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Multi-Phase Sputtered TiO2-Induced Current–Voltage
Distortion in Sb2Se3 Solar Cells

Christopher H. Don,* Thomas P. Shalvey, Matthew J. Smiles, Luke Thomas,
Laurie J. Phillips, Theodore D. C. Hobson, Harry Finch, Leanne A. H. Jones,
Jack E. N. Swallow, Nicole Fleck, Christopher Markwell, Pardeep K. Thakur, Tien-Lin Lee,
Deepnarayan Biswas, Leon Bowen, Benjamin A. D. Williamson, David O. Scanlon,
Vinod R. Dhanak, Ken Durose, Tim D. Veal, and Jonathan D. Major

Despite the recent success of CdS/Sb2Se3 heterojunction devices, cadmium
toxicity, parasitic absorption from the relatively narrow CdS band gap (2.4 eV)
and multiple reports of inter-diffusion at the interface forming Cd(S,Se) and
Sb2(S,Se)3 phases, present significant limitations to this device architecture.
Among the options for alternative partner layers in antimony chalcogenide
solar cells, the wide band gap, non-toxic titanium dioxide (TiO2) has
demonstrated the most promise. It is generally accepted that the anatase
phase of the polymorphic TiO2 is preferred, although there is currently an
absence of analysis with regard to phase influence on device performance.
This work reports approaches to distinguish between TiO2 phases using both
surface and bulk characterization methods. A device fabricated with a radio
frequency (RF) magnetron sputtered rutile-TiO2 window layer
(FTO/TiO2/Sb2Se3/P3HT/Au) achieved an efficiency of 6.88% and near-record
short–circuit current density (Jsc) of 32.44 mA cm−2, which is comparable to
established solution based TiO2 fabrication methods that produced a highly
anatase-TiO2 partner layer and a 6.91% efficiency device. The sputtered
method introduces reproducibility challenges via the enhancement of
interfacial charge barriers in multi-phase TiO2 films with a rutile surface and
anatase bulk. This is shown to introduce severe S-shaped current–voltage
(J–V) distortion and a drastic fill–factor (FF reduction in these devices.
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1. Introduction

Antimony selenide (Sb2Se3) has rapidly
risen to prominence as a candidate
material for application as an absorber
layer, primarily in thin-film photovoltaic
(PV) solar cell devices, but also for
photodetectors and photoelectrochem-
ical water splitting.[1–5] In addition to
this material’s favorable combination
of properties; boasting a nearly ideal
1.18 eV band gap,[6] high absorption
coefficient,[7–9] low toxicity and high
stability,[10–12] Sb2Se3 has further demon-
strated a high degree of versatility. It
is capable of being deposited in both
substrate[13–17] and superstrate[18–26]

geometries and with a wide variety of
deposition techniques; from low tem-
perature solution-based methods,[21,24–26]

to high temperature physical vapor
deposition approaches.[13–15,18–20,22,23]

This has led to a rapid improvement
in performance with a record power
conversion efficiency (PCE) of 10.6%
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for the pure selenide composite[25] and 10.7% for the Sb2(S,Se)3
alloy.[26]

The majority of reported Sb2Se3 device work utilizes CdS as
the junction partner layer—a device architecture inherited from
established inorganic thin film technologies such as CdTe and
CIGS.[27,28] CdS/Sb2(S,Se)3 junction devices are thus adopted by
many groups and have been widely successful.[15–17,25,26,29,30] Cur-
rent antimony chalcogenide research largely focuses on grain ori-
entation of its characteristic ’one–dimensional’(1D) nanoribbon
structure[31–34] and sulfurization/selenization methods to reduce
anion site vacancy defects (VS Se).

[15,35,36] Whilst this has proved a
successful optimization approach and has helped to reduce the
open–circuit voltage (Voc) deficit in Sb2(S,Se)3 devices,[11,16,37,38]

the reliance on a CdS window layer is restrictive. The band gap
of 2.4 eV is sub-optimal for a window layer leading to para-
sitic absorption losses,[39,40] whilst the inclusion of cadmium in-
creases the overall toxicity. The CdS/Sb2Se3 heterojunction is also
prone to inter-diffusion, leading to the unintended formation of
Cd(Se,S) and Sb2(S,Se)3 phases at the near interface - primarily
associated with superstrate oriented devices,[40,41] but also evident
in substrate geometries.[13,16]

