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Understanding the Role of Organic Hole Transport Layers
on Pinhole Blocking and Performance Improvement in

Sb,Se; Solar Cells

Thomas P. Shalvey, Christopher H. Don, Leon Bowen, Tim D. Veal,

and Jonathan D. Major*

Sb,Se; is an emerging semiconductor which has shown promise

for low-cost photovoltaic applications. After successive record-efficiencies
using a range of device structures, spiro-OMeTAD has emerged as the default
hole transport material (HTM), however, the function of HTM layers remains
poorly understood. Here, thin-film Sb,Se; solar cells are fabricated with
which three organic HTM layers - namely P3HT, PCDTBT, and spiro-OMeTAD
are investigated. By comparing these against one another, and to a reference
device, their role in the device stack are clarified. These organic HTM layers are
found to serve a dual purpose, increasing both the average and peak efficiency
by simultaneously blocking pinholes and improving the band alignment at the
back contact, with marginal differences in performance between the different
HTMs. This produced a champion device of 7.44% using P3HT, resulting from
an improvement in all performance parameters. A more complex processing
route, run-to-run variability, and lower overall device performance compared to
the other organics challenge the assumption that spiro-OMeTAD is the optimal

the past decade. Sb,Se; has a high
absorption coefficient,[!! contains rela-
tively non-toxic and abundant constituent
elements,!”] and does not suffer from
stability issues observed in other solar
technologies.l*! A stereochemically active
Sb 5s lone pairl* may instil a degree
of defect tolerance to Sb,Se;,’! and re-
sults in a 1D orthorhombic Pbnm crys-
tal structure whereby nano-ribbons are
held together by van der Waals bonds.
This is thought to result in benign grain
boundaries!® and enhanced conductiv-
ity along the covalently bonded [001] di-
rection. Furthermore, alloying with sul-
phur to produce Sb,(S,Se); allows the
band gap to be varied between =1.2—
1.7eV for optimal spectral response,

HTM for Sb,Se; devices. A Schottky barrier at the Au-Sb,Se; contact despite
the deep work function of gold implies Fermi level pinning due to a defective
interface, which each of the organic HTMs are equally capable of alleviating.

1. Introduction

Sb,Se; based thin film solar cells are an emergent technology
which have seen rapid improvements in device efficiency over
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which has led to record device efficien-
cies 0f 10.57% and 10.75% for Sb, Se; and
Sb, (S,Se), respectively.”8] These proper-
ties, combined with compatibility with
high throughput physical vapor deposi-
tion methods!®! offers the potential for
large-scale, low-cost renewable electricity.

Antimony chalcogenide (Sb,X;) solar cells can be grown in
both substrate and superstrate configuration, and both struc-
tures have produced high efficiency (>10%) devices. However,
the superstate device structure has been more commonly re-
ported in the literature, and is used in the current record effi-
ciency Sb,Se;,[”] Sb,(S,Se);,1l and Sb,S; devices.['! The super-
strate device structure is also well suited for studying hole extrac-
tion in Sb,X; solar cells, since the back contact is deposited as
the final processing step and is therefore easily controlled and
remains accessible for measurement. In contrast, the back con-
tact is buried at the bottom of the device stack for substrate de-
vices, and will be affected by subsequent processing steps. Su-
perstrate devices typically consist of Sb,Se; deposited onto ei-
ther CdS or TiO, window layers, followed by a metallic con-
tact, which is almost always gold (see Figure le). In many in-
stances, a p-type hole transporting material (HTM) is included
between the Sb,Se; layer and the metal contact to aid charge ex-
traction, such as PbS quantum dots, amorphous MnS or a vari-
ety of organic semiconductors.''"3] Organic HTMs are partic-
ularly attractive owing to their ease of use and wide availabil-
ity. Spiro-OMeTAD has been studied extensively for other solar
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Figure 1. Chemical structure of a) P3HT, b) PCDTBT, and c) spiro-OMeTAD HTM layers used in this work, d) literature values of band positions for
each of the layers within the complete solar cell,l'7-2"] and e) relative frequency of different back contact structures for superstrate Sb,Se; devices in

literature.

technologies, in particular for perovskite solar cells, and there-
fore is well understood by many research groups who are fa-
miliar with the processing route and have optimized recipes.
The inclusion of additives to control morphology and molecu-
lar dopants results in a high mobility spiro-OMeTAD layer which
is used in all record efficiency Sb,X; device structures!”#1% and
particularly those with efficiencies above 10%, and therefore is
often the default choice for high-efficiency devices. P3HT is com-
monly used in organic solar cells, and has shown to be effective
at blocking pinholes in CdTe devices.[**! It has also been shown
to be an effective HTM for Sb, Se, devices, with efficiencies >6%
observed.'>] There are far fewer reports of Sb,Se, devices incor-
porating a PCDTBT hole transport layer, however despite this it
has also shown to produce high-efficiency devices.['! Together,
these three organic hole transport layers offer a suitable platform
to compare organic hole transport materials in Sb,Se; solar cells
to elucidate the role of organic HTMs, establish what attributes
are required for effective hole transport, and determine whether
spiro-OMeTAD is truly necessary in high-efficiency Sb,Se; de-
vices.

Whilst often unmentioned in literature, the 1D nature of the
Sb,Se; unit cell makes film morphology particularly sensitive
to deposition conditions. This is especially true for films grown
via high-temperature PVD which tend to have large grain sizes
and favorable grain orientations, but for which uniform cov-
erage of Sb,Se, has proven challenging. Deposition of a thin,
small grain seed layer has been key to improving coverage on
the microscale.['®! Despite this, even minor alterations to ab-
sorber layer processing or surface chemistry of the substrate
can alter the early-stage nucleation conditions, > which has
a drastic impact on film morphology. Such sensitivity to pro-
cessing conditions can severely hinder device optimization ef-
forts, with each changed variable requiring re-optimization of
the Sb,Se,; deposition conditions to prevent pinholes. Alterna-
tively, pinhole blocking layers can be used to prevent direct
contact between the metal and window layer in areas of poor
substrate coverage which would otherwise short-circuit the cell,
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thereby improving uniformity drastically.!*!) Therefore, these
three organic HTMs are also assessed in terms of their pinhole-
blocking ability, which is a particularly important aspect for
novel absorbers such as Sb,Se; in the early stages of their

development.

