating the capacitance from the same
impedance measurements on a PBDTTT-C∶PC71BM
(1:1.5 wt %) sample. Note that Figs. 2(a) and 2(c) have a
y-axis scale which differs by 2 orders of magnitude.
Equating the right sides of Eqs. (5) and (6) and solving

for Cs leads to

Cs ¼
1

ω2CpR2
p
þ Cp: ð7Þ

Thus, the difference between the capacitance Cs derived
using the CsRs mode and the capacitance Cp derived using
theCpRp modemostly depends on thevalue of the resistance
Rp. This value is not constant but depends on the light
intensity: the higher the light intensity, the smaller isRp. This
means that when the light intensity increases, Rp changes as
well becoming smaller, and, consequently, the difference
between Cs and Cp gets bigger. This tendency is also shown
inFig. 2where it is evident that thedifference betweenCs and
Cp becomes larger as the light intensity increases, while it is
close to zero in the case of measurements performed in the
dark and under reverse bias. Since the CpRp mode is
physically more meaningful than the CsRs mode, all the
following presented capacitance data are obtained with the
CpRp analysis mode.
Figure 3(a) shows the plot of ðCph;normÞ−1=2 versus applied

bias for different light intensities (0.2, 0.5, 0.7, 1 sun)
obtained measuring the PBDTTT-C-based device, whereas
Fig. 3(d) shows the same plot for the PTB7-based device.
It can be seen that in both cases the lines corresponding to

the different light intensities are not overlapping, as predicted
by Eq. (3). However, all the lines are parallel, indicating that

the mobility values extracted from the linear fit remain
roughly the same as a function of light intensity. Themobility
for the PBDTTT-C-based device extracted from the curves in
Fig. 3(a) exhibits a nearly constant value equal to
1.24×10−5þ=−1.3×10−6 cm2V−1s−1, which is in agree-
ment with literature values for the mobilities measured with
other techniques such as charge extraction by linearly
increasing voltage [33] and simple charge extraction [34].
The mobility for the PTB7∶PC71BM sample extracted from
the curves in Fig. 3(d) presents a nearly constant value
of 1.25 × 10−4 þ = − 3.9 × 10−5 cm2 V−1 s−1, which is in
good agreement with the literature values measured with
other methods such as open-circuit corrected charge-carrier
extraction [35] and time of flight [36]. The possibility to
estimate the mobility even in the case of parallel lines is
verified by means of numerical simulations performed using
the software SCAPS (see the Supplemental Material [23]).
However, it is important to note that when the mobilities are
asymmetric (and at least one is fairly low), thevalue extracted
using this method is much closer to the value of the lowest
mobility than to the averagemobility. In order to gain insight
into this behavior, the CV characteristics under illumination
are analyzed [Figs. 3(b), 3(c), 3(e), and 3(f)]. In Figs. 3(b) and
3(e), the capacitanceC is plotted as a function of applied bias
for different light intensities. The behavior of the device
capacitance is the typical behavior observed in solar cells and
features two main regions: for forward bias, the capacitance
increases exponentially with voltage due to the injection of
electrons and holes from their respective contacts [8,37];
towards reverse bias, the value of C decreases and slowly
approaches the value given by the geometric capacitance for
infinitely low light intensities and high reverse biases [16]. In
the CV characteristics obtained measuring the PBDTTT-C-
based device, we detect a peak, which becomesmore evident
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FIG. 3. Capacitance-voltage measure-
ments of (a)–(c) a PBDTTT-C∶PC71BM
(1:1 wt %) solar cell and (d)–(f) a
PTB7∶PC71BM (1:1.5 wt %) solar cell as
functions of light intensity (0.2, 0.5, 0.7, 1
sun). In the case of the PBDTTT-C∶PC71BM
device, the curves of ðCph;normÞ−1=2 versus the
applied voltage shift to more positive voltage
as the light intensity increases. They remain
parallel, however, allowing the extraction of
the mobility from their slope. The peak inCV
characteristics becomesmore left shifted, and
the C−2 curves shift to more negative voltage
as the light intensity increases. In the case of
the PTB7∶PC71BM device, the shift of the
peak in CV characteristics and the shift of
the C−2 curves are less pronounced, and the
curves of ðCph;normÞ−1=2 versus the applied
voltage slightly move to more positive volt-
age as the light intensity increases.
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and shifts to lower voltages as the light intensity increases.
This systematic shift is equally evident in the plot of C−2
versus voltage presented in Fig. 3(c).
The reason for this behavior is found in the asymmetry of

the system considered and the consequent nonuniform
electric field. Usually, it is possible to make a useful
approximation by assuming that the electric field is nearly
uniform in the active layer and equal to ðVBI − VÞ=d.
However, there are some cases where the electric field is
highly nonuniform, for instance, when the device is highly
doped or when the cell thickness increases and the charge
transport is strongly unbalanced. Also, traps in the material,
asymmetric contact barriers at the anode or cathode, or any
combination of the mentioned reasons can lead to nonuni-
form electric fields which have implications for current-
voltage [11,38] and capacitance-voltage [39] characteristics.
The case with a sufficiently high doping concentration