Alternative junction partner layers employed include wide
band gap, non-toxic metal oxides such as; SnO2, ZnO, and
TiO2, which have achieved 4.03%, 5.93% and 7.62% PCE,
respectively.[31,42,43] A study on interfacial properties of different
Sb2Se3 heterojunctions by Lu et al. found that transition layers
formed from intermixing for both ZnO/Sb2Se3 and CdS/Sb2Se3
junctions, whilst the TiO2/Sb2Se3 layers remained discrete due
to the high stability of TiO2.[44] Devices with metal oxide part-
ner layers typically use superstrate device orientation due to the
high temperature crystallization anneal needed, which would de-
grade absorber quality in a substrate architecture. It is our be-
lief that changing the surface on which Sb2Se3 is grown (the
partner layer in superstrate devices) is impeding progress in
device performance due to constant re-optimization of subse-
quent absorber layer deposition conditions to achieve ideal rib-
bon orientation.[32,45] In this regard, groups already employing ei-
ther substrate architecture or a CdS partner layer in superstrate,
will be resistant to experimentation of new interfacing materi-
als due to the requirement for re-optimization of the entire de-
vice stack. This is highlighted by our previous work whereby
Sb2Se3 devices fabricated with CdS window layers in our setup
performed considerably worse than the TiO2/Sb2Se3 devices.[40]

Interest in Sb2(S,Se)3 for PVinitially started as a progression
of organic and dye-sensitized solar cells, which traditionally em-
ployed mesoporous and later planar TiO2 window layers.[46–49]

This work has led to the promising results achieved with
TiO2partner layers for both Sb2S3 (7.5% PCE)[50] and Sb2Se3
(7.6% PCE).[31] Whilst both of these devices employed spray py-
rolysis of their initial blocking layer, followed by a 450 °C an-
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neal, the chemical bath deposition (CBD) deposited Sb2S3 de-
vice additionally utilized mesoporous TiO2 for their ‘sensitized’
interface, which is clearly unsuitable for physical vapour depo-
sition (PVD) grown absorber material. Fabrication approaches
for TiO2 entirely focus on solution based methods (sol–gel, spin-
cast, spray pyrolysis), with very similar precursor preparation, fol-
lowed by a post-depostion annealing step <500 °C.[20,31,45,49–51] It
is typically assumed that the anatase phase (a-TiO2) of the poly-
morphic TiO2 is attained through this method, since the irre-
versible anatase-rutile phase transition is commonly reported to
be >600 °C. Despite this, there are numerous reports of the ru-
tile phase (r-TiO2) being produced at lower processing tempera-
tures and there is generally a lack of rigorous analysis of how the
phase of TiO2 may influence the device performance. Detailed
discussion on the anatase-rutile transition is beyond the scope
of this manuscript, but can be found elsewhere.[52] Recent opti-
mization efforts favor post-deposition treatments of TiO2 layers
to improve interfacial properties and alignment of the conduc-
tion bands,[53–55] although it is not clear to what extent this effect
is entangled with Sb2(S,Se)3 growth improvement.

Previously, our group has employed a solution-based deposi-
tion method to fabricate planar TiO2 films. This method has been
highly reproducible and delivered FTO/TiO2/Sb2Se3/Au devices
in excess of 7% PCE.[20] The solution process is time consum-
ing, wasteful and results in thickness variations producing con-
tact non-uniformity across the substrate. In contrast, the sput-
tering process offers the potential for far greater experimental
throughput and is proven to be industrial scalable, although ra-
dio frequency (RF) sputtering of TiO2 is much less widely imple-
mented for PV applications.

In this work, we compare TiO2/Sb2Se3 junction solar cell de-
vices fabricated with established spin-cast solution deposited and
experimentalRF magnetron sputtered TiO2 window layers. We
propose suitable methods of polymorphic TiO2 phase characteri-
zation in the context of implementation as a partner layer and the
ramifications of phase on both the front contact and antimony se-
lenide band alignment. Variable performance from devices fabri-
cated with the sputtered TiO2 partner layer was observed and at-
tributed to multi-phase TiO2 films which cause severe ‘S-shaped’
‘kinks’ in the illuminated current–voltage measurements. We be-
lieve this result highlights the importance of phase control in
TiO2 partner layer preparation for application in Sb2(S,Se)3 so-
lar cells (which is sometimes overlooked) and provides a pathway
for an easier transition from CdS/Sb2(S,Se)3 to TiO2/Sb2(S,Se)3
device structures. The high performance capability of scalable RF
magnetron sputtered TiO2 window layers for Sb2Se3 solar cell de-
vices is demonstrated despite considerable short-circuit current
(Jsc) loss due to an interfacial barrier inhibiting charge extrac-
tion under illumination. The FTO/TiO2/Sb2Se3/P3HT/Au device
achieved a PCE of 6.88%, and Jsc of 32.44 mA cm−2.

2. Experimental Section

2.1. Device Fabrication

All devices in this work were fabricated with an
FTO/TiO2/Sb2Se3/P3HT/Au architecture in superstrate ori-
entation. Commercially available TEC15 glass from NSG Ltd.
was used as the substrate and front contact which comprizes
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SnO2:F (FTO)-coated soda-lime glass. Prior to deposition, the
substrate was cleaned using acetone, isopropyl alcohol, and
deionized water; followed by a 10 min ultraviolet (UV) ozone
treatment. TiO2 films were then deposited onto the clean
FTO substrates via either spin-casting solution (sol-TiO2) or
RF magnetron sputtering (sp-TiO2). The sol-TiO2 films were
deposited by sequentially spin-casting two 275 μl doses of a
0.3 M concentration of titanium isopropoxide (TTIP) in ethyl
alcohol solution within a nitrogen atmosphere at 3000 rpm, with
a 10 min 120 °C hot plate anneal after each dose to drive off
any remaining solvent.[56] Spin-cast sol-TiO2 films were then
annealed post-deposition at 500 °C for 30 min in air.