This study aims to determine what purpose HTM layers serve
in Sb,Se; solar cells in two ways. Initially, we use photoemis-
sion to study the simple Sb,Se,-Au interface in isolation to de-
termine its energy level alignment with reference to its suitabil-
ity for hole extraction. We then comprehensively study the im-
pact of several organic HTMs against one another in comparable
device structures to i) assess the relative efficacy of each, with
particular reference to spiro-OMeTAD as the “standard” HTM of
choice, ii) compare devices with an organic HTM to those without
to better understand the mechanism by which HTMs improve
charge extraction, and iii) determine what attributes are neces-
sary for a high-performance HTM in Sb,Se; solar cells. Litera-
ture reports of Sb,Se, solar cells typically either use a particular
HTM incidentally, whereby the focus is on other aspects of device
performance, or report optimization of a single HTM without
detailed comparison. Whilst several other organic HTMs have
been reported aside from those mentioned here, they tend to
be used in lower efficiency (<6%) devices(??! or are not commer-
cially available.?)] Given the markedly different device structures
and processing routes between different research groups, it is
impossible to meaningfully compare the effectiveness of one or-
ganic HTM to another from literature alone. Therefore, in this
study we initially optimize the deposition conditions for P3HT,
PCDTBT and spiro-OMeTAD HTMs. We are then able to directly
compare the effectiveness of the three organic HTMs against
each other, and also to a reference device without any organic
HTM. We find that P3HT produces the highest efficiency de-
vices, although there is a relatively small difference between them
and all three HTMs offer comparable device performance. The
presence of the organic HTMs result in the absence of rollover
in the forward bias region of JV curves, which is typically as-
sociated with a back contact barrier. There is no correlation of
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device performance with the reported natural band positions
of the organic semiconductors which might be expected to de-
termine the effectiveness of hole extraction. The inclusion of a
HTM leads to an improvement in all performance parameters,
in terms of champion cells and averages compared to Au-only
contacts. There is also a drastic reduction on the spread of perfor-
mance, which is attributed to pinhole blocking by the organic lay-
ers preventing short-circuiting through areas with a weak diode
response.

2. Results and Discussion

2.1. Energy Level Alignment at the Back Contact of Sb,Se,
Devices

P3HT, PCDTBT and spiro-OMeTAD have already been re-
ported in Sb,Se, devices with over 6% power conversion
efficiency,7151¢] demonstrating their effectiveness as HTMs.
However, the key properties required of a material in order to
be an effective HTM in Sb,Se; solar cells remains unclear. An
obvious design strategy would be to match the HOMO position
of the HTM as closely as possible to the valence band, whilst
the LUMO position would be higher than the conduction band
minimum of Sb,Se;. This would be expected to facilitate hole
extraction whilst repelling electrons, thereby creating a selec-
tive contact and minimizing recombination of photo-generated
carriers.

Figure 1 shows the chemical structure of each HTM, as well
as the equilibrium band positions of the different layers in a
complete device structure and a survey of the contact structures
used in superstrate devices from literature. We can see from
Figure le that an Au layer deposited directly onto the back sur-
face of Sb,Se, is the most commonly employed back contact
structure in literature, with a range of organic interlayers (typ-
ically either spiro-OMeTAD or P3HT) being regularly used as
a HTM. We therefore compare the simple Au contact to P3HT
and spiro-OMeTAD, as well as to PCDTBT which is compara-
tively unexplored in Sb,Se, devices.['®! The range of HOMO po-
sitions of the different organic HTM layers studied here (-5.1
to —5.45eV) encompasses both the VBM of Sb,Se; (-5.26eV), as
well as the work function of Au (-5.1eV). Therefore, there will
be a positive or negative step in the ionisation potential toward
the back contact depending on the particular organic HTM used.
Similarly, the LUMO positions of the HTMs range from -2.1 to
-3.6eV, compared to the Sb,Se; CBM of —4.1eV. This implies
that all three HTM layers should provide a barrier to electrons
in the Sb,Se, conduction band moving toward the back contact,
with the barrier height ranging from 0.5 to 2.0eV, which may re-
duce electron-hole recombination. Aside from being typical p-
type transport layers for solar cells, the three HTMs studied here
share little commonalities with one another in terms of their
structure or electronic properties. Therefore, together they en-
compass a wide range of properties, from which any material
parameters crucial to the effectiveness of a HIM for Sb,Se, de-
vices might be inferred. We note that the energy level alignments
shown in Figure 1d, which are based upon the assumption of
common vacuum levels, rarely correspond to experimental ob-
servations of semiconductor-metal,[?* semiconductor-organic!?’]
nor organic-metall?! interfaces in practice, but they provide a rea-
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sonable first approximation to the band structure at the back con-
tact of Sb,Se; devices.

From the relative bulk band positions shown in Figure 1d, it
would seem that a simple Au contact should enable efficient hole
extraction due to its deep-lying work function close to the valence
band maximum of Sb,Se;, and the need for additional interlay-
ers such as the organic HTMs is not immediately obvious. From
simply comparing the literature values of the bulk valence band
and work function of the separate materials, we would expect an
offset of #160meV between Au and Sb,Se; which would not be
expected to pose a significant barrier to hole transport from the
absorber to the electrode.?”] However, predicting the band align-
ment between two materials brought into contact with one an-
other using measurements of bulk material properties indepen-
dently is notoriously challenging, and often cannot be reconciled
with experimental data.['’! Therefore, instead we use the Kraut
method?®! to directly study the interface formed between Sb,Se,
and Au in order to determine a more reliable estimate of the off-
set and to better understand the apparent requirement of HTMs,
as shown in Figure 2.

