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ABSTRACT: The application of Mott−Schottky analysis to
capacitance−voltage measurements of polymer:fullerene solar
cells is a frequently used method to determine doping densities
and built-in voltages, which have important implications for
understanding the device physics of these cells. Here we compare
drift-diffusion simulations with experiments to explore the
influence and the detection limit of doping in situations where
device thickness and doping density are too low for the depletion
approximation to be valid. The results of our simulations suggest
that the typically measured values on the order of 5 × 1016 cm−3

for doping density in thin films of 100 nm or lower may not be reliably determined from capacitance measurements and could
originate from a completely intrinsic active layer. In addition, we explain how the violation of the depletion approximation leads
to a strong underestimation of the actual built-in voltage by the built-in voltage VMS determined by Mott−Schottky analysis.

I. INTRODUCTION

A thorough understanding of the device physics of polymer-
based solar cells1−7 is a crucial prerequisite for purposeful
optimization of these devices and materials. Stimulated by the
study of capacitance/voltage (CV) measurements done on
polythiophene:fullerene solar cells, there has been a recent
debate about the correct band diagram of polymer:fullerene
bulk heterojunction cells and in particular about the relevance
and magnitude of doping and contact barriers.8,9 CV
measurements are a well established tool to determine the
doping density and the built-in voltage of Schottky or p−n
junctions. Application of the standard Mott−Schottky anal-
ysis10,11 to polythiophene:fullerene solar cells led to doping
densities NA ≈ 1016 cm−3 attributed to oxygen and
moisture12,13 and built-in voltages Vbi that were often on the
order of 400 mV or below.13−17 From these measurements, refs
9, 13−15, and 18 inferred that the band diagram for the studied
cells was that of a doped layer and a Schottky junction at the
back contact adjacent to the Al back contact as shown in Figure
1a. This band diagram deviates from that used by most groups
working on the drift-diffusion modeling of bulk-heterojunction
devices,19−29 which usually assume an intrinsic absorber layer
with one Schottky junction toward the metal and another one
toward the poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) hole transporting layer as
shown in Figure 1b. These Schottky junctions are usually
assumed to have a low or even zero Schottky barrier;30 that is,
the anode is assumed to be a good hole injector and the

cathode is assumed to be a good electron injector. Although the
CV measurements seem to prove the band diagram in Figure
1b wrong, the low values for the built-in voltage as determined
from Mott−Schottky analysis of CV measurements raise the
question of how Vbi < 400 mV can be consistent with Voc > 500
mV, which could only be possible in the presence of selective
contacts. However, in a device with selective contacts, where
Voc > Vbi is possible, the fill factor would suffer drastically from
the low Vbi since the photogenerated charge carriers have to
diffuse against the electric field to be collected at the contact.
Thus, it can be assumed that no efficient organic solar cell can
exist with a reasonable fill factor which has a built-in voltage
that is considerably smaller than its open circuit voltage. In
addition, it has remained unclear how an intrinsic or low doped
thin semiconductor film with two space charge regions on
either side would behave in a CV measurement and, thus,
under which circumstances Mott−Schottky analysis is actually
sensitive to the differences between the band diagrams in
Figure 1a,b.
In this article, we study the voltage dependence of the

capacitance of the two band diagrams in Figure 1 by means of
frequency domain drift diffusion simulations using the software
SCAPS31−35 and compare the simulations with experimental
results on poly (3-hexylthiophene) (P3HT): 1-(3-
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methoxycarbonyl)propyl-1-phenyl-[6,6]-methano fullerene
(PCBM) solar cells in a normal device geometry with the
layer sequence glass/ITO/PEDOT:PSS/P3HT:PCBM/(Ca)/
Al.36,37 We determine the apparent doping density of intrinsic
absorber layers as a function of thickness and show that
especially for thin intrinsic films around 100 nm or below,
substantial apparent doping densities on the order of NA ≈ 1016

cm−3 result from Mott−Schottky analysis. This shows that
depending on thickness and actual doping density, the use of
Mott−Schottky analysis can lead to erroneous results.
However, we also explain under which circumstances the
determination of the doping density is safe. In addition, we
show that Mott−Schottky analysis is not sensitive to any band
bending due to free charge injected from the contact. Thus, a
possible second space charge region at the PEDOT:PSS
interface and any band bending due to injected electrons at the
metal contact are not detected. In consequence, the actual built-
in voltage can be much larger than the one determined from
Mott−Schottky analysis.

II. BASIC THEORY OF THE MOTT−SCHOTTKY
ANALYSIS

The standard analysis of capacitance−voltage scans in Schottky
junctions with doped semiconductors is based on the depletion
approximation, which implies that there are no free carriers in
the space charge region at the junction under investigation.
Thus, the charge in the space charge region is entirely due to
dopant atoms or molecules. By modulating the width w of the
space charge region by changing the applied DC bias, the
capacitance
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of the space charge region is modulated as well. Here, ε0 is the
dielectric constant of vacuum, εr is the relative dielectric
constant of the doped semiconductor, and A is the area. The
space charge width depends on the doping density and the
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where ε = εrε0 and NA is the doping density. Thus, the so-called
Mott−Schottky plot of C−2 versus applied DC voltage yields a
straight line, whose slope yields the doping density and whose
extrapolated intersection with the voltage axis yields the built-in
voltage. The doping density
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can also be determined as a function of distance x from the
junction if the result of eq 3 is plotted vs x = εA/C. Note that in
all following examples, we consider “normal” geometries for
organic solar cells, where the hole injecting and extracting
contact is at x = 0, and p-type doping, meaning that the main
junction is at the back contact as shown in Figure 1a. In this
case x = d − εA/C, where x is now measured from the front
contact and d is the device thickness.
To avoid confusion between parameters that are input for

simulations and parameters that are the output of the Mott−
Schottky analysis of either simulated or measured data, we will
use different symbols in the remainder of the article. While the
input parameters for the simulation will be NA for the acceptor
concentration and Vbi for the built-in voltage, the apparent
doping density as determined by the Mott−Schottky analysis
will be called NMS and the corresponding apparent built-in
voltage is VMS.

III. CHEMICAL CAPACITANCE

In the case of a Schottky contact between a doped
semiconductor and a metal, the voltage modulates the width
of the space charge region at the contact and the capacitance
behaves like the capacitance of a flat plate capacitor with the
width of the space charge region determining the value of the
capacitance. In intrinsic or lowly doped materials, the
capacitance is no longer dominated by the charge of the
doping atoms, but instead it is dominated by the charge carriers
injected from the contact. This capacitance is called chemical
capacitance or diffusion capacitance and usually exceeds the
space charge region capacitance at higher forward voltages.
Figure 2 shows a simulation of an intrinsic, 100 nm thick

device with constant and small electron injection barrier at the
cathode (barrier height φb = 100 meV) and a variable injection
barrier at the anode, which allows us to see the transition from
single carrier devices (low Vbi) to bipolar device (high Vbi). If
the device has a sufficiently high built-in voltage Vbi, the
chemical capacitance can drastically exceed the geometric
capacitance. This behavior is different from single carrier
devices where the injection of one carrier is suppressed by a
high contact barrier.38 Thus, the capacitance can no longer be
understood easily in terms of plate capacitors. Instead, the
capacitance depends on the increase of charge with voltage due
to the injection of electrons and holes from their respective
contacts. The exponential increase in electron concentration

Figure 1. Comparison of the two band diagrams that are currently
considered for polymer:fullerene solar cells. In both cases, the
traditional role of the valence band in a crystalline semiconductor is
associated with the polymer highest occupied molecular orbital
(HOMO), while the conduction band is associated with the fullerene
lowest unoccupied molecular orbital (LUMO). (a) Band diagram of a
doped semiconductor with a flatband front contact and a Schottky
junction with space charge region at the back contact. (b) Band
diagram of an intrinsic solar cell with two Schottky junctions and two
space charge regions on both sides.
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close to the cathode and hole concentration close to the anode
leads to an exponential increase of the capacitance.16

The chemical capacitance in organic solar cells is similar in its
voltage dependence to the space charge region capacitance and
can therefore lead to misinterpretations of capacitance−voltage
measurements. In the following we want to investigate under
which circumstances the capacitance of the space charge region
can be discriminated from the chemical capacitance and, thus,
under which circumstances a safe determination of the doping
density and the built-in voltage is possible.

IV. MODEL USED FOR THE SIMULATIONS

To investigate the sensitivity of the Mott−Schottky analysis, we
perform steady state and frequency domain simulations with a
drift-diffusion solver called SCAPS,31−34 which has been
developed by the group of M. Burgelman at the University of
Gent. The software solves the continuity equations for
electrons and holes as well as the Poisson equation that
connects the charge with the electrical potential as discussed in
more detail in the Supporting Information. After convergence
of the steady state solution at a certain bias, a small signal
analysis is performed that yields the complex admittance from
which the capacitance is calculated.
In the following we will briefly discuss the boundary

conditions used in the simulation. There are boundary
conditions for the electrical potential and for the concentrations
of electrons and holes. At zero volt applied bias, the difference
between the electrical potential φ at the back and the front is
the built-in voltage, that is, Vbi = (φ(x = d) − φ(x = 0))/q. In a
typical band diagram, the electrical potential is not explicitly
given, but the conduction and valence band edge follow the
electrical potential as long as there is no abrupt offset at the

interface to another material. Thus, EC = −φ + const. Since we
only consider the active layer in Figure 1, the built-in voltage
can be written as the difference between the conduction band
edge EC at the hole contact and at the electron contact at 0 V
applied bias, that is, Vbi (V = 0) = (EC(V = 0, x = 0) − EC(V =
0, x = d))/q as is shown in Figure 1. At an applied bias, the
electrostatic potential difference is reduced correspondingly,
that is, Vbi − V = (φ(x = d) − φ(x = 0))/q.
The concentration of the electrons and holes at a Schottky

contact depend on the effective density of states NC and NV and
on the value of the Schottky barrier height φb relative to the
thermal energy kT. The equilibrium concentration of electrons
at the back contact is
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The equilibrium concentrations of the minority carriers are
given everywhere by
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is a function of the effective densities of states and the band gap
Eg. The currents at the contact are a function of the excess
carrier concentration and the so-called surface recombination
velocities. There are four boundary conditions for the current
densities J, namely,

= −J qS n n(0) ( (0) (0))n nf 0 (8a)

= −J qS p p(0) ( (0) (0))p pf 0 (8b)

= −J d qS n d n d( ) ( ( ) ( ))n nb 0 (8c)

= −J d qS p d p d( ) ( ( ) ( ))p pb 0 (8d)

where Snf,b is the surface recombination velocity for electrons at
the front or back respectively, while Spf,b is the analogous
quantity for the holes. While the surface recombination
velocities for majority carriers (electrons at the back contact
= cathode and holes at the front contact = anode) have to be
high to ensure that current can flow at all, the surface
recombination velocities for minorities (Snf and Spb) can be
either high (nonselective contacts) or low (selective contacts).
In the case of flatband contacts, the equations for the current

densities stay exactly the same, but the equilibrium concen-
trations now depend on the doping density and not on a
Schottky barrier height. For flatband contacts, the space charge
ρ at the contact is zero; thus, according to Poisson’s equation
the electrical potential is flat as seen in Figure 1a at the front
contact. The concentration of electrons and holes at the
flatband contact follows from the requirement of charge
neutrality, ρ = q(p − n − NA) = 0. Thus, if the p-type doping

Figure 2. Simulated capacitance voltage spectra for a 100 nm thick cell
where the cathode contact barrier has been fixed to 100 meV and the
anode contact barrier for holes is varied from 100 to 900 meV. At 100
meV the cell is a bipolar diode with a high Vbi = 0.8 V, while toward
higher hole barriers the hole injection becomes more difficult and the
device becomes a single carrier device with lower Vbi. Only in the case
of low injection barriers for electrons at the cathode and holes at the
anode, the capacitance at forward bias exceeds the geometrical
capacitance drastically. In the case of single carrier devices, the excess
capacitance relative to the geometric capacitance is small as discussed
in ref 38. Panels (a) and (b) show the same data but different
capacitance ranges.
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density NA ≫ ni, the equilibrium concentration of holes at the
anode of a flatband contact is just p0 = NA, while n0 follows
again from eq 6.

V. SIMULATIONS

Usually, the CV scan leads to a straight line in reverse bias that
has to be extrapolated to forward bias to obtain the built-in
voltage. At forward bias, there are deviations from the straight
line because the total capacitance is now influenced by the
chemical capacitance39 of the injected charge carriers and it is
not anymore determined by the space charge region
capacitance alone.
In organic solar cells with typical thicknesses of 100 nm, the

space charge region capacitance at low forward or reverse bias
saturates quickly at the minimum value given by the width of
the active layer itself. It is therefore usually necessary to
evaluate the CV scan at low forward biases, where the total
capacitance is affected by contributions from the space charge
region as well as from the chemical capacitance of the free
carriers and where the depletion approximation is not
necessarily appropriate. Whether or not the space charge
region capacitance due to the doping of the organic film is
dominant depends mainly on the thickness of the sample.
Figure 3a shows an example of a simulation of a 100 nm thick

semiconductor with parameters as given in Table 1 at a forward
bias V = 0.4 V. The voltage is chosen such that it is close to the
inclination point in the Mott−Schottky plot of the simulated
cells, where one could fit a straight line to the data and
determine the apparent doping density using eq 3. The electron
and hole concentrations for the case of a completely intrinsic

semiconductor and a semiconductor with an acceptor
concentration NA = 5 × 1015 cm−3 are compared. It is obvious
that the doping density is not yet sufficient to substantially
change the carrier concentrations between the two cases.
Increasing the doping level by 1 order of magnitude leads to the
situation shown in Figure 3b, where now in a large part of the
device the electron concentration is orders of magnitude
smaller than the hole concentration. If we determine the
apparent doping density from the Mott−Schottky analysis of
the three situations in Figure 3a,b, we obtain the doping
profiles as shown in Figure 3c. For a doping density NA = 5 ×

1016 cm−3, it is possible to determine the doping density
relatively well (NMS ≈ NA), while for NA = 5 × 1015 cm−3 the
apparent doping density is slightly above NMS = 1 × 1016 cm−3,
which is identical to the situation without any doping. This
means that for the chosen parameters, Mott−Schottky analysis
is not sensitive to doping densities below NA ≈ 1 × 1016 cm−3.
Note that the conclusion of Figure 3 is nearly independent of
the selectivity of the contact or the built-in voltage (i.e., the
concentration of majorities at the contact). In the Supporting
Information the graphs are shown for smaller concentrations of
majorities and for selective and nonselective contacts.
If we change the thickness of the device in our simulation to

1 μm, which is considerably thicker than most polymer:-
fullerene cells, we obtain the carrier concentrations as depicted
in Figure 4a, and the apparent doping profiles as in Figure 4b.
For the chosen parameters and NA = 5 × 1015 cm−3, the width
of the space charge region is around 150 nm, which fits nicely
into the 1 μm thick cell and is clearly visible at around x = 850
nm = d − 150 nm. For x < 850 nm, the concentration of holes
for the doped device is the same as the doping density. For x >
850 nm, the hole concentration is decreased and the depletion
approximation is valid at least close to the edge of the space
charge region but not close to the contact, where the electron
concentration is much larger than the doping density.
Nevertheless, for the 1 μm thick cell, already the low doping
leads to a drastic difference between the carrier concentration
in the doped and undoped cases, and the doping density is
accurately determined even though the depletion approxima-
tion is only valid close to the edge of the space charge region.
The apparent doping density of the intrinsic film is now NMS ≈

1 × 1014 cm−3.
Our studies indicate that for every thickness, there is a range

of doping levels that does not change the carrier distribution

Figure 3. Carrier distribution in a solar cell with two Schottky contacts
(like Figure 1b) comparing the cases of (a) NA = 5 × 1015 cm−3 and
(b) NA = 5 × 1016 cm−3 with the intrinsic situation. Only in the latter
case, the electron and hole concentration are substantially altered as
compared to the intrinsic case. (c) Apparent doping densities as
determined from Mott−Schottky analysis. Only in the case NA = 5 ×

1016 cm−3, the doping density is correctly obtained from CV, while NA

= 5 × 1015 cm−3 is less than the apparent doping density of an intrinsic
layer and thus not detectable.

Table 1. Parameters Used for the Simulations if Not Stated
Otherwisea

Default set

μn = μp [cm
2/(V s)] 2 × 10−4

NC = NV [cm−3] 1020

Eg [eV] 1.0

k [cm3 s−1] 5 × 10−12

Snf = Spb [cm/s] 105

φb [meV] 0

εr 3.8
aThe parameters are as indicated in the column labeled default set if
not stated otherwise. All parameters are the same for electrons and
holes except for the properties of the contacts and the doping density.
The back contact is always a Schottky contact, and the front contact is
a Schottky or a Flatband contact, depending on the simulation. The
doping is always a shallow acceptor doping and the frequency used in
the simulation is 1 kHz.
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substantially and is not detectable in Mott−Schottky analysis.
In order for the doping level to be detectable, it must be higher
than the apparent doping level that one would obtain from an
intrinsic solar cell. Figure 5 presents this apparent doping

density as obtained from Mott−Schottky analysis of intrinsic
devices with different thicknesses and built-in voltages (lines).
It is obvious that the built-in voltage has only a minor effect on
the apparent doping density and thus on the level of doping
that the layer has to exceed to be detectable by Mott−Schottky
analysis. In addition, Figure 6 shows one simulation for a
situation as depicted in Figure 1a, where the front contact is a
flatband contact, meaning that the distance between Fermi-level
and valence band edge at the front contact is solely determined
by the doping density and not by the properties of the front
contact. In this situation, we obtain the line with open circles
for a lowly doped sample with flatband front contact, where the
apparent doping density saturates at its real doping level NA = 5
× 1015 cm−3 for high thicknesses.

Note that the values for the apparent doping density in
Figure 5 are taken from the minimum of the doping profiles at
the different thicknesses. This implies that fitting the Mott−
Schottky plots with straight lines can easily lead to higher
apparent doping densities if the straight line is not fitted to the
inclination point, where the slope of C−2 vs V is greatest and the
doping density is lowest.

VI. COMPARISON: SIMULATION − EXPERIMENT

In the following, we want to compare simulations of the
capacitance of the two types of band diagrams depicted in
Figure 1 with experimental results on a series of ITO/
PEDOT:PSS/P3HT:PCBM/(Ca)/Al solar cells which were
measured and evaluated in the same manner as the simulations
to yield the apparent doping profiles as shown in Figure 6.
Figure 6a shows the simulation for a device with flatband front
contact and a doping density of NA = 5 × 1016 cm−3 for
thicknesses of 50−90 nm (in 10 nm steps). For low
thicknesses, the doping density cannot be accurately
determined but for 80 and 90 nm, the doping profile has a
plateau, where the evaluation of the doping density is possible.
In contrast, the intrinsic devices with Schottky junctions on
both sides never show a plateau (Figure 6b). The lack of a
plateau, therefore, seems to be a good indication that the
apparent doping density is not reliable. The experimental data
(Figure 6c) of several devices with nominal thicknesses of 45,
55 and 85 nm (as determined from profilometer measure-
ments) show a behavior similar to the simulations of the
intrinsic devices. The doping densities are slightly higher than
in the simulation, but there is still a clear trend with thickness
that one would not expect if the apparent doping density from
the Mott−Schottky analysis corresponded to a real doping
density. In addition, the apparent doping profiles are curved

Figure 4. In the case of a 1 μm thick cell, a doping density NA = 5 ×

1015 cm−3 already affects the carrier concentration substantially (a) and
the apparent doping density from Mott−Schottky analysis (b)
correctly distinguishes between the doped and intrinsic cases.

Figure 5. Apparent doping density as a function of active layer
thickness for different scenarios. The lines without symbols
correspond to a situation as shown in Figure.1b, with built-in voltages
Vbi of 0.6 V(dotted line), 0.8 V (dashed line), and 1 V (solid line) and
without any doping. The lines with symbols correspond to a situation
as in Figure 1a with doping (NA = 5 × 1015 cm−3). The case with
doping saturates at the correct doping density at high thicknesses,
showing the general applicability of the method at higher thicknesses
(and doping densities).

Figure 6. Comparison of simulations assuming the general band
diagrams as given in Figure 1 with experimental data (c) on a set of
P3HT/PCBM solar cells with thicknesses of 45 nm (solid line), 55 nm
(dashed line), and 85 nm (short dashed line). The scheme in Figure 1a
corresponds to simulation in Figure 6a and Figure 1b corresponds to
6b. The experimental data (c) as well as the simulations of the intrinsic
cell in (b) show no plateau in the doping profile and a clear trend with
thickness, which implies that the experimental results are not a good
measure of doping in this case. Both experiment and simulation are
done at a frequency of 1 kHz.
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just as the simulations of the intrinsic devices. Thus, we
conclude that for these thin samples, the Mott−Schottky
analysis does not reliably determine doping density. The
samples could be undoped or doped at a level equal or lower
than the values from the Mott−Schottky analysis.
For thicker samples, however, the determination of doping

densities may become possible depending on the level of
doping present in the device. Figure 7 shows two comparably

thick P3HT/PCBM devices fabricated in different laboratories,
from different polymer batches and with different electrodes.
Details on the preparation of the samples are presented in the
Experimental Details. Sample A (d ≈ 320 nm) shows a similar
behavior as the thinner cells in Figure 6, namely, a Mott−
Schottky plot (Figure 7a) with an inclination point and a
doping profile that looks comparable to the simulated doping
profiles of undoped cells shown, for example, in Figures 3b, 4b,
and 6b. The doping profile has a minimum value around NMS ≈

3 × 1015 cm−3, which roughly defines the upper limit for the
doping density in this device. Thus, sample A is either intrinsic
or has a doping density smaller than NMS ≈ 3 × 1015 cm−3.
Sample B (d ≈ 250 nm), however, shows a different behavior

in the Mott−Schottky plot in Figure 7a. The plot of C−2 is
nearly a straight line from small forward voltages up to negative
voltages as expected for doped samples. Consequently it is now
possible to determine the doping density in sample B by
applying eq 3 to the data in Figure 7a. The derived doping
profile in Figure 7b suggests a doping density of around NMS ≈

3 × 1016 cm−3. The reason for the differences between samples
A and B is unclear and of no relevance to the point we aim to
make in this article. The comparison shows, however, how large
the differences in doping in one material system can be and
how a safe determination of doping looks in comparison to a

sample, where the doping density is too low to be quantifiable
by Mott−Schottky analysis, which can then only provide an
upper limit.
Some measurements in the literature17,40 show behavior

similar to sample B insofar as a straight line over a larger range
of voltages including reverse bias is visible in Mott−Schottky
plots. It is important to point out that in all cases where a
straight line over a range of negative voltages is seen, the cell
has a sufficiently high thickness to make reliable determinations
of doping densities possible.

VII. THE DISADVANTAGES OF LOW BUILT-IN
VOLTAGES

In order to work, solar cells need a built-in asymmetry. This
asymmetry can be realized entirely by selective contacts due to,
for example, abrupt band offsets at the contacts.41,42 If the
electron contact (cathode) is unable to extract holes and vice
versa, the solar cell will work even without any built-in voltage,
that is, change in electrostatic potential. The current is then
solely driven by the gradients in carrier concentration, that is,
by diffusion. While the solar cell will work without a built-in
potential, it cannot work efficiently without it. This is due to
the fact that at forward voltages higher than the built-in voltage,
the net field in the device reverses, thereby impeding charge
carrier extraction instead of helping it. Although diffusion alone
can be sufficient to transport charge carriers to the contacts,
diffusion against an electric field is generally inefficient if the
electric field is too high and the carrier mobility is too low.42

This negative impact of the electric field in devices with low
built-in voltages automatically leads to low fill factors and even
S-shapes if the barrier for extraction becomes too large.
Figure 8 illustrates these effects for one example of a 150 nm

thick cell with a flatband front contact and a back contact with a
Schottky-junction (as depicted in Figure 1a in the paper). Note
that the contacts are perfectly selective; that is, holes cannot
leave the device at the cathode and electrons cannot leave at the
anode. The optical generation rate is constant and given by G =
4 × 1021 cm−3 s−1. All the other parameters are as given in
Table 1 in the paper. Since recombination is only determined
by recombination at the internal donor−acceptor interface and
not at the contacts, the open-circuit voltage does not depend
on the built-in voltage. However, the fill factor FF drops
drastically once the built-in voltage drops below the open-
circuit voltage.
In the case of nonselective contacts, the FF will stay roughly

constant and the open circuit voltage will decrease, because in
this case the open circuit voltage will be deteriorated by
recombination at the contacts (electrons recombine at the
anode and holes recombine at the cathode). While it is unclear,
whether the contacts in typical organic solar cells should be
rather considered selective or nonselective, a built-in voltage
that is smaller than the open-circuit voltage will have an effect
on either FF or Voc or both, which means that solar cells with a
high FF will most likely have a Vbi that is larger than Voc. The
fact that electrodes can have an effect on Voc if they are not
optimized is supported by investigations of different electrode
materials43 as well as of studies on the effect of interface
layers44−47 between the blend and the metal back contact
which often have a positive effect on the open circuit voltage.
Thus, it is reasonable to investigate the possible errors when
determining the built-in voltage from the Mott−Schottky
analysis.

Figure 7. Experimental data derived from capacitance voltage
measurements of two thick P3HT/PCBM cells at 1 kHz. Sample A
(d ≈ 320 nm) shows a Mott−Schottky plot (a) that does not show a
clear straight region that is unaffected by the saturation of the
capacitance at high and low voltages. Thus it does not give a reliable
value of doping (b) but just an upper limit of NMS < 3 × 1015 cm−3. In
contrast, sample B (d ≈ 250 nm) shows a nearly straight Mott−
Schottky plot (a) over a 2.5 V range, which translates in a comparably
flat doping profile (b). The doping density is around NMS ≈ 3 × 1016

cm−3 for sample B.
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VIII. THE BUILT-IN VOLTAGE AND THE DEPLETION
APPROXIMATION

The built in voltage as determined from Mott−Schottky
analysis is known to give rather low values in the 400 mV range
for P3HT/PCBM that seem to be in contrast to the typical
open circuit voltages of 600 mV or slightly below. In addition, a
recent study48 found that the experimental value for the built-in
voltage is thickness dependent, which will be explained in the
following as a measurement artifact using similar arguments as
before for the thickness dependence of the doping density.
If we fit a straight line to the inclination point of the C−2 vs V

relation according to

=
−

ε

−C
V V

q A N

2( )2 bi
2

A (9)

we obtain the built-in voltage from the intersect with the
voltage axis. The measurements presented in Figure 6c lead to
built-in voltages in a narrow range around Vbi = 300 mV, which
is much lower than the corresponding one sun open circuit
voltages (Voc ≈ 600 mV). We have already shown that the
Mott−Schottky analysis is not appropriate for the determi-
nation of the doping density in lowly doped thin films. Thus, it
is not surprising that the built-in voltage is not accurate as well.
Figure 9 gives examples on which parameters the apparent
built-in voltage from the Mott−Schottky analysis depends and
shows how insensitive the apparent built-in voltage in thin films
is on the actual built-in voltage. Note that the latter is an input
parameter in the simulation and defined as qVbi = Eg −

φb(cathode) − φb(anode). The data in Figure 9 correspond
directly to the doping density data shown in Figure 5. The lines

without symbols are a simulation of a set of three intrinsic cells
with a Schottky junction on both sides, no traps, and a built-in
voltage of 0.6 V, 0.8 V, and 1 V. The cases of Vbi = 0.8 and 1 V
are essentially identical, while the case of Vbi = 0.6 V has a
slightly increased apparent built in voltage VMS at lower
thicknesses. The trend in Vbi is therefore not at all reproduced
and the variations due to thickness differences are much larger
than the differences between the simulations at different Vbi and
one thickness. The simulation with a flatband front contact
shows a similar trend with lower Vbi at higher thicknesses.
Interestingly, even the combination of thick layer (300 nm),
sufficiently high doping density (NA = 5 × 1015 cm−3), and
flatband front contact does not lead to a correct determination
of the real Vbi. The reason for this is that the determination of
Vbi is even more sensitive to the validity of the depletion
approximation than the determination of the doping density.
The depletion approximation assumes that the charge is
entirely due to the doping and there are no free carriers in
the space charge region. Close to the metal back contact
however, electrons are injected and lead to a higher charge
density close to the metal contact, as can be seen, for example,
in Figures 3a,b or 4a. The real built-in voltage depends on the
charge close to the contact, but the apparent built-in voltage is
not affected by it, because it is calculated from a theory which
neglects this extra charge. Thus, the actual built-in voltage in
both situations shown in Figure 1 can be much higher than the
apparent built-in voltage determined from the Mott−Schottky
analysis.
In all cases, VMS decreases as a function of thickness as seen

in experiments as well.48 This trend is directly connected to the
doping density trend discussed in the first part of the paper. At
low thicknesses, the influence of the electrode capacitance
becomes larger and the C−2 bends over already around short
circuit or at small negative bias (cf. sample A in Figure 7a). The
slope of the C−2(V) curve is then not only determined by the
doping density but also by the thickness, which controls the
saturation level at negative voltages. The change in slope leads
directly to a change in doping density according to eq 3. The
change in slope also leads to a change in the intersection with
the voltage-axis. A reduction in slope (= higher apparent doping
density) by the saturation regime shifts the voltage-axis
intersect to higher voltages and leads to a higher VMS.

Figure 8. (a) Current/voltage curves as a function of built-in voltage
Vbi simulated for a 150 nm thick active layer with a flatband front
contact and a Schottky contact at the back. The built-in voltage is
changed by changing the Schottky barrier at the back contact. The
parameters for the simulation are as given in Table 1 and the doping
density is NA = 5 × 1015 cm−3. (b) FF as a function of built-in voltage
for two different doping densities (all other parameters as for (a)). A
reduction of Vbi below the open circuit voltage immediately leads to a
loss in FF caused by carrier diffusion against the electric field.

Figure 9. Apparent built-in voltage VMS as a function of active layer
thickness for the devices with different boundary conditions, which are
identical to the ones used in Figure 5. In all cases, the apparent built-in
voltage from the Mott−Schottky analysis does not correctly reproduce
the actual built-in voltage since the depletion approximation is not
valid for lowly doped devices.
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Figure 10 shows a comparison of the apparent built-in
voltage VMS as determined from the Mott−Schottky analysis

and the real built-in voltage Vbi, which enters the simulation as a
parameter. In the case of the simulation with a flatband front
contact, the Schottky barrier at the back contact is varied, while
the valence band edge to hole Fermi-level distance at the front
contact is fixed due to a doping density of NA = 5 × 1015 cm−3.
The maximum built-in voltage is then Vbi = 0.74 V for the
parameters as given in Table 1 and a thickness of 1 μm to avoid
any problems due to thin layers as discussed above. Increasing
the Schottky barrier at the back contact (i.e., lowering Vbi) first
does not have any effect on VMS which is fixed at just below 0.5
V. Only at sufficiently high Schottky barriers is the
concentration of electrons at the back contact lower than NA

= 5 × 1015 cm−3 and the depletion approximation is finally
valid. Only under these conditions the apparent and actual Vbi

converge.
In the case of two Schottky junctions, band bending at the

front contact is entirely due to holes injected from the front
contact and has nothing to do with the doping density. The
Mott−Schottky analysis is almost completely insensitive to this
second space charge region, and the resulting apparent Vbi

curve is shifted with respect to the case of no band bending by a
constant amount, which represents the band bending (260 mV
in this case) at the front contact.

IX. CONCLUSIONS

The simulations presented in this article show that Mott−
Schottky analysis relies on the depletion approximation, which
is not a safe assumption in layers that are either too thin or too
lowly doped to neglect the free carriers injected from the
electrodes. To quantify the range of doping densities and
thicknesses where the Mott−Schottky analysis is safe to use, we
calculate the apparent doping density of intrinsic films as a
function of thickness for various boundary conditions. In all
cases, we obtain similar values of the apparent doping density as
a function of thickness, which indicate that apparent doping
densities NMS > 1016 cm−3 from the Mott−Schottky analysis are

consistent with totally intrinsic active layers if the thickness of
the layer is below 100 nm. Experimental data show a similar
trend with thickness as the simulations, albeit on a slightly
higher level. From comparison with simulations, we conclude
that the correct determination of the doping density is not
possible from these thin devices. However, for thicker and/or
more heavily doped devices, the determination of the doping
density from the Mott−Schottky analysis becomes more
reliable. The determination of the built-in voltage is particularly
sensitive to violations of the depletion approximation, which
implies that even for slightly thicker, doped samples, the
determination of the built-in voltage from Mott−Schottky plots
is difficult to accurately ascertain.

■ EXPERIMENTAL DETAILS

Sample A and the samples with thicknesses under 100 nm were
prepared as follows. P3HT was purchased from Merck and
PCBM from Nano-C. Patterned ITO was cleaned in detergent,
acetone, and isopropanol. The PEDOT:PSS(Al4083) layer was
spin coated onto the ITO substrates with a thickness of ∼35
nm and annealed at 150 °C for 20 min. Subsequently, the
P3HT:PCBM layer solution (Sample A dissolved in chlor-
obenzene (CB) at 1:1 wt %, 50 mg/mL); samples with
thicknesses under 100 nm (dissolved in chlorobenzene (CB) at
1:1 wt %, 30 mg/mL)) was spin-coated on top. Aluminum was
evaporated at 5.0−5.5 × 10−6 mbar as cathode. At last all
samples were postannealed for 20 min at 150 °C in a nitrogen-
filled glovebox.
Sample B was prepared as follows. The PEDOT:PSS layer

(CLEVIOS P VP Al 4083) was spin coated to a thickness of
∼30 nm and annealed at 140 °C for 15 min. The active layer in
was fabricated using a 1:1 wt. ratio of P3HT to PCBM in a 20
mg/mL (each component) dichlorobenzene solution. The
P3HT used was Plexcore OS 2100 purchased from Aldrich
(CAS RN 104934-50-1), and the PCBM was purchased from
Nano-C (Batch BJ101112). This solution was spin coated
under the necessary conditions to achieve a ∼250 nm active-
layer thickness. Upon completion of spin coating, the (still wet)
active layer film was placed under a 3” diameter Petri dish to
slowly dry (tdry ≈ 20 min). After drying, the sample was
annealed for 10 min at 110 °C and loaded into a thermal
evaporator. A Ca/Al top electrode was evaporated onto the
device at 2.1−2.5 × 10−6 mbar by first allowing ∼15 nm of Ca
to deposit onto the shutter before exposing the devices, and
then opening to deposit 20 nm of Ca at a rate of 0.5 Ǻ/s.
Immediately following the Ca evaporation, 100 nm Al was
deposited at a rate of 1.0 Å/s to yield the final Ca (20 nm)/Al
(100 nm) top electrode. For verification purposes, the devices
(A = 4.5 mm2) were tested under simulated AM 1.5G
illumination and had values of the order short circuit current
density Jsc = 8.7 mA/cm2, open circuit voltage Voc = 0.57 V, fill
factor FF = 60%, and power conversion efficiency η = 3.0%.

■ ASSOCIATED CONTENT

*S Supporting Information
More information about the drift-diffusion model used as well
as simulations on the effect of the injection barriers at cathode
and anode on the carrier distribution and simulations on the
effect of a grading in the density of doping atoms and the
dielectric constant on the determination of doping densities. In
addition, we show simulations on the thickness dependence of
the apparent built-in voltage. This material is available free of
charge via the Internet at http://pubs.acs.org.

Figure 10. Comparison of the actual built-in voltage used in the
simulation and the apparent built-in voltage VMS determined from the
Mott−Schottky analysis of the simulated capacitance voltage curve at 1
kHz. In case of a flatband front contact, the correct built-in voltage is
reproduced in cases where the charge of the doping atoms dominates
the total charge in the space charge region at the (Schottky type) back
contact. In case of a Schottky contact on both sides, the Mott−
Schottky analysis is insensitive to the band bending at the front contact
which is entirely due to injection of holes from the contact and
independent of the charge of the doping molecules.
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