TiO2 films (70 nm thick) were sputtered at 3.29 W cm−2 onto
the FTO substrates from a TiO2 target (99.95% purity, Pi-Kem
Ltd.) at room temperature in a 3 mTorr pressure argon atmo-
sphere with 1% reactive O2 incorporated to ensure a stoichio-
metric film without oxygen deficiency. Sputtered films then un-
derwent post-deposition annealing in an identical process to the
reference sol-TiO2 device.

After a 10 min UV ozone clean of the TiO2, Sb2Se3 (Alfa Aesar
5N granulate) was deposited onto the TiO2 surface via the two-
step close-space sublimation (CSS) process outlined by Hutter
et al.[57] For the standard process, an initial seed layer was de-
posited with source and substrate temperatures of 440 and 350
°C respectively at vacuum for 15 min, followed by a growth phase
at 530 and 480 °C at 10 Torr for an additional 15 min to deliver a
≈1.2 μm thick film. For deposition on to the sputtered TiO2, the
substrate temperature is required to be increased from 350 to 400
°C, as discussed in the approaching Section 3.1. Following the ab-
sorber deposition, a 5 mg ml−1 solution of P3HT in chloroben-
zene (100–360 nm) was then deposited on to the Sb2Se3 back sur-
face via spin-casting as both a hole transporter layer (HTL) and
to act as a pinhole blocker.[58] Finally, 50 nm thick 0.1 cm2 gold
contacts were deposited on to the back surface via thermal evap-
oration.

2.2. Material Characterization

Scanning electron microscopy (SEM) was obtained using a Carl
Zeiss 300 VP Scanning Electron microscope. Operated in vari-
able pressure mode as devices were uncoated. Images were
mounted cross-sectionally, and images taken in BSE (Back-
scattered electron imaging mode). Cross-section was prepared by
encapsuling the device with epoxy resin and a silicon wafer cap. A
Hitachi E-3500 Ion mill system operated at 6 keV for 6 h was used
to prepare a cross-section area for imaging and chemical analysis.
Transmission electron microscopy (TEM) was carried out using
JEOL 2100F TEM operated at 200 keV. TEM lamellar, were pre-
pared using FEI Helios MK2 NanoLab 600 DualBeam. Atomic
force microscopy (AFM) topographic images were acquired us-
ing a commercial AFM system (Veeco DI3100, Bruker Corpo-
ration). Intermittent contact mode imaging techniques were ap-
plied using a cantilever with a stiffness of 26 N/m and tip radius
of <7 nm (OTESPA, Apex Probes). X-ray diffraction (XRD) 𝜃-2𝜃
measurements were taken using a Rigaku SmartLab diffractome-
ter with a Cu rotating anode (𝜆 = 1.542 Å) and a Ge(220) × 2
monochromator in parallel beam configuration. For grazing inci-
dence, Ge(220)× 2 monochromator was replaced with IPS+ PSA

slits, with an incident angle between 0.6 ° and 1.0 °. Current
density–voltage (J–V) measurements were taken using a TS
Space Systems solar simulator (class AAA) calibrated to AM1.5G.
External quantum efficiency (EQE) measurements were taken
with a Bentham PVE300 system. Raman spectra were obtained
with a Renishaw InVia system with a 532 nm green laser for two
accumulations of 6 s acquisition at 10 mW. Raman band posi-
tions were calibrated to the 520 cm−1 silicon peak with a reso-
lution of 1 cm−1. X-ray photoelectron spectroscopy (XPS) spec-
tra of reference TiO2 films and FTO for the purpose of deter-
mining band positions was measured using a monochromated
Al K𝛼 (h𝜈 = 1486.6 eV) X-ray source and a PSP Vacuum Tech-
nology hemispherical electron-energy analyzer at the University
of Liverpool. Values for sol-TiO2 and Sb2Se3 films are recreated
with permission from Shiel et al.[59] Energy calibration was per-
formed by measuring the Fermi edge and 3d5/2 core-level position
of a polycrystalline silver foil Ar+ sputtered clean under vacuum
(more detail here[60]). The precision of binding energy determi-
nation is ±0.1 eV, which when added in quadrature for VBM and
SEC positions, gives an uncertainty of ±0.14 eV on calculated
band positions. Additional photoemission measurements were
obtained at the i09 beamline of the Diamond Light Source facil-
ity for soft X-ray energies of 800 eV (70 eV pass energy, 50 meV
step size) with analyser mode “Angular45” and 1090 eV (100 eV
pass energy, 50 meV step size) with analyser mode “Angular56”.
Transmission and reflectance measurements were taken using
a Shimadzu SolidSpec-3700 UV–vis spectrophotometer between
250 and 1500 nm. Indirect band gaps were then extracted via the
Tauc method.