The Kraut method is a photoemission-based technique
whereby two materials (material A and material B) are measured
independently, and the core level to valence band edge (E-, —
E, ;) separation is determined in each case. A third sample is then
studied whereby material A is deposited onto material B to form
the interface, yet is thin enough that characteristic photoelectrons
can escape and be measured to determine the core level sepa-
ration for the interface sample (ACL). The core level shift upon
interface formation is directly related to the shift in the valence
and conduction bands, and therefore the valence band offset at
an interface can be measured as:

AE,, = (E}, — EB) — (E&, — Eb,) + AEq, (1)

This method has previously been used to study the band off-
sets at the front contact of Sb,Se, solar cells!'’] as well as the
band alignment to its native oxide,[?’! and is typically used to
determine the valence band offset between two materials. Since
it relies on the measurement of core levels from both layers
in a heterostructure concurrently, rather than one after another,
this method is particularly suited for investigating band align-
ments and offers a direct measurement of an interface of in-
terest. This is then combined with the core level to valence
band separation, which will be constant for a given material
and therefore not subject to small shifts with measurement con-
ditions which might otherwise obscure the behavior of inter-
est. Here, we adapt the method slightly to instead measure the
offset between the valence band of Sb,Se; and work function
of Au.

Figure 2a—c shows the Sb,Se;, Au, and Sb,Se; /Au samples re-
spectively that are required for the Kraut analysis, and the sur-
vey spectra for each sample is given in Figure 2d—f. These sur-
vey spectra are shown here to demonstrate the principle of the
Kraut method, however high-resolution scans of the relevant re-
gions were used for subsequent calculations, and can be found
in Figure S1 (Supporting Information). The Sb 3d core level is
particularly intense, and therefore is monitored during interface
formation since this maximizes the chance of being observed
through a nominal ~#10 nm overlayer of Au. The Sb 3d core level
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Figure 2. Illustration of the samples fabricated for XPS measurement (a—c), as well as their corresponding survey scans (d—f) required required for Kraut
analysis. g) shows a comparison of the offset between the valence band maximum of Sb,Se; and the work function of Au by comparing their respective
“bulk” band positions (AEyg (bulk)) versus the measured offset using the Kraut method (AE,z(meas.)).

. Sby S Shy Ses -
to valence band separation (E.*"" — E,»°") is measured for the

Sb,Se; sample, the Au 4f to Fermi level (E2Y — Ejﬁ‘”) is measured

for the Au sample, and the core level separation ACL = (E?z2 5o

EZ¥) is measured for the interface sample. This results in an offset
between the valence band maximum of Sb, Se; and work function
of Au as 522 meV, which is significantly higher than the 160 meV
offset predicted from comparing the separate bulk materials. De-
spite this large offset between Sb,Se; and Au measured using
the Kraut method, the bands must presumably return to their re-
spective bulk values of VBM and work function away from the
interface, which would produce downward band bending that is
distinct from that expected upon simple alignment of Fermi lev-
els. This is shown in Figure 2g, which does not account for “nor-
mal” Schottky barrier formation whereby band bending occurs
as a result of charge transfer from one material due to alignment
of Fermi levels. The relative band positions at the interface be-
tween Sb,Se, and Au may be fixed by Fermi level pinning,?*! and
therefore some degree of downward band bending is expected
in the Sb,Se, layer, which could inhibit hole transport despite
the seemingly favorable relative bulk band positions of the two
materials.

The band alignment shown in Figure 2 indicates the interface
between Sb,Se; and Au is highly defective, and may offer some
insight as to why Sb,Se; devices (in particular those with high
efficiencies) typically incorporate a HTM between the absorber
layer and back contact. The additional interlayer would then pre-
vent direct contact between Sb,Se, and Au, which in turn might
prevent Fermi-level pinning at the back contact. Ideally, we would
assess each of the organic HTMs shown in Figure 1 (i.e., P3HT,
PCDTBT and spiro-OMeTAD) by repeating this Kraut method for
the different contact structures to make a direct comparison of
the offset at the back contact. However the technique requires
precise control of the overlayer thickness which is not afforded
by spin-coating deposition employed here. Instead, we compare
the performance of the organic HTMs against one another, as
well as to a simple Au only contact, using a device-led approach
detailed below.
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2.2. Device Optimisation and Performance

Previous reports of the inclusion of P3HT, PCDTBT, and spiro-
OMeTAD in Sb,Se; solar cells have already demonstrated their
potential as effective HTM layers in high-efficiency devices. How-
ever, different processing steps and baseline device performance
of different research groups do not allow for a meaningful com-
parison of the effectiveness of organic HTMs from literature
alone. Therefore before making a detailed assessment of their
relative efficacy, each organic layer underwent an extensive op-
timization process to ensure a fair comparison between device
structures, The main findings of this are briefly reported below,
and is shown in further detail within the Supporting Informa-
tion. Figure 3 summarizes the results of the optimization pro-
cess, with box plots showing the efficiency of devices as a func-
tion of spin coating speed and solution concentration for each
organic HTM. We note that the device optimization process for
each of the different organic HTMs was not undertaken concur-
rently, therefore gradual changes in the CSS source condition can
lead to varied baseline device efficiency. For this reason, we defer
the comparison between HTMs to the discussion of Figure 4.

Devices with a P3HT layer at the back contact show a strong
dependence on solution concentration, with a gradual improve-
mentin both the peak and average efficiency for most spin speeds
shown in Figure 3a. This is a result of a drastic improvement
in all performance parameters (see Figure S2, Supporting In-
formation) with higher P3HT solution concentration, which are
expected to produce increasingly thicker P3HT films. The im-
proved average efficiency is a result of a much more uniform per-
formance across the device plate for thicker P3HT films. There-
fore, 10 mg mL~" P3HT solutions in chlorobenzene were found
to be optimal for both peak and average device performance, and
is used in all P3HT devices described hereafter. There was no fur-
ther improvement observed when the solution concentration was
increased beyond 10 mg mL~!.

Devices with a PCDTBT layer show improved average effi-
ciency for solution concentrations up to 5 mg mL~!, due to
improvements to the V,, and shunt resistance (see Figure S3,
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Figure 3. Box plots showing efficiency of Sb,Se; solar cells with a) P3HT, b) PCDTBT, and c) spiro-OMeTAD layers spin-coated onto the back surface

prior to metallization. The solution concentration in chlorobenzene and sp
(N = 16).

Supporting Information), as well as more uniform performance
across the device plate. Beyond this, performance is gradu-
ally lowered due to an increase in series resistance thereby
lowering the fill factor. Therefore, Figure 3b demonstrates
the two competing effects of PCDTBT - the pinhole block-
ing effect (discussed in more detail below) reduces the spread
in performance across a device, but introduces an additional
layer whose presence increases the series resistance. With
this in mind, 5 mg mL™ solutions of PCDTBT were de-
termined to produce the optimal balance between improving
performance whilst introducing minimal additional series re-

in speed during deposition were varied in tandem for each device structure

sistance, and therefore is used in the subsequent PCDTBT
devices.

Devices with a spiro-OMeTAD layer, shown in Figure 3c,
were optimized using significantly higher solution concentra-
tions compared to P3HT and PCDTBT, as is typical for such
HTM layers used in literature.[3%) It is also noted that the spiro-
OMEeTAD layers require additional dopants to improve the hole
mobility (hence the Li-TFSI and tBP additives used here), which
is a slow, gradual process.?!! This is demonstrated in Figure S5
(Supporting Information), whereby the efficiency of devices im-
proves over time as the series resistance is lowered, with the rate
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Figure 4. Box plots showing the performance parameters for devices with
or spiro-OMeTAD HTM layers. The a) efficiency, b) J,, ¢) V,,,
(N = 64).
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an Au-only contact compared to those including optimized P3HT, PCDTBT

d) fill factor, e) series resistance and f) shunt resistance is shown for each device structure
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and extent of improvement dependent on spiro-OMeTAD solu-
tion concentration and therefore also on the thickness of the re-
sultant layer. For this reason, devices were left in air for at least
3 days before comparing them. Despite this, spiro-OMeTAD lay-
ers were noted to exhibit a degree of variability in their resistivity
which hindered optimization efforts somewhat, and maybe re-
sult of the more complex solution preparation and doping pro-
cess compared to the other organic layers.[*?] We note that strict
control of the environmental conditions under which the devices
were left to oxidize did not have a substantial effect on the re-
producibility of device performance (Figure S6, Supporting In-
formation). Figure 3c shows that devices with 18 and 36 mg
mL~! spiro-OMeTAD layers perform similarly well, whereas 96
mg mL™" solutions results in much lower efficiencies. This is
due to a large increase in series resistance lowering overall per-
formance, as shown in Figure S4 (Supporting Information), al-
though despite this, the open circuit voltage continues to im-
prove with higher solution concentrations. With little consistent
differences for devices using lower solution concentrations, sub-
sequent spiro-OMeTAD layers are deposited from 36 mg mL™
solutions as this matches closely with similar processing routes
used in the current record efficiency Sb,Se; device.l”!

It is noted that for each organic HTM, the spin speed with
which they are processed has a relatively minor effect on device
performance. The thickness of the spin-coated layer is expected
to be roughly proportional to the inverse of the square root of
spin speed, and therefore is expected to have a significant ef-
fect on device performance. Instead, the solution concentration
is found to have the dominant effect. This may be a result of the
rough Sb,Se; surface on which the HTMs are deposited, which
could affect the film formation. However, the observation of sim-
ilar trends in the performance of device with different solution
concentrations for each spin speed increases confidence in re-
sults, and instead act largely as repeat measurements. Therefore,
3000rpm was chosen somewhat arbitrarily as the optimal spin
speed, and is kept consistent for each HTM in subsequent depo-
sitions.

Further sample sets were fabricated to investigate the effect of
several other processing variables during the optimization pro-
cedure, however there were no notable improvements observed.
For example, whereas post deposition annealing of CdTe devices
with organic HTMs has proved to be a key processing step, im-
proving the crystallinity of P3HT!'*] and accelerating the slow
doping process in spiro-OMeTAD,**l it was found to be detri-
mental for all devices studied here. As shown in Figure S7 (Sup-
porting Information), annealing Sb, Se, devices following the de-
position of an organic HTM appears to have a pronounced neg-
ative effect on device performance. Considering a similar re-
duction in efficiency is also observed in devices without any or-
ganic HTM, we consider this efficiency reduction with anneal-
ing to due to deterioration of the Sb,Se; itself, rather than the
organic HTMs.

Having found the optimal processing conditions for each or-
ganic HTM, a series of devices were then fabricated to directly
compare the effect of P3HT, PCDTBT and spiro-OMeTAD HTM
layers, compared to a simple Au contact. A total of 16 devices were
fabricated from consecutive Sb, Se, depositions in a randomized
order (thereby minimizing the effect of gradual drift in CSS con-
ditions), with each device containing 16 individual cells (i.e., 64

Adv. Mater. Interfaces 2024, 2400394 2400394 (6 of 12)

RIGHTS L1 N Hig

www.advmatinterfaces.de

cells for each device structure). This allows a direct comparison
of the effect of the organic HTMs on device performance across
a large sample set, with box plots showing the JV performance
parameters shown in Figure 4.

The addition of an organic HTM layer at the back contact of
Sb,Se, compared to a simple Au contact leads to a dramatic im-
provement in both the average device performance, as well as in-
creasing the maximum attainable efficiency, as discussed in Sec-
tion 2.3. The average efficiency is improved from (3.6 + 1.6)%
for a simple Au contact, to (6.4 + 0.4)%, (6.2 + 0.4)% and (5.9 +
0.3)% for P3HT, PCDTBT, and spiro-OMeTAD contacts respec-
tively. This is accompanied by a much narrower distribution of
all performance parameters for devices with an organic HTM, ir-
respective of which particular HTM is used. The improvement
in average device performance is attributed to a pinhole-blocking
effect, which is discussed in more detail in Section 2.4. Whilst the
average and champion efficiency of P3HT devices is marginally
higher than for PCDTBT, the differences are small and not statis-
tically significant following one-way ANOVA analysis (p = 0.05).
The difference between P3HT and spiro-OMeTAD devices, whilst
still relatively small, is slightly more pronounced. The difference
arises from a reduction in fill factor, despite similar series and
shunt resistances. Comparison of individual JV curves (an exam-
ple of each is given later in Figure 5a), indicates a lower ideality
factor may be responsible for the reduced performance of devices
with a spiro-OMeTAD layer. Whilst this could occur for any num-
ber of reasons, one possibility is the diffusion of Li into the Sb, Se,
layer from the Li-TFSI additive, which is expected to occur quickly
due to the small ion size. This would compensate for any native
doping of the Sb, Se; as indicated by a comparatively low doping
density as shown in Figure S8 (Supporting Information), which
also results in a narrower space charge region compared to the
other devices. Aside from this, all other performance parameters
are improved with the addition of any of the organic HTMs tested
here to the same extent, with no statistically significant differ-
ences between them. We do however note that the stability of de-
vices over several months is strongly dependent on the back con-
tact structure. Whilst most devices were found to be remarkably
stable, devices containing a P3HT layer were particularly prone
to degradation, with a 40% reduction in efficiency observed over
a 10 week period (Figure S9, Supporting Information). This rel-
atively quick degredation in an otherwise stable device structure
is likely due to photo-oxidation of the P3HT layer.3**! We find
that the molecular weight of the P3HT has no clear impact on the
degradation rate, however alternative mitigation strategies could
include device encapsulation or stabilizing additives if necessary.

As well as improved average performance, the efficiency of the
best performing cells is significantly improved for device struc-
tures that include an organic layer, which again is a result of
improvement in all performance parameters, which can be seen
from Table 1. We note that this improved champion efficiency is
not simply due to a reduction in shunted areas, which improves
the average efficiency. Instead, the series resistance of devices
with an organic HTM is lower than the control device without,
despite the inclusion of an additional layer with intrinsic resistiv-
ity, and increasing the number of interfaces in the device stack.
Although the control (Au) device does have several cells with par-
ticularly low (<4 Q cm?) series resistance, these are poorly rec-
tifying and therefore this a result of a short-circuit rather than
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Figure 5. a) JV curves of champion cells from devices with Au-only contacts compared to those with P3HT, PCDTBT and spiro-OMeTAD HTM layers

between the Sb,Se; and Au. Inset is the differential resistance calculated at

5 1 1 1 1
1.0 Au P3HT PCDTBT spiro-OMeTAD

each point along the JV curves, with the forward bias region shown in detail.

The range of V. found for these devices is also marked to indicate the region where series resistance is calculated from. b) External quantum efficiency
(EQE) of the same devices. The difference between EQE response of devices with an organic HTM layer compared to the Au-only device is also shown

(AEQE) as a function of wavelength. c) Differential resistance plot shown in
in )V curves when dR/dV > 0, and d) maxima of dR/dV plots for each HTM

a truly lower series resistance in the device. The mechanism by
which the organic layers improve the champion device efficiency
is explored in more detail in Section 2.3.

2.3. Rollover and Schottky Barriers

JV curves of the highest efficiency contact for each device struc-
ture are shown in Figure 5a. The differential resistance plot is
shown inset, highlighting the forward bias region such that sub-
tle variations in the series resistance between device structures
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(a) as well as its derivative, which is used as a qualitative indicator of rollover
structure for all contacts measured.

can be more clearly seen. All curves look very similar below V,,
with differences in performance being due to an improvement in
the fill factor and ], for devices with an organic HTM compared
to an Au only contact. In forward bias, differences become more
apparent. The device without an organic HTM (i.e., Au) displays
a gradual current limiting effect above V. whereby the JV curve
starts to flatten. This “rollover” phenomenon is observed across a
wide range of solar cell architectures!?’! and is characteristic of a
Schottky barrier and the back contact between the Sb,Se, and Au
layers. The observation of rollover in JV curves with an Sb, Se;-
Au contact despite a seemingly favorable alignment of bulk band
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Table 1. Performance parameters of the highest efficiency contacts for de-
vices with different back contact structures.

Contact n(%) Voo (V) Jo (MAcm™2) FF (%) R, (Qcm?) Ry (Qcm?)
Au 6.29  0.437 27.7 51.9 4.62 803
P3HT 7.44  0.445 30.1 55.4 3.67 583
PCDTBT 7.09 0.437 29.9 54.2 3.70 616
spiro-OMeTAD  6.40  0.430 28.9 515 3.89 622

positions (Figure 5), as well as an anomalously large measured
band offset (Figure 2) implies deviation from the behavior ex-
pected from the Schottky—Mott rule, which is likely a result of
Fermi-level pinning. This Schottky barrier acts in the opposite di-
rection to the main junction and therefore inhibits current flow in
forward bias. The presence of a back contact barrier leads to a re-
duction of the fill factor, and in extreme cases whereby the main
junction and back contact barrier overlap, a reduction in V,, is
also observed.*®] The extent of the rollover effect for Au devices
in Figure 5a may be seen more clearly by taking the differential
resistance, whereby the inverse of the gradient is calculated at
each point along the JV curve. This is shown inset, and the re-
sistance decreases up to V,, for the Au-only device, before rising
again at further forward bias.

Devices with an organic HTM do not show such rollover ef-
fect in any of the JV curves, and the differential resistance de-
creases for each with increasing forward bias until a plateau is
reached. This implies the Schottky barrier at the back contact has
either been eliminated or reduced to the point where it no longer
significantly affects charge transport out of the device. The im-
proved charge extraction is then directly related to the increase
in fill factor and J_ for devices with an organic HTM. This is sup-
ported by external quantum efficiency measurements, shown in
Figure 5b, where there is an increase in current collection at long
wavelengths for devices with an organic HTM. Since longer wave-
length photons will penetrate deeper into the absorber layer, car-
riers are more likely to be photogenerated close to the back con-
tact. In particular, according to Chen et al.,l’”] photons with wave-
length ~1000nm will penetrate ~1um into the Sb,Se, absorber,
which is close to the average thickness of Sb,Se; in our devices.
We would expect a decrease in collection efficiency for carriers
which are photogenerated close to the Sb, Se;-Au interface, which
if defective will swiftly result in recombination. Therefore the in-
crease in long wavelength collection in this region with organic
HTMs is likely related to the lowering of the Schottky barrier be-
tween Au and Sb,Se, allowing efficient charge extraction due to
a better passivated interface. Similar effects have been seen for
CdTe-based solar cells using organic contact layers.[*]

Given the implied differences in the Schottky barrier at
the back contact for the devices studied here, we have at-
tempted to extract quantitative values of the barrier height us-
ing temperature-dependent dark JV measurements as outlined
by Batzner et al.,38] However, as of yet this has not been possible
due to observation of slow transient current effects producing in-
consistent series resistance measurements (in dark only, light JV
curves reported above are unaffected), rendering this method of
barrier height measurements unreliable. The cause of this effect
remains unclear and is under study at present. Instead, we use
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the extent of rollover observed in individual JV curves to give a
qualitative assessment of the barrier height in our devices. Given
that rollover is indicated by a flattening of the JV curve in for-
ward bias, which corresponds to an increase in the differential
resistance, the gradient of the differential resistance can be used
as an indicator of the degree of rollover and therefore barrier
height. Where the differential resistance increases, this can be
identified as a positive dR/dV, as shown in Figure 5c. Here we
see that the device with a Au-only contact has a positive dR/dV
between ~0.5 — 0.7V, whereas the devices with an organic HTM
always have dR/dV < 0 (the PCDTBT data point which implies
rollover is the result of a discontinuity in the JV curve resulting
from a measurement artefact). This simple method of qualita-
tive barrier height determination can be easily be applied to large
number of JV curves, and the maxima of the dR/dV curve can
therefore be used as an indicator of the presence, and relative
extent, of contact barriers. This is especially useful in instances
where the presence of rollover is not immediately obvious, with
a subtle flattening of JV curves in forward bias. By applying this
method to all of the devices shown in Figure 4 (corresponding
to over 250 individual cells), we see that rollover is consistently
observed across devices with an Au-only contact, but not with or-
ganic HTMs. We note that many of the contacts with a low max.
dR/dV for the Au contact will be those which were poorly rectified
due to the presence of pinholes, and therefore in this case would
not be expected to show any rollover due to their linear JV curves.

We can therefore conclude with some confidence that thereisa
Schottky barrier formed between Sb,Se; and Au when deposited
directly onto the back surface, yet the addition of an organic in-
terlayer prevents barrier formation. The reduction/removal of the
barrier does not appear to be strongly dependent on which spe-
cific organic is used, and given the wide range of both organic
and inorganic HTM layers found in literature,['*! the dominant
effect maybe to simply separate the Sb,Se; and Au layers and
prevent a defective interface forming directly between these two
materials. If this is the case, then separating direct contact be-
tween Sb, Se; and Au, for example with an organic interlayer, pre-
vents this unfavorable interface forming by electrostatically de-
coupling the two layers,3?! which then prevents the formation of
a Schottky barrier which can impede hole extraction. This would
explain the relative insensitivity of Schottky barrier formation to
the specific organic HTM used in this study, as well as why such
a wide range of other HTMs are found in the literature to work
equally well,[**} including the native oxide.[**] A similar strategy of
“contact displacement,” whereby a particularly thin interlayer is
placed between the absorber and charge extraction layer in order
to limit non-radiative recombination at a defective interface, has
been explored in perovskite literature.[*!] Dielectric interlayers
deposited at metal-organic semiconductor interfaces have also
been demonstrated to reduce the charge injection barrier by de-
pinning the Fermi-level.[*?]

According to this interpretation, a wide range of mate-
rials, both organic and inorganic, will function as effective
HTMs in a Sb,Se; device structure. Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) is another common organic
HTM which has shown promise in other PV technologies, in par-
ticular for perovskites, yet has scarcely been employed in Sb, Se,
devices to date. As shown in Figure S10 (Supporting Informa-
tion), with minimal process optimization the PTAA appears to
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Figure 6. a—c) Backlit optical microscope images of Sb,Se; films using progressively higher substrate temperatures during the seed layer deposition,
resulting in a gradual increase in the number of bright spots, which correspond to incomplete coverage of the absorber layer. d—g) SEM images of the
back surface of Sb,Se; coated with different organic HTM layers. h,k) cross section of Sb,Se; device showing non-uniform thickness of the absorber
layer and demonstrating how P3HT can accumulate at the thinner regions, preventing contact between the front and back electrodes. i,j) shows the

number of contacts whereby the performance parameter is greater than an arbitrary, moving threshold for different back contact structures.

function in much the same way as the other organic HTMs tested
so far. In particular, the rollover in the forward bias of JV curves
is eliminated for all devices with a PTAA interlayer, further sug-
gesting the dominant role of the HTM is to separate a defective
Sb, Se;-Au interface and prevent Schottky barrier formation. The
device efficiency is then determined by balancing the need for
a lower Schottky barrier without introducing excessive series re-
sistance from the HTM itself, although we note that further op-
timization through extrinsic doping of the PTAA layer may yield
further benefits. Given the relative insensitivity to specific HTMs
found in this work, the eventual removal of all organic layers and
replacement with inorganic HTMs (for example metal oxides)
may offer a promising route to improve the stability of Sb,Se,
devices in the long term if they are to move beyond lab-scale. De-
spite this apparent insensitivity, we expect that typical HTM con-
siderations such as a well-matched valence band offset and mini-
mal additional series resistance, will remain vital. In this respect,
detailed transport measurements to correlate charge extraction
efficacy with different contact structures more closely would be
of great benefit.

2.4. Pinhole Blocking

As observed in Figure 4, the presence of the organic HTM layers
improves not only the champion efficiency, but the average per-
formance across a device plate also increases drastically. Whereas
it may be possible to reduce such spread of device performance
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with a simple Au contract though careful process control, a sim-
ple and effective method of ensuring narrow performance dis-
tributions is crucial for lab-scale studies of solar absorbers, es-
pecially for technologies at an early stage in their development.
Figure 6a—c shows back-lit optical microscope images of a several
Sb,Se, thin films with varying degrees of substrate coverage as
demonstrated by bright spots, which correspond to areas of ex-
posed transparent substrate which are not covered by highly ab-
sorbing Sb,Se;. Such poor substrate coverage is easily obtained
outside of the Sb,Se; optimal CSS processing conditions, with
the examples given corresponding to growth runs where the seed
layer is deposited at slightly higher than optimal substrate tem-
peratures. The peculiar, 1D grain structure of Sb,Se; means that
it is particularly challenging to control the morphology of vapor
deposited films to ensure uniform coverage,'®! often resulting in
highly non-uniform absorber thickness (as shown in Figure 6h),
and therefore pinholes can easily form. Pinholes provide alter-
native routes for current to bypass the main junction of the so-
lar cell and in drastic cases, such as those shown in Figure 6c,
this would typically result in a non-rectifying cell due to direct
contact between the Au back electrode and the front of the de-
vice stack. However, we have found that the use of any of the
organic HTMs tested here in such devices has resulted in reason-
able (>5%) performance, even in the case of films with extremely
poor Sb, Se, coverage. Therefore, whilst pinholes would ideally be
avoided entirely, they can be effectively mitigated via the use of an
organic pinhole-blocking HTM. The use of solution deposition
for the organic layers is important, since this allows the organic to
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preferentially accumulate at regions of thin Sb,Se;, which are
at most risk of pinholes. This can be observed in Figure 6d-g,
and most clearly in the case of spiro-OMeTAD which has a
much thicker organic layer due to deposition from a higher solu-
tion concentration.

To further highlight the role organic HTMs play in blocking
pinholes, thereby “fixing” otherwise poor performing cells and
increasing average efficiencies, Figures 6(i, j) show the number
of cells with performance parameters which are greater than an
arbitrarily set, moveable threshold level. As this threshold is grad-
ually increased, fewer and fewer contacts meet this criteria, there-
fore the number of “working” contacts decreases. The V, and R,
have been shown here since they are expected to be most sensitive
to pinholes and shunting, however the other device parameters
follow similar trends. In both cases, devices with an Au contact
have some contacts which work reasonably well. However, this
represents only a small fraction of the total number of cells, and
the majority perform poorly (i.e., V,, <400 mV and R, < 500 Q
cm™2). On the other hand, all devices with an organic HTM per-
form much better, with no evidence of shunted devices in each
case. Figure 6k demonstrates how the spin-coated organic lay-
ers (in this case P3HT) can accumulate preferentially at grain
boundaries due to the spin-coating deposition process. The in-
set shows an area where the Sb,Se; grains leave an area of the
underlying TiO, exposed, which would be in contact with the Au
in the absence of an organic layer, offering a low resistance shunt-
ing pathway for a large amount of current to bypass the solar cell
without a strongly rectifying junction. However, the P3HT has ac-
cumulated in this region, which increases the resistance by sev-
eral orders of magnitude in this localized area (see Figure S11,
Supporting Information), therefore preventing direct contact be-
tween the front and back electrodes which would otherwise short-
circuit the solar cell which results in improved average device effi-
ciency through pinhole blocking. Each of the organic HTMs are
expected to perform a similar pinhole blocking function given
their equally narrow distribution of performance parameters.

3. Conclusion

This work offers an in-depth study into the role of organic HTM
layers in Sb,Se; solar cells. After optimizing three different or-
ganic HTM layers, these were compared against each other, and
against a reference device with a simple Au contact. According
to the relative bulk band positions of Sb,Se; and Au, the pres-
ence of a Schottky barrier would not be expected from simple
Schottky—Mott theory. However, photoemission measurements
of the Sb,Se;/Au interface suggest a degree of Fermi-level pin-
ning, which is relaxed with the inclusion of the organic layers due
to physical separation of the layers and therefore preventing the
formation of a defective interface. The use of any of the organic
HTM layers improved both the average and champion efficiency
of devices significantly, challenging the assumption that spiro-
OMeTAD specifically is required for optimal performance. How-
ever, the stability of devices over several months shows a strong
dependence on the back contact structure, and devices with a
P3HT HTM produced the highest efficiency contacts, yet also had
the fastest rate of performance degradation. The average perfor-
mance is improved by a pinhole blocking effect, whereby the so-
lution processed organic layer coats the Sb,Se; back surface non-
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uniformly, preferentially segregating to grain boundaries and ar-
eas of poor substrate coverage. This prevents short-circuiting of
the device, therefore significantly increasing the average device
efficiency by suppressing the number of shunted contacts. The
champion efficiency of devices with an organic HIM is also im-
proved, by lowering a Schottky barrier which forms between the
Sb, Se; back surface and the Au contact and would otherwise in-
hibit hole extraction. This is indicated by a complete removal of
rollover in JV curves when devices are in forward bias. This work
demonstrates the relaxed requirements for an effective HTM
in Sb,Se; devices, with the dominant mechanism for improved
champion device efficiency being to physically separate the de-
fective Sb,Se;-Au interface without introducing excessive addi-
tional resistivity.

4. Experimental Section

Device Fabrication: Sb,Se; devices were grown in superstrate configu-
ration on SnO,:F coated soda-lime glass substrates (Tec15, NSG Group).
A TiO, window layer was deposited by spin coating 250 uL of 0.3M tita-
nium isopropoxide dissolved in ethanol, before annealing for 10 min at
110°C under nitrogen to evaporate the solvent. Once the substrate had
cooled, this spin-coating step was repeated to produce a 60 nm TiO, film.
A further 30 min anneal at 500 °C was carried out in the air to crystallize
the film into anatase TiO,. Sb,Se; films were grown via close-spaced sub-
limation in a two step process described previously.['®] Briefly, a compact
seed layer was grown with a substrate temperature of 350 °C for 15 min
under vacuum, before deposition of a larger grained layer at T, = 480 °C
for a further 15 min at a back-filled pressure of 10 Torr nitrogen, producing
an average Sb,Se; thickness of &1.2um.

Where an organic HTM was included in the device structure, 100 uL
of a solution of the organic material in chlorobenzene was dynamically
spin coated onto the back surface of the Sb,Se; for 30s at spin speeds
between 2000 and 5000 rpm. P3HT (RR = 93.6%) and PCDTBT solu-
tions were made at a concentration of 10 mg mL™" in chlorobenzene,
with aliquots diluted to 2 and 5 mg mL™", corresponding to the typ-
ical range of concentrations found for Sb,Se; devices. Spiro-OMeTAD
was dissolved at higher solution concentrations, following reports from
perovskite literature,3%] which has inspired the typical processing of
the HTM when used for Sb,Se; devices. A 92 mg mL~" solution of
spiro-OMeTAD in chlorobenzene was prepared, to which 13 uL mL™!
Lithium bis (trifluoromethanesulfonyl)imide (Li-TFSI, from a 520 mg mL~"
stock solution in acetonitrile), and 13 uL mL™" 4-tert-butylpyridine (tBP)
was added. Again, aliquots of this solution were similarly diluted in
chlorobenze to produce 18 and 36 mg mL™" solutions of spiro-OMeTAD
for comparison.

After deposition of the organic layers, 50 nm Au was deposited onto the
back surface via thermal evaporation through a shadow mask to define 16
separate 0.1 cm? contacts on each 2.5 x 2.5 cm? device plate. Regions
of each device were mechanically scribed to expose the underlying FTO,
which was covered with silver paste to form the front contact.

Characterization Techniques: ~ All current density—voltage (JV) measure-
ments were taken under AM1.5G illumination from a TS Space Systems
solar simulator (class AAA) calibrated to 1000 Wm~2 using a Si reference
diode, and recorded using a Kiethley 2400 SMU. External Quantum Effi-
ciency (EQE) measurements were taken using a Bentham PVE300 system
at 5Snm intervals. Data was recorded both with and without a DC light bias
from a halogen lamp in addition to the chopped probe beam, and showed
only minor differences between the scans, 1] therefore scans taken with-
out additional light bias were reported. A JEOL JSM-7001F scanning elec-
tron microscope (SEM) was used to image the back surface of films with a
typical accelerating voltage of 5 kV in secondary electron mode. Cross sec-
tion sample preparation was obtained by mounting the devices between
two mica slides using Allied Tech Epoxy Bond 110, followed by cross sec-
tion ion polishing using a Hitachi E-3500 lon Mill. Imaging of these cross
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section was performed using a Carl Zeiss Sigma 300 VP SEM operated
at 20keV with a 60 pum aperture at 53 Pa in VP mode, whilst detecting
backscattered electrons.

Photoemission measurements were taken using Kratos Supra Axis XPS,
using a monochromated Al Ka x-ray source, (hv = 1486.6¢V) operating at
225 W with a pass energy of 40 eV. Core levels were fitted in CasaXPS us-
ing a pseudo-Voigt function after subtraction of a Shirley background. The
valence band edge of Sb,Se; was determined via linear extrapolation of
the onset, and the Fermi edge of Au was fitted with a Gaussian-broadened
Fermi-Dirac distribution. Three samples were prepared to implement the
Kraut method. First, a thick (1 um) Sb,Se; layer was deposited onto TiO,
coated Tec15 glass via CSS as described above. The second sample con-
sisted of 100 nm Au evaporated onto Tec15 glass. Finally, the “interface”
sample consisted of a 10 nm Au film thermally evaporated onto a 1 pm
Sb,Se;. It was noted that the 10 nm Au overlayer thickness was chosen by
monitoring the decrease in sheet resistance to ensure sufficient film cov-
erage, however the observation of core levels from the underlying Sb,Se;
implies some regions are likely to be thinner than the nominal thickness
determined via a QCM due to its morphology.
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