means that the cell shows Mott-Schottky-type behavior
both in the dark and under illumination, as shown in the
Supplemental Material [23] Fig. S4. Thus, it is possible to
derive the doping density and the built-in voltage from the
plot of C−2 versus voltage [10]. Clearly, the solar cells
studied here do not show this kind of behavior; therefore,
we choose to have a look at one of the other cases that can
lead to nonuniform electric fields. For more detailed
simulations, we choose as an example the case of high
cell thickness and unbalanced charge transport (μp ≠ μn). If
one considers a semiconductor where the hole drift length
is much smaller than the electron drift length and which has
a sufficiently high active-layer thickness (d > 200 nm) [9],
the holes will accumulate in the device under illumination.
As a consequence, the electric field increases in the region
near the anode, enhancing the extraction of holes, and
decreases in the region near the cathode, diminishing the
extraction of electrons [25]. That means that the assumption
of constant electric field used in Crandall’s derivation
breaks down. Since almost the entire voltage V drops over
the region of hole accumulation, the energy-band diagram
shows a parabolic trend, as it is schematically represented
in Fig. 4 illustrating the simulated band diagram of an
intrinsic solar cell with asymmetric mobilities (μp < μn)
under 1-sun illumination at 0 V (short-circuit conditions).
The accumulated holes in the region near the anode

cause the formation of positive space charge which limits
the photocurrent generated by the device, i.e., the initial
assumption that recombination at short circuit or reverse
bias is negligible breaks down. In this space-charge-limited
regime, the length L of the current-limiting layer and the
maximum electrostatically allowed photocurrent Jph that
can be extracted from the device are, respectively, [25]

L ¼
�
9ε0εrminðμp; μnÞ

8qG

�
1=4

V1=2; ð8Þ

Jph ¼ q

�
9ε0εr minðμp; μnÞ

8q

�
1=4

G3=4V1=2: ð9Þ

By assuming that the capacitance scales with the
reciprocal of the length L of the current-limiting layer, it
follows that in the space-charge-limited regime, the photo-
capacitance of the solar cell scales with G1=4. Moreover,
according to Eq. (8), the photocapacitance also varies
inversely with the square root of the voltage, as in a
Schottky barrier. On the other hand, when the length L of
the current-limiting layer becomes equal to the device
thickness d, the photocurrent saturates to the value of
Jph ¼ qGd. Under this condition, the electric field can be
again considered uniform in the whole active layer, and the
expression derived for the photocapacitance is equal to
the one presented in Eq. (1). Only in the saturation region,
the photocurrent is at its maximum value; i.e., recombina-
tion can be neglected, and the photocapacitance follows
Crandall’s equation. Thus, when the photocurrent Jph
switches from the space-charge-limited regime to the
saturation regime, the photocapacitance dependence on
the voltage changes consequently. Taking into account that
the transition between the two photocurrent regimes takes
place when the space-charge-limited photocurrent is equal
to the saturation photocurrent, the voltage Vp at which Jph
changes can be determined via

Vp ¼ G1=2d2�
9ε0εr minðμp;μnÞ

8q

�
1=2 : ð10Þ
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FIG. 4. Band diagram under 1-sun illumination and short-
circuit conditions (applied voltage Vext ¼ 0 V) of an intrinsic
solar cell with 200-nm-thick active layer and asymmetric mobil-
ities (μp ¼ 5 × 10−5 cm2 V−1 s−1, μn ¼ 5 × 10−4 cm2 V−1 s−1).
The band’s bending suggests the presence of a nonuniform
electric field inside the active layer. In fact, the holes accumulate
to a greater extent in the device than in the electrons, which makes
the electric field increase in the region near the anode and
decrease in the region near the cathode.
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Since from Eq. (7) it becomes clear that the voltage at
which Jph changes depends on the light intensity, it is
reasonable to expect that the position of the peak in the
CV characteristic varies as well moving towards more
negative voltages as the light intensity increases. This
behavior can be clearly observed in Figs. 5(a) and 5(b)
which show, respectively, the simulated Jph-ðV0-VÞ and CV
characteristics of an intrinsic solar cell with unbalanced
mobilities (μp < μn). Here, V0 refers to the compensation
voltage, i.e., the voltage at which Jph ¼ 0. In these figures,
the transition between the two regions is underlined by a
change in the slope in the simulated Jph-ðV0-VÞ character-
istics and by a peak in the simulated CV characteristics. As
the light intensity increases, the voltage Vp at which the
transition occurs decreases. The same trend, even if less
marked, can be detected in Figs. 5(c) and 5(d) showing,
respectively, the Jph-ðV0-VÞ and CV characteristics of a
PBDTTT-C∶PC71BM (1:1 wt%) device, i.e., with a non-
ideal donor-acceptor ratio [34]. However, in this case, the
active layer is thinner than the one set for the simulations;
therefore, the current-limiting region L becomes equal
to the device thickness d already at forward bias, and
the photocurrent almost immediately saturates to its
maximum value.
Note, however, that it is not possible to assign the trends

in experimental data where CV curves shift with illumi-
nation to, e.g., asymmetric mobilities. The shifts in the CV
curves with light intensity are indeed due to violations of
the assumptions needed to derive Crandall’s model and
asymmetric, and low mobilities are only one of several
explanations that one cannot easily distinguish without
substantial further efforts. The purpose of Fig. 5 is, there-
fore, to show that asymmetric mobilities are one possible

explanation and not to suggest that they are the (most
likely) explanation for the data in Fig. 3 or any other data
where the CV curves shift with illumination.

V. CONCLUSION

In this paper, we propose an explanation for the features
observed in capacitance-voltage measurements under illu-
mination of organic solar cells. We show that when the
device is sufficiently thin and not affected by a high doping
concentration, the CV curves can be approximately
described by a theory of photocapacitance developed by
Crandall for amorphous silicon solar cells. We explain the
differences between the theory of Crandall and the exper-
imental results using numerical simulations and analytical
estimates of the space-charge-limited photocurrent. Finally,
we point out that the capacitance originating from photo-
generated charge carriers makes the apparent built-in
voltage obtained from Mott-Schottky plots under illumi-
nation lower than the built-in voltage obtained in the dark.
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