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ABSTRACT: Solution-processable interlayers are important building
blocks for the commercialization of organic electronic devices such as
organic solar cells. Here, the potential of cross-linking to provide an
insoluble, stable, and versatile charge transport layer based on soluble
organic semiconductors is studied. For this purpose, a photoreactive
tris-azide cross-linker is synthesized. The capability of the small
molecular cross-linker is illustrated by applying it to a p-doped polymer
used as a hole transport layer in organic solar cells. High cross-linking
efficiency and excellent charge extraction properties of the cross-linked
doped hole transport layer are demonstrated. However, at high doping
levels in the interlayer, the solar cell efficiency is found to deteriorate.
Based on charge extraction measurements and numerical device simulations, it is shown that this is due to diffusion of dopants into
the active layer of the solar cell. Thus, in the development of future cross-linker materials, care must be taken to ensure that they
immobilize not only the host but also the dopants.

KEYWORDS: doping, cross-linking, organic photovoltaics, organic solar cells, interlayers, polymers

■ INTRODUCTION

Doping is a key technology to tune the electronic properties of
semiconductor devices. In inorganic semiconductors, doping is
usually achieved by substituting impurity atoms into the crystal
lattice. In organic materials, doping was first carried out using
halogens and alkali metals as p- and n-dopants, respectively,
leading, for example, to the discovery of conductive polymers
in the late 1970s.1 However, dopants forming small atomic
ions soon proved to be unsuitable for practical applications due
to the strong tendency of these ions to diffuse in organic host
systems. Instead, molecular doping with larger dopant
molecules has become standard practice in organic semi-
conductors.2−4 Through electron transfer reactions, molecular
dopants either oxidize or reduce the host material, which can
increase the electrical conductivity by orders of magnitude.
Molecularly doped materials are widely applied in organic
electronic devices such as light-emitting diodes5 and thermo-
electric generators.6,7

In organic solar cells (OSCs), the active layer of which
typically consists of a phase-separated network of electron
donating and accepting materials, doping is much less
common. Unintentional doping of the active layer is often
considered detrimental for device performance due to
undesired space charge effects,8−11 although it has been
shown recently that a moderate doping level can have a
positive effect on device performance in certain device
configurations.12 However, there has been an increased interest

in doped interface layers for OSCs in recent years. With the
emergence of novel acceptor materials reducing voltage losses
in the bulk,13,14 the quality of the contact interfaces has
become of utmost importance. Ideally, the contacts should be
Ohmic while avoiding losses through surface recombination,
i.e., extraction of charge carriers at the “wrong” contact.15−17

Such a situation is realized by sandwiching the active layer
between two charge-selective interlayers that conduct only one
type of charge carrier, namely holes at the anode (high work
function electrode) and electrons at the cathode (low work
function electrode). Doped organic interlayers are very
attractive for this approach, since they facilitate precise control
not only over the conductivity of electrons and holes but also
over the energy levels and Fermi level at the contact
interface.18

Methods that have been used to prepare doped organic thin
films include coevaporation,19 soft-contact transfer lamina-
tion,20 and solid-state diffusion.21 However, from the
commercialization point of view, there is a large interest in
vacuum-free solution-based techniques that can be integrated
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in roll-to-roll processes. There are, in principle, two ways to
process doped interlayers from solution: either the host and
dopant are codeposited from the same solution,22,23 or both
are deposited sequentially and then allowed to diffuse into each
other.24−26 Regardless of which method is used, one challenge
is that the processing of the subsequent layers must not
redissolve the doped interlayer or change its electrical
properties. The problem is usually addressed by using
orthogonal solvents for the individual layers, but this limits
the choice of host and dopant materials.
In this paper, we study the potential of cross-linking to

provide stable and versatile doped organic interlayers for fully
solution-processed organic electronic devices. Small molecule
cross-linkers have been widely used in literature to “lock” the
morphology of the active layer in OSCs by establishing
covalent bindings.27−33 Here, we adapt the concept to stabilize
a p-doped polymer used as a hole-transporting layer. Using a
tris-azide cross-linker, we demonstrate that cross-linked
interlayers can withstand the subsequent deposition of the
active layer using the same solvent and provide a similar
performance in OSCs as the reference material PEDOT:PSS.
We also examine the effect of the doping concentration and
find that the device performance is maximized for ca. 4 wt % of
dopant. Combining transient charge extraction measurement
and numerical simulations, we show that device performance at
higher wt % is restricted by diffusion of dopant molecular ions
into the active layer. Our results provide a detailed under-
standing of the effect of doping of the active layer on the device
performance.

■ RESULTS AND DISCUSSION

Materials and Cross-Linking Procedure. Figure 1a
illustrates the key materials and the device structure used in
this study. As a model system for a doped hole transport layer
(HTL), we chose poly(3-hexylthiophene) (P3HT) molecu-
larly doped with molybdenum tris[1-(methoxycarbonyl)-2-
(trifluoromethyl)ethane-1,2-dithiolene] (Mo(tfd-CO2Me)3),
as these are well-studied, compatible materials and therefore
provide a suitable platform for systematically studying the
potential and challenges of cross-linked interlayers. In

particular, efficient hole collection was demonstrated for this
particular system when codeposited from solution and
incorporated into bulk-heterojunction OSCs via lamina-
tion.20,34 Here, we study the potential of replacing the
lamination process by cross-linking the interlayer, which
would mark an important step toward fully solution-
processable OSCs. For this purpose, a small molecule cross-
linker benzene-1,3,5-triyl tris(4-azido-2,3,5,6-tetrafluoroben-
zoate) based on photoreactive azide functional groups was
synthesized as described in the Supporting Information. This
compound has previously been reported as a precursor to fire-
retardant materials but has not been investigated as a cross-
linker.35 Several previous approaches use this type of small
molecule cross-linker but often including only two azide
groups.27,29,32 The cross-linker used in this work comprises
three azide groups instead of two to increase the cross-linking
efficiency, although recently a molecule with four azides has
been reported.36,37 In addition, in one recent study, an azide
has been directly attached to an n-dopant, allowing the dopant
ion to be covalently anchored to a fullerene host material.38

The working principle of the cross-linker is illustrated in
Figure 1b. Cross-linking is initialized by illumination with UV
light (wavelength 254 nm), which leads to the release of N2
and the formation of a highly reactive nitrene. The nitrene is
then supposed to react with the alkyl side chains of the
polymer, in our case the hexyl groups of P3HT, a process that
is well documented in the literature.27,39,40 The result is a
network of covalently bound polymer chains that is found to
be insoluble to common solvents. High cross-linking efficiency
was obtained with the new tris-azide molecule, as indicated by
short UV illumination times of <1 min and low cross-linker
concentrations being required to afford insoluble films. The
ratio of polymer monomers to cross-linker molecules was
optimized experimentally by varying the cross-linker concen-
tration in thin P3HT films and rinsing the UV-treated films
with solvent by spin-coating. An insoluble film was achieved at
a molar ratio as low as 100:1 P3HT:cross-linker, see Figure S6
in the Supporting Information. It should be noted that the
dopant Mo(tfd-CO2Me)3 selected for this study contains C−H
bonds, which have the potential to react with the nitrene

Figure 1. (a) Chemical structure of the materials used for the preparation of cross-linked (x-linked) doped HTLs, the cross-linker benzene-1,3,5-
triyl tris(4-azido-2,3,5,6-tetrafluorobenzoate), the dopant Mo(tfd-CO2Me)3, and the polymeric host P3HT. On the right side, the OSC device
structure used in this study is depicted. The devices are based on an active layer of P3HT:PCBM with exceptionally low recombination coefficients
in the bulk, which allows the use of thick junctions of 300 nm. (b) Schematic illustration of the UV-activated cross-linking mechanism.
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groups of the cross-linker and thereby may take part in the
cross-linking process as well, ideally resulting in spatially stable
doping.
To clarify the effect of cross-linking and rinsing on the

electrical properties, we carried out four-point probe
conductivity measurements on thin films on glass. As an
example, we studied a 2 wt % doped P3HT film, that is, the
lowest concentration of the doping concentration study
reported below, resulting in a conductivity of 3 × 10−4 S
cm−1. Upon adding the cross-linker and UV-treating the film,
the conductivity decreased by roughly a factor of 3 to 9 × 10−5

S cm−1. This relatively minor change in conductivity can be
caused by several reasons, including changes in the
morphology of the host (e.g., P3HT ordering, π-stacking,
and/or chain planarity that may affect the energy levels,
transport properties, and thus also the doping efficiency),
changes in the solubility (and thereby the dopant distribution),
as well as unwanted reactions between the cross-linker and the
dopant and/or the host. After rinsing of the cross-linked and
doped P3HT film with 1,2-dichlorobenzene, which is the
solvent used for subsequent preparation of the active layer in
the OSC devices described below, the conductivity dropped
further by more than an order of magnitude to 4 × 10−6 S
cm−1. The significant decrease upon rinsing the film suggests
that the dopants are not fully insolublized or spatially stable in
the cross-linked polymer network. However, the insoluble
cross-linked film still enables the fabrication of multilayer
structures from solution, and even after rinsing, the film
exhibits an adequate conductivity for use as an extraction layer
(vide inf ra). The results from the conductivity measurements
are summarized in Table 1.

Photovoltaic Performance. To test the functionality of
the cross-linked doped P3HT films, we implemented them as
HTL in OSCs with a standard device architecture (see Figure
1a). For this purpose, the photoactive layer, consisting of a
blend of P3HT as donor and the fullerene derivative phenyl-
C61-butyric acid methyl ester (PCBM) as acceptor, was spin-
coated directly on top of the cross-linked interlayer. Notably,
the P3HT:PCBM blend layer was prepared in a manner that
leads to an exceptionally low bimolecular recombination
coefficient of k2 ∼ 10−19 m3 s−1 in the bulk.41 This enabled
us to study devices with a relatively large absorber thickness of
300 nm without notable transport losses. Such thick layers are
considered not only an important prerequisite for low-cost
fabrication using printing techniques42,43 but also particularly
susceptible to space charge effects and therefore ideally suited
to investigate the impact of a possible diffusion of dopants
from the HTL into the active layer.
Figure 2a shows current−voltage (J−V) curves measured

under illumination with simulated sunlight. As can be seen,
very poor device performance is obtained when cross-linked
P3HT is used as HTL without doping. In particular, the J−V
curve shows a pronounced S-shape, which is characteristic of a
device limited by contact-related issues.15,44,45 This indicates
that undoped P3HT does not provide a suitable hole-collecting
interface, in agreement with the literature.20 The device
performance is significantly improved when using cross-linked
P3HT doped with Mo(tfd-CO2Me)3 instead. Figure 2a shows
this exemplarily for a doping level of 4 wt %, which has been
identified as the optimum concentration in previous
reports.20,34 We also fabricated devices with an HTL of the
very commonly used conducting polymer PEDOT:PSS as
reference. While the photocurrent shows a very similar voltage
dependence under reverse bias and around the short-circuit
current (JSC) for the PEDOT:PSS and the doped P3HT
device, its absolute value is slightly higher for the reference
device. We attribute the latter to more (parasitic) absorption of
visible light by the P3HT than by PEDOT:PSS, rather than to
electrical issues. This is evidenced by Figure 2b where we
normalize the total current J to the generation current JG,

Table 1. Conductivity of 2 wt % Doped P3HT Films with
and without Cross-Linking

layer conductivity [S cm−1 ]

doped P3HT 3 × 10−4

doped P3HT, cross-linked 9 × 10−5

doped P3HT, cross-linked and rinsed 4 × 10−6

Figure 2. (a) Measured J−V curves of P3HT:PCBM solar cells with an HTL of cross-linked undoped P3HT, cross-linked P3HT doped with 4 wt
% Mo(tfd-CO2Me)3, and the reference material PEDOT:PSS, respectively. (b) Current density normalized to the generation current JG calculated
with a transfer-matrix optical model. The higher JSC in the PEDOT:PSS reference device can be explained by less parasitic absorption in the HTL.
(c) Current−voltage curves measured in the dark.
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which we calculated using transfer-matrix optical modeling as
detailed in the Supporting Information. The ratio J/JG serves as
a measure for the extraction efficiency and is not affected by
parasitic absorption in the contacts and interfacial layers. As
can be seen in Figure 2b, virtually identical extraction
efficiencies are obtained around JSC for the doped P3HT and
the PEDOT:PSS reference device. We therefore conclude that
the cross-linked doped interlayers are, in principle, well suited
for hole extraction in OSCs.
However, a different behavior to the PEDOT:PSS reference

arises when the devices are operated closer to the open-circuit
voltage (VOC). The doped P3HT device displays lower forward
currents and also a slight S-shape around VOC, which leads to a
reduced fill factor compared to the reference device. This is
further illustrated in Figure 2c, which shows J−V curves
measured in the dark. The main deviation between the doped
P3HT and the PEDOT:PSS device occurs at high voltages in
the forward direction. Therefore, it is mainly resistive losses
(i.e., large series resistance) that cause the reduction of the fill
factor. Interestingly, the opposite trend is observed when
analyzing the reverse part of the dark J−V curves. Here, it is
the doped P3HT device that shows the superior performance
in terms of a lower dark saturation current, that is, the diode
leakage current under negative applied voltage. The dark
saturation current is a key indicator of the dominant
recombination mechanism.16,46,47 Assuming that the recombi-
nation in the bulk of the active layer remains unchanged by the

choice of HTL, we infer that doped P3HT provides an
interface with reduced surface recombination losses compared
to PEDOT:PSS.
To test whether the resistive properties of the cross-linked

P3HT can be improved, we performed a doping concentration
study. In principle, increasing the doping is expected to lead to
a higher density of mobile holes in the HTL and thereby a
higher conductivity. Figure 3a shows J−V curves for devices
with cross-linked P3HT doped with 2, 4, 6, and 10 wt %
Mo(tfd-CO2Me)3, respectively. It can be seen that the fill
factor is indeed improved by increasing the doping level from 2
to 4 wt %, in agreement with previous work on laminated
doped HTLs.20 However, further increasing the doping level in
the P3HT interlayer degrades the device performance by
reducing the photocurrent. This is particularly pronounced for
the device with 10 wt % doped P3HT, where JSC drops
significantly from 6.9 to 4.3 mA cm−2 compared to the
optimum doping of 4 wt %. A possible explanation for the
reduced photocurrent at high doping levels is diffusion of
dopants and/or dopant ions into the active layer, which would
then give rise to undesired bulk doping.8−11 A summary of the
photovoltaic parameters for the reference device with a
PEDOT:PSS interlayer and devices with a cross-linked
P3HT layer at various doping concentrations can be seen in
Table S1 in the Supporting Information.

Dopant Diffusion Degrades Device Performance. In
order to clarify whether diffusion of dopants into the active

Figure 3. (a) Experimental J−V curves for devices with different doping levels in the cross-linked P3HT interlayer. (b) Results of drift−diffusion
simulations assuming different bulk doping concentrations Np in the active layer. In the model, a metal−insulator−metal approach was chosen, and
the properties of the contacts were held constant. The experimentally observed variation of JSC can be explained solely by undesirable doping of the
active layer through diffusion of dopants from the HTL.

Figure 4. Result of doping-CELIV measurements to determine the doping concentration in the active layer. (a) Inverse square of the measured
extraction current in the capacitive regime plotted as a function of the applied voltage given by At + Voff, where Voff is a steady-state offset voltage.
(b) Doping concentration as a function of the distance from the cathode (i.e., the LiF/Al top electrode).
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layer is taking place, we measured the doping concentration in
the active layer of complete OSC devices using the charge
extraction by linearly increasing voltage technique in the
doping-induced capacitive regime (doping-CELIV).48 In the
doping-CELIV method, capacitance−voltage data from the
measured capacitive extraction currents are analyzed using the
Mott−Schottky theory. The measured doping concentration
can be determined as a function of the distance from one of the
electrodes in the solar cell, i.e., a depth profile of any dopant
migration into the active layer can be obtained.10,49 Current
transients for an undoped device in the dark consist of a
constant current plateau given by the displacement current j0
from the geometric capacitance of the device

εε=j
A
L0 0 (1)

where ε is the relative dielectric constant, ε0 is the vacuum
permittivity, A is the voltage rise speed, and L is the active-
layer thickness. In the case of sufficiently high doping, an
additional time-dependent extraction current Δj(t) caused by
the extraction of doping-induced charge carriers is added to the
transient current response, j(t) = j0 + Δj(t). Figure S8 in the
Supporting Information shows that both the reference device
with a PEDOT:PSS interlayer and the device with an undoped
P3HT interlayer show a constant current plateau given by j0.
This means that the active layer is undoped for these devices.
For devices with a doped P3HT layer at the anode, the

current transients have a different shape due to an additional
time-dependent current Δj(t) originating from doping-induced
free charge carriers in the active layer. At longer pulse lengths,
the doping-induced capacitive regime is reached (see
Supporting Information, Figure S9), where transients at
different time scales are overlapping, indicative of a fully
doped active layer. In Figure 4a, the doping-induced capacitive
regime of the current transient data is plotted in a Mott−
Schottky representation, i.e., the inverse square of the extracted
capacitive current as a function of the applied voltage. The
doping concentration can be determined from the slope of the
plot, and Figure 4b shows the resulting depth profile (for
details on the doping-CELIV analysis, see the Experimental
Section). Even for the lowest doping level of 2 wt % in the
cross-linked interlayer, the doping concentration in the active
layer is close to 1017 cm−3. With increasing doping in the HTL,
the doping concentration in the active layer also increases up
to almost 3 × 1017 cm−3 for a doping level of 10 wt %. The
doping concentration slightly increases when moving away
from the cathode toward the doped interlayer at the anode,
from which the dopants and doping-induced carriers originate.
It should be noted that the depth profiles are ultimately
restricted by the magnitude of the voltage that can be applied
without risking dielectric breakdown. Further restriction arises
from significant leakage currents through the solar cell diode at
higher voltages. The leakage current can be corrected for to
some extent, but at high voltages, there will be a larger error in
the analysis, corresponding to the data at longer distances from
the cathode in Figure 4b. Due to this restriction, only 30 to 50
nm of the 300 nm thick active layer could be reliably measured
for the devices under test.
In order to understand the effect of the apparent bulk

doping on the device performance, we performed numerical
device simulations using a one-dimensional drift−diffusion
model.17,50,51 Since we are only interested in properties of the
active layer at this point and to keep the number of input

parameters to a minimum, we chose a metal−insulator−metal
approach, i.e., the bulk-heterojunction blend was modeled as
an effective semiconductor sandwiched between two charge-
selective contacts. Table 2 lists the key input parameters of the

model. The values related to the P3HT:PCBM blend layer
were taken from a recent study41 in which the same processing
protocol was used as in this work. The nonuniform generation
rate profile of the thick-film devices was fully taken into
account by coupling the drift−diffusion simulator with the
transfer-matrix model. In the first step, we modeled the
PEDOT:PSS reference device assuming the active layer to be
undoped. Figure S10 in the Supporting Information shows an
excellent agreement between simulated and measured J−V
curves, which justifies the use of the parameter set in Table 2
for the given system.
We then assumed p-doping in the numerical model by

introducing acceptors of variable concentration Np into the
active layer. For simplicity, we assumed the dopants to be
homogeneously distributed over the thickness, which is at least
for parts of the active layer justified by the doping-CELIV
profiles. Figure 3b shows that by simply increasing Np, the
numerical model reproduces the experimental J−V curves
reasonably well. In particular, the strong reduction of JSC for
the 10 wt % device, while the fill factor remains about the
same, is well captured by the model. A similar behavior for
thick-film OSCs with an unintentionally doped active layer was
reported by Deledalle et al.9 It should be mentioned that in
particular for high doping levels in the HTL, the values of Np
that had to be assumed in the numerical model to
quantitatively describe the measured photocurrents are slightly
higher than suggested from the CELIV measurements (see
Supporting Information, Figure S11). This indicates that the
actual doping profiles are more complex than the homoge-
neous distribution we assumed in the model, and an increase of
Np toward the anode can be expected. However, the qualitative
statement that the degradation of the device performance can
be explained by undesired doping in the bulk alone remains
unaffected.
Figure 5 illustrates the effect of bulk doping with simulated

energy band diagrams under short-circuit conditions. Also
shown is the collection probability fc(x), that is, the probability
that a charge carrier generated at position x reaches the
respective contact and is extracted there.51−53 Based on the
doping level, two limiting cases can be distinguished for the
P3HT:PCBM devices under consideration. For no or very low
doping (Figure 5a), the energy bands are determined by the
given mobility contrast (μn/μp ≈ 7) in the active layer. Since
holes move much more slowly than electrons, a space charge

Table 2. Input Parameters for the Drift−Diffusion
Simulations

parameter symbol value

thickness L 300 nm
effective band gap Eg 1.0 eV
injection barrier height φ 0.1 eV
relative permittivity ε 3.5
effective density of states NC, NV 1020 cm−3

electron mobility μn 8.9 × 10−4 cm2 V−1 s−1

hole mobility μp 1.3 × 10−4 cm2 V−1 s−1

recombination coefficient k2 1 × 10−13 cm3 s−1

doping density (p-type) Np variable
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region (SCR) is formed near the anode, while the electric field
is screened in the vicinity of the cathode. However, due to the
greatly reduced recombination rate and the resulting long
diffusion length, electrons and holes are also effectively
collected from the quasi-neutral region in which fc is only
slightly smaller than in the SCR (where fc → 1). Thus, we
cannot make the common simplification of assuming a step-
like collection probability with 100% collection in the SCR and
0% collection in the field-free region.8,54 The other limiting
case is a high doping concentration, exemplified for Np = 6 ×
1017 cm−3 in Figure 5c. In this case, a narrow SCR of only ∼25
nm is formed at the cathode, while the remaining ∼275 nm of
the absorber remain field-free. The thickness wSCR of the SCR
agrees well with the theoretical expectation

εε
=

− −
w

V V kT q
qN

2 ( / )

p
SCR

0 0

(2)

where V0 is the built-in voltage.11,52 For high doping
concentrations, the field-free region is so large that it exceeds
the diffusion length, with the result that a significant fraction of
the charge carriers recombines instead of being collected. Since
the devices are illuminated from the anode side, a large fraction
of the carriers is generated in a region with low fc, which
explains the photocurrent losses in the 10 wt % device with the
highest bulk doping according to the CELIV measurements.
For a medium doping level, exemplified for Np = 1016 cm−3 in
Figure 5b, the effects of doping and imbalanced charge
transport compensate each other, and the band diagrams are
relatively homogeneous. The result is a nearly unity collection
efficiency throughout the whole active layer. Hence, for the
P3HT:PCBM blend system under consideration, a certain
degree of bulk doping is even beneficial for the device
performance. This provides a reasonable explanation of why
the photocurrent (corrected for parasitic absorption) in the
optimized device with a 4 wt % doped HTL is even slightly
higher than in the PEDOT:PSS reference device (see Figure
2b).
We can thus conclude from this section that while the cross-

linked P3HT host withstands the following deposition steps, at
least some of the dopant Mo(tfd-CO2Me)3 is released from the

HTL and diffuses into the active layer. The higher the weight
fraction of the dopant in the HTL, the more will diffuse into
the active layer and cause bulk doping. A certain bulk doping
level will not degrade the device performance and, in the case
of the P3HT:PCBM blend investigated herein, can even
compensate for the space charge effects due to imbalanced
charge transport. However, if the bulk doping concentration is
too high, the device photocurrent will drop, since a significant
fraction of the charge carriers is generated in a field-free region
with low collection probability.

■ CONCLUSIONS
In summary, we have investigated the potential of cross-linked
doped organic semiconductors as a hole transport layer in
organic solar cells. As a model system, we studied interlayers of
P3HT doped with Mo(tfd-CO2Me)3 that were cross-linked
with a photoreactive tris-azide cross-linker. We have shown
that the extraction properties of the cross-linked doped P3HT
are comparable to the reference material PEDOT:PSS. The fill
factor, however, is found to be lower than in the reference
devices, which is due to resistive losses close to the open-
circuit voltage. This could not be avoided by increasing the
doping in the hole transport layer, since a proportion of the
dopants is found to diffuse into the active layer. We were able
to detect the undesired bulk doping by CELIV measurements
and to understand its effect using numerical simulations. At
high doping concentrations, thick-film devices suffer significant
losses in the photocurrent since a large part of the charge
carriers is generated in a field-free region where recombination
losses occur. To avoid this, it is crucial to develop cross-linkers
that stabilize not only the host material but also the dopant in
the doped interlayer. Spatially stable doping for improved
device performance could be realized in the future by materials
with a higher cross-linking density or by utilizing dopants that
are more easily cross-linked, e.g., by attaching the functionality
responsible for the cross-linking directly to the dopant
molecule.

■ EXPERIMENTAL SECTION
Materials. The cross-linker benzene-1,3,5-triyl tris(4-azido-2,3,5,6-

tetrafluorobenzoate) was synthesized as described in the Supporting

Figure 5. Simulated band diagrams under short-circuit conditions and corresponding charge collection probability fc(x) for a device with an (a)
undoped, (b) medium doped, and (c) highly doped active layer. The orange shaded areas in the band diagrams indicate the width of the doping-
induced space charge region according to eq 2. For the highly doped device, the region of low fc(x) values coincides with the highest
photogeneration (yellow shaded area), which explains the significant loss in photocurrent.
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Information. The dopant Mo(tfd-CO2Me)3 was synthesized as
reported elsewhere.20 P3HT (regioregularity >90%) and PCBM
were purchased from Sigma-Aldrich. Poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) was purchased from
Ossila (AI 4083).
Preparation of Cross-Linked HTLs. P3HT was mixed with the

cross-linker in chlorobenzene at a molar ratio of 100:1 P3HT
monomers:cross-linker molecules. The dopant was added at different
weight percentages ranging from 2 to 10 wt %. The concentration of
P3HT in the solution was kept at 5 mg mL−1 for all dopant ratios.
The solution was filtered through a 0.2 μm PTFE filter. The P3HT
films were spin-coated and annealed at 120 °C for 5 min directly after
the deposition. The annealed films were exposed to UV light at a
wavelength of 254 nm for 1 min in order to activate and complete the
cross-linking mechanism. A UV lamp with two 8 W light tubes was
used, and samples were kept at a distance of roughly 10 cm from the
light source during exposure. The films were afterward rinsed with
chlorobenzene to remove any residual soluble material.
Device Fabrication. Organic solar cells were prepared with the

device structure glass/indium tin oxide (ITO)/HTL/P3HT:PCBM/
LiF/Al. The ITO substrates (Praz̈isions Glas & Optik GmbH) were
structured by etching with HCl (37−38%). After ultrasonication in
deionized water, acetone, and isopropyl alcohol, the etched substrates
were treated in a plasma cleaner. Subsequently, the HTL was
deposited via spin-coating. Cross-linked HTLs were spin-coated
inside a nitrogen-filled glovebox. For the reference devices, the
PEDOT:PSS solution was filtered through a 0.45 μm PVDF filter and
deposited in ambient air. The devices were then transferred into the
glovebox and dried on a hot plate for 10 min at 120 °C. For the active
layer, P3HT and PCBM were mixed at a 1:1 weight ratio and
dissolved in 1,2-dichlorobenzene with a total concentration of 45 mg
mL−1. The active layer was deposited by static spin-coating at 1000
min−1 for 2:45 min. After deposition, the films were annealed at 150
°C for 10 min inside a glass Petri dish. The top contact, consisting of
0.8 nm LiF and 60 nm Al, was thermally evaporated through a shadow
mask. The device area of about 4 mm2 was given by the overlap
between the bottom and front electrode.
Measurements. Conductivity measurements were performed

under nitrogen atmosphere using a four-point probe setup in a linear
configuration. Films were prepared on 2.5 × 2.5 cm2 square shaped
insulating glass slides for the measurements. Spring-loaded gold
probes were used in the setup with a spacing of 1.79 mm.
Measurements were performed using a source meter (Keithley
2400) applying a current on the outer probes, while the voltage drop
over the inner probes was measured. The measured voltage as a
function of current showed a linear behavior in the measured regime.
Conductivities were calculated using finite-size corrections.55

Current−voltage measurements of solar cell devices were carried
out in ambient atmosphere using a source meter (Keithley 2636) and
an AM1.5 solar simulator (Newport 92250A). CELIV measurements
were carried out with the sample mounted in a vacuum cryostat. A
pulse generator (SRS DG 535) and a function generator (SRS DS
345) were used for generating the linearly increasing voltage pulse,
and an oscilloscope (Keysight InfiniiVision DSOX3104T) was used to
measure the corresponding current response. The voltage pulse was
applied in reverse bias of the solar cell diodes in order to avoid
injection of charge carriers and to extract charge carriers present in the
active layer. Note that the voltage applied in reverse bias is by
convention defined as positive in the CELIV measurements. The
pulse length was varied to ensure that the measurements are
performed in the doping-induced capacitive regime.48 This regime
is reached at long enough pulse lengths where the transient is
determined by the width of the space charge region caused by doping,
j(t) = εε0AwSCR

−1, where wSCR is given by eq 2. The doping profile can
then be obtained using
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as reported previously.10,49
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