2.3. Computational Methods

Theoretical calculations were performed using plane-wave pe-
riodic density functional theory (DFT) within the Vienna ab-
initio Simulation Package (VASP).[61–64] The HSE06[65] (Heyd–
Scuseria–Ernzerhof) hybrid functional was used to treat the
exchange and correlation, and the projector-augmented wave
(PAW) method[66] described the interactions between the core
(Ti:[Ar] and O[He]) and the valence electrons. HSE06 and hybrid
functionals in general, are known to consistently give accurate re-
sults compared to experiment[67–70] particularly toward the elec-
tronic structure of anatase and rutile TiO2.[71–74] Geometry op-
timizations of both anatase and rutile were carried out prior to
calculating the density-of-states (DoS) using a plane-wave energy
cut-off of 700 eV and Γ-centred k-point meshes of 7 × 7 × 5 and
5 × 5 × 8 respectively. Convergence was deemed complete when
the maximum force on any ion was less than 0.01 eV Å−1.

3. Results and Discussion

3.1. CSS Re-Optimization for sp-TiO2

Whilst the CSS process had previously been optimized for depo-
sition on the established sol-TiO2 films,[20,40,57] the same Sb2Se3
film quality was not reproduced upon replacement of the sol-
TiO2 surface with sp-TiO2. This is not necessarily unsurpris-
ing, given the substrate dependence of Sb2Se3 grain morphol-
ogy and orientation,[32,45] but this is perhaps the first report
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Figure 1. Device cross-sections with Sb2Se3 film grown at a substrate temperature during seed layer of 350 °C on a) sp-TiO2 obtained with back-
scattered electron SEM and b) sol-TiO2 obtained with dark-field TEM. c) Dark-field TEM device cross-section for Sb2Se3 grown on sp-TiO2 with a
substrate temperature during seed layer of 400 °C. Surface secondary electron SEM images of Sb2Se3 grain structure grown on d) sol-TiO2 and e)
sp-TiO2 at 350 and 400 °C, respectively.

of surface roughness affecting absorber growth for a same-
substrate/Sb2Se3 interface. Figure 1a shows an SEM cross-
section image of a device where Sb2Se3 films were grown on sp-
TiO2 under the growth conditions optimized for sol-TiO2. Signifi-
cant interfacial voiding and possible delamination is observed, as
seen elsewhere in Sb2Se3 literature incorporating TiO2 as a part-
ner layer.[45,75] The sol-TiO2 deposited via liquid spin-casting fills
depressions in the highly textured FTO (Figure 1b), producing a
smooth surface on which to grow the Sb2Se3 films. However this
results in natural variance in TiO2 film thickness (50–120 nm).
Due to the nature of the TiO2 film deposition via the sputtered
method, the sp-TiO2 conformally coats the FTO (Figure 1a,c),

providing a window layer with a more uniform thickness across
the substrate (60–80 nm), but also a surface roughness equal
to that of the underlying substrate which has implications for
Sb2Se3 film growth. Root mean square (RMS) roughness was
subsequently determined for sol-TiO2 and sp-TiO2 films from
AFM as 3.84 nm and 23.26 nm, respectively (Figure S1, Support-
ing Information).

An increase in substrate temperature to 400 °C during the seed
layer deposition appeared to remedy the interfacial voiding as evi-
denced by a visible darkening of the device when viewed through
the glass side (Figure S2, Supporting Information). Good adhe-
sion of Sb2Se3 grains grown on the rough substrate is confirmed
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Figure 2. 𝜃-2𝜃 X-ray diffraction patterns of Sb2Se3 films grown via CSS on both sol-TiO2 and sp-TiO2 window layers. Powder diffraction file (PDF)
9007437 for Sb2Se3 is included for reference. Miller indexing convention of the Pbnm setting of space group 62 is applied for Sb2Se3.[79]

by the cross-sectional TEM image in Figure 1c which shows no
indication of void formation. The compact and uniform Sb2Se3
grain structure achieved on sol-TiO2 via our two-step CSS process
is maintained (Figure 1d,e), which is valuable in reducing the
need for organic pinhole blocking layers (P3HT, Spiro-OMeTAD
etc.) in superstrate device structures - although their inclusion
is still required, at present, to reduce back contact barrier height
and facilitate hole extraction.[57] At substrate temperatures in ex-
cess of 400 °C, increased grain size is observed and pinholes ap-
pear between grains as the seed layer is expended by agglomer-
ation into larger grains (Figure S3, Supporting Information). In
the case of the Sb2Se3 film grown on sol-TiO2, we observe nano-
sized grain structures at the interface which are confirmed as
antimony oxide via energy–dispersive X–ray spectroscopy (EDX)
(Figure S4, Supporting Information). These crystallites have been
observed previously in hydrothermally deposited Sb2Se3 films
and were shown to be detrimental to device performance.[24] At
this stage it is unclear if these antimony oxide regions are depen-
dant on the interface layer or instead influenced by CSS deposi-
tion conditions.

Vast amounts of antimony chalcogenide literature focuses on
optimising vertical growth orientation of 1D nanoribbons.[33,34]

This is due to the supposed enhanced conductivity along the
direction of the ribbons compared to inter-ribbon conductivity
via traversal of van der Waal bonds which result from a stere-
ochemically active lone pair orbital.[76–78] Despite a recent the-
oretical study which suggests this is an oversimplified view of
the anisotropy in these materials,[29] (and record efficiencies with
(hk0) oriented CBD devices[25,26]) it remains customary to elimi-
nate ribbon growth parallel to the substrate. X-ray diffractograms
for optimized Sb2Se3 films grown on both sol-TiO2 and sp-TiO2
are shown in Figure 2. Both films show no signal from (020),
(120), and (130) planes characteristic of the (hk0) plane from rib-
bon growth parallel to the substrate.

This demonstrates that equally high quality films with good
grain structure and vertical orientation can be produced on both
sol-TiO2 and sp-TiO2. Despite the interface being nominally the

Figure 3. J–V curves demonstrating variable performance of identically
fabricated Sb2Se3 devices with sp-TiO2 window layers. Samples A–D cor-
respond to each independent sputtering run under the same conditions.

same in both instances, that is, TiO2/Sb2Se3, the change in sur-
face roughness resulting from the two partner layer deposition
methods strongly influences the growth of the Sb2Se3 absorber
layer, as evidenced in Figure 1.

3.2. Interfacial Barriers

Upon fabricating devices using the sp-TiO2 layer, a high de-
gree of run to run variability was noticed. Figure 3 shows J–V
curves for contacts from four nominally identical devices, trivially
named samples A–D, with independently sputtered TiO2 layers
and the associated performance parameters are given in Table 1.
An obvious assumption would be that processing conditions and
partner layer quality achieved for sol-TiO2 are easily transferred,
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Table 1. Device performance parameters extracted from the J–V curves of
devices in Figure 3. Samples A–D correspond to each independent sput-
tering run under the same conditions.

Sample PCE [%] Voc [V] Jsc [mA cm−2] FF [%]

Sample A 6.88 0.44 31.98 48.77

Sample B 2.89 0.43 26.29 25.79

Sample C 1.81 0.38 22.92 20.65

Sample D 1.24 0.39 15.76 20.44

however huge performance variation was observed in the form
of S-shaped distortion in current–voltage curves for some devices
based on sp-TiO2, which are widely diagnosed in PV literature as
the existence of a barrier to charge extraction in the device.[80–83]

The degree of S-shape was consistent in all subsequent devices
fabricated from the same batch of sp-TiO2 - that is, sputtering
on four substrates simultaneously resulted in four devices (each
with 16 contacts) with equivalent amount of S-shaped J–V distor-
tion, irrespective of subsequent absorber and HTL processing.
Thus it was determined that the J–V distortion is related to sp-
TiO2 film quality.

A number of sample series were made by changing the sputter-
ing conditions (ambient oxygen content, film thickness, deposi-
tion temperature, chamber pressure, post-deposition annealing
temperatures etc.), but the cause of the sp-TiO2 run variability
was not able to be identified. The extent as to which these in-
terfacial barriers, formed by sp-TiO2 layers, act to restrict device
performance varies randomly but in extreme cases can reduce
device performance from ≈7% to ≈1% PCE as a result of severe
fill-factor loss.

Pjevic et al.[84] conducted an in-depth study of TiO2 films, sim-
ilarly sputtered from a compound target, although their post-
deposition annealing was conducted in Ar atmosphere at 400 °C.
It was found that a low anatase:rutile (A:R) ratio was obtained
for high ambient O2 flow during deposition, and the opposite for
low O2/Ar mass flow. For the sample sputtered without any O2
ambient, no diffraction peaks associated with either anatase or
rutile phases TiO2 were obtained. Hsu et al.[85] reported that the
presence of rutile microcrystals detected via Raman spectroscopy
in as-deposited amorphous TiO2, subsequently dictated the out-
come of amorphous-crystalline transformation. This study com-
pared ion-beam deposition techniques including reactive sputter-
ing from a metallic Ti target.

S-shaped curves commonly arise in organic solar cells (OSC)
where a variety of metal oxides like TiO2 are employed as the part-
ner layer. In OSC literature it is described as a ‘light-soaking’ is-
sue whereby exposure to UV light can induce removal of the ob-
served S-shape via realignment of band offsets at the junction in-
terface. The same mechanism was not observed in these devices
after isolating the UV component with high-pass optical filtered
J–V measurement (Figure S5, Supporting Information).

To understand the source of the charge barriers, both the part-
ner layer sp-TiO2 films (post-annealing) and subsequent com-
pleted Sb2Se3 devices were characterized from the best (Sample
A) and worst (Sample D) performing devices in Figure 3, along
with a solution spin-cast TiO2 film and resulting device which
is much more typical of those found elsewhere in literature. For

simplification and readability, herein, reference films and devices
are referred to and color-coded as follows; ‘sol-TiO2’ (blue) for the
established spin-cast solution TiO2, ‘peak sp-TiO2’ (orange) for
the high performance sputtered TiO2 film and ‘barrier sp-TiO2’
(green) for the sputtered film which produced S-shaped J–V dis-
tortion in completed Sb2Se3 solar cell devices.

3.3. TiO2 Bulk Characterization

To identify potential causes of the interfacial charge barriers
present in sputtered TiO2 devices, we compare the reference sol-
TiO2 and both peak and barrier sp-TiO2 films with equivalent
post-deposition annealing conditions of 500 °C for 30 min in air.
Whilst the difficulties of characterising thin-films deposited on
multi-layer transparent conducting oxide(TCO)-coated glass can
be easily overcome by depositing thicker films on glass under the
same conditions to simplify and enhance the signal of various
characterization techniques, in many cases this is not a device rel-
evant alternative due to drastically different substrate-dependant
growth properties (particularly polymorphic materials), which ul-
timately dictate device performance.[86] Equally, the thin-films on
FTO are required in this case to produce complete devices and de-
termine the sp-TiO2 film’s eventual influence on J–V distortion.
With this in mind, grazing incidence X-ray diffraction (GIXRD)
was employed in an attempt to interrogate the structure of the
≈70 nm TiO2 films (determined via SEM (Figure 1a,c)) deposited
on FTO (Figure 4). Varying the incident angle revealed a strong
signal from the underlying FTO substrate in all samples, with
the sol-TiO2 film (Figure 4a) showing obvious additional diffrac-
tion features at 25.4 ° and 48.0 ° attributed to anatase (101) and
(200) lattice planes, respectively - which change in intensity rel-
ative to the FTO as the penetration depth is tuned by incident
angle. These anatase features appear shifted to higher diffraction
angle relative to the reference spectra and are broadened relative
to the underlying FTO peaks, indicating that the the broadening
is induced by small crystallite size. Any evidence of crystallinity
in GIXRD of either the peak or barrier sp-TiO2 films (Figure 4b,c)
is limited only to a very weak peak near the anatase (101) diffrac-
tion angle. The differences between the spin-cast solution and
sputtered films are unlikely to be due to thickness variations, and
moreover diffraction from the sol-TiO2 is very strong. Instead,
this result indicates that poor crystallinity (or a lack of long-term
order) may be present in devices fabricated via the room tem-
perature sputtering method, despite it undergoing identical post-
deposition annealing conditions as the sol-TiO2 film. Both the
peak and barrier sp-TiO2 samples however, show a similar lack
of crystallinity, making it possible that crystallinity alone is not
the principal cause of J–V shape differences.

As an alternative method of bulk phase identification, Raman
spectroscopy was used for TiO2 characterization on the same set
of samples. Spectral Raman mapping for a grid of 10x10 points
with a 10 μm increment over a 100 μm2 total area was each con-
ducted for sol-TiO2, peak sp-TiO2, and barrier sp-TiO2. This al-
lows for spatial representation of phase arrangement due to the
smaller associated spot size in Raman compared to GIXRD and
beamline soft XPS shown later. Acquired spectra from all 100
points for each sample are plotted in Figure 5a–c after back-
ground subtraction of bare FTO spectra and the positions of
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Figure 4. GIXRD of a) sol-TiO2, b) peak sp-TiO2, and c) barrier sp-TiO2 films grown on FTO, with varying incident angle. Data has been normalized to
the FTO(200) peak. Also included are PDF cards 9008216 (purple) and 9004143 (cyan) with peak positions for a-TiO2 and r-TiO2, respectively.

anatase (purple) and rutile (cyan) vibrational modes taken from
the literature are included for reference.[52,87] For the sol-TiO2,
peaks are observed at 145, 398, 515, and 635 cm−1, consistent
with anatase phase confirming the result from sol-TiO2 GIXRD
diffractograms in Figure 4a. In both the peak and barrier sp-TiO2
films (Figure 5b,c), peaks consistent with literature for vibrational
modes of rutile are seen at 444 and 610 cm−1, which are clearly
absent in the sol-TiO2 sample. These broad low intensity rutile
peaks, particularly in the peak sp-TiO2 film, are further evidence
of poor crystallinity in these films and can be found enhanced in
Figure S6 (Supporting Information) before background subtrac-
tion and signal scaling. Hence whereas there is no evidence of
crystalline r-TiO2 in GIXRD of the sputtered films, the Raman re-
sult indicates its presence in disordered form. If present, it would
inhibit widespread formation of the less-stable anatase phase in
sputtered films.

Interestingly, spectra obtained from the barrier sp-TiO2 film,
which produced S-shaped distortion in the J–V curves of com-
pleted Sb2Se3 devices, also demonstrates spatially inhomoge-
neous anatase character, by the presence of varying intensity
from the 145 cm−1 anatase vibrational mode in addition to the
consistent rutile signal. The point-to-point anatase intensity vari-
ance highlighted in Figure 5d is plotted as a function of XY posi-
tion in Figure 5e, normalized to the most intense 145 cm−1 peak
co-ordinate (purple).

It should be noted that an in-depth study by J. Zhang et al.[87]

observed that their Raman spectra was dominated by the anatase
143 cm−1 mode, even in cases where A:R=1:15, and so the rela-
tive intensities are not necessarily indicative of A:R phase weight-
ing. This would imply that the anatase content in the random
distribution of mixed-phase pockets in the barrier sp-TiO2 film
may be small, despite significant signal intensity relative to rutile.
This same study also found that at ⩽ 500 °C calcination temper-
atures, 0% rutile content was observed via either XRD or Raman
methods, but found that during the anatase/rutile phase transi-
tion, anatase can remain at the surface at higher temperatures
compared to the bulk. S. Zhang et al.[86] suggested that the ru-
tile crystal structure of SnO2:F acted as a template to encourage

the formation of r-TiO2 at the FTO/TiO2 interface, however this
explanation fails to explain the lack of rutile signal present in sol-
TiO2 films also deposited on FTO.

Given the contrast in crystallinity obtained for sol-TiO2 and
peak sp-TiO2 films, which both delivered impressive Sb2Se3 de-
vice performance, it is unlikely that this is the origin of the charge
barrier which varies in influence from deposition to deposition.
The presence of rutile in the peak sp-TiO2 film also suggests
that the rutile phase alone is not inherently unfavorable for a
TiO2/Sb2Se3 junction, although single phase samples from both
methods would be required for a more direct comparison. A
much more likely scenario is that, the density of anatase grain
formation within the surrounding rutile material varies across
sputtering runs and is somehow the source of the varying size
of this barrier to charge extraction. From this bulk measurement
alone, it cannot be identified whether the anatase present in the
multi-phase barrier sp-TiO2 film is constrained to the TiO2 film
surface, or buried below.

We anticipate that the higher energy deposition of the sput-
tered method here and resulting disorder from the same amor-
phous rutile microcrystal mechanism observed by Hsu et al.[85]

induces a high partner layer defect density, shown by the same
group to induce J–V distortion in CdS/CI(G)S devices.[88]

3.4. TiO2 Surface Characterization

Whilst the GIXRD and Raman results allow assessment of the
bulk phase character of TiO2 layers, it is necessary to indepen-
dently investigate the film surface which interfaces the absorber
in the heterojunction device. The electron inelastic mean free
path, which results in an exponential signal intensity decay in X-
ray photoemission spectroscopy (XPS), provides a probing depth
of just the top ≈5 nm for soft X-ray photon energies like those
used here. This allows for an isolated measurement of the TiO2
surface. Valence band (VB) XPS has been employed previously
for phase quantification of mixed phase TiO2 powders, due to the
distinct difference in VB spectral shape of anatase and rutile.[89]
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Figure 5. Raman spectra of reference a) sol-TiO2, b) peak sp-TiO2, and c) barrier sp-TiO2 films grown on FTO. d) Barrier sp-TiO2 anatase peak intensity.
e) Raman mapping of barrier sp-TiO2 145 cm−1 peak intensity. 𝜆ex = 532 nm.

Figure 6 shows experimental VB XPS spectra from the ref-
erence sol-TiO2, peak sp-TiO2 and barrier sp-TiO2 films, over-
layed with VB partial (pDoS) and total electronic density of states
(tDoS) calculated from density functional theory (DFT) for the
two relevant polymorphs. The binding energy (BE) scale is set
here to align with unbroadened theoretical tDoS which aligns the
valence band maximum (VBM) at 0 eV. The experimental data is
shifted to match spectral features which allows for phase identi-
fication. Details of the applied photoionization cross-section cor-
rection and simulated broadening effects for the DFT are in-
cluded in Figures S7 and S8 (Supporting Information).

Significant differences in spectral shape is observed dependant
on the film deposition method with a stronger low BE feature in
both the peak and barrier sp-TiO2, whilst the highest intensity
VB feature in sol-TiO2 arises deep into the VB at ≈4 eV. The sol-
TiO2 and sp-TiO2 spectra are identified as anatase and rutile, re-
spectively, due to the strong agreement observed between experi-
ment and the predicted tDoS from DFT, along with single crystal
and powder references (albeit at slightly higher photon energy)
(Figure S9, Supporting Information).

The pDoS in both polymorphs predicts significant contribu-
tion to the spectra from Ti p orbitals, and the experimental agree-
ment confirms that this is the primary influence on VB spectral
shape at these photon energies. Whilst the relative contribution
of Ti p states to the overall spectra is comparable between anatase

and rutile, the overall shape differs due to chemical bonding and
orbital hybridization which evidently distinguishes the polymor-
phism of TiO2. We note that TiO2 oxidation states and thus va-
lency occupation is not fully understood,[90] with semi-core Ti 3p
predicted to display valency character in some cases,[91,92] whilst
other studies predict[93] and evidence[94,95] Ti 4p occupation -
which would require estimation of the corresponding photoion-
ization cross-section which is not included in either Scofield[96]

or Yeh and Lindau[97] calculations. This may of course be phase
dependant as discussed by Thomas et al.[95] who found from res-
onant photoemission that Ti 4sp hybridization was present in
the rutile phase only. For TiO2 phase identification, we have sim-
plified this by assuming Ti 3p valency is sufficient for this pur-
pose. However, it is acknowledged that assuming complete 3p or
4p valency orbital occupation is insufficient in recreating experi-
mental spectra at both soft and hard X-ray energies concurrently,
which would perhaps allow for bulk phase identification via this
method.[98,99]

Based on the work by Breeson et al.,[89] even a 1:10 A:R film
would alter the spectra to produce equal intensity from both
low and high BE VB features (assuming depth homogeneity).
Whilst the single-phase surface results observed here are ex-
pected for the samples which demonstrated single-phase char-
acter in the respective Raman spectra; when we apply this to the
film which exhibited multi-phase vibrational modes, that is, the
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Figure 6. XPS valence band data for a) sol-TiO2 at h𝜈 = 1090 eV and b)
peak sp-TiO2 and c) barrier sp-TiO2 at h𝜈 = 800 eV with a shirley back-
ground subtraction. Experimental data is overlayed with theoretical DFT
calculations for (a) anatase and (b,c) rutile phase TiO2.

barrier sp-TiO2 film, we find that the surface shows no indica-
tion of an anatase component in the phase composition. This
would indicate that the anatase phase identified in the Raman is
buried below a rutile surface which will complicate charge trans-
fer and band alignment at both sides of our TiO2 interface in the
FTO/TiO2/Sb2Se3 system, which have previously been applied
for single-phase TiO2.[54,59,100]

3.5. Band Alignment

Figure 7a–c illustrates the phase architecture determined via the
Raman and VB XPS in the respective reference TiO2 films and
their orientation with regard to subsequent Sb2Se3 deposition.
From the bulk and surface phase analysis, we have identified

pure anatase in the sol-TiO2 film and pure rutile in the peak sp-
TiO2 film. Whilst the Raman results in Figure 5e clearly demon-
strate an inhomogenous a-TiO2 distribution in the barrier sp-
TiO2 film, for the purpose of band alignments, it is assumed that
the density of sub-surface anatase is correlated with J–V distor-
tion and thus the barrier sp-TiO2 device stack is approached as an
FTO/a-TiO2/r-TiO2/Sb2Se3 structure. This further complication
of charge transfer and band alignment at the anatase/rutile in-
terface has been studied for photocatalytic applications,[71,101–103]

but also in the case of PV application as a ‘phase junction’.[104–107]

The evidence presented by Scanlon et al.[71] and Pfeifer et al.[101]

supports a type-II anatase band alignment encouraging elec-
tron(hole) flow from(to) rutile to(from) anatase, although alter-
native interpretations have been explored.[103]

Band alignment measurements are regularly incorporated
into studies of heterojunction PV devices, particularly when-
ever the material environment at a near-interface (typically win-
dow/absorber) is varied. The most common method is a ‘natu-
ral’ band alignment which requires precise measurement of a
materials VBM (relative to the fermi level (EF)) and secondary
electron cutoff (SEC), which together provide a value of the ion-
ization potential (IP) relative to vacuum level. Once the value of
the IP is known, band gaps are applied to find the conduction
band minima (CBM) position. Natural band alignments alone
are somewhat limited, as they do not account for charge trans-
fer, alignment of fermi levels and resultant band bending upon
contact of material interface. This is highlighted by the contrast
in conduction band offsets (CBO) at the a-TiO2/Sb2Se3 interface
measured by Shiel et al.[59] when applying various band align-
ment techniques. We propose a more suitable application of the
natural band alignment process is to look at relative changes in
band position for different samples of the same material. For ef-
ficient electron extraction across both the absorber/window and
window/TCO interfaces, the CBM position is critical - which first
requires reliable TiO2 band gap determination.

In cases where optical analysis is used to determine film band
gaps, it is not uncommon to simplify analysis by measurement of
films deposited on glass, rather than TCO-coated substrates. An-
other method is to avoid direct measurement entirely by adopting
theoretical or literature reported band gaps, which often assume
bulk samples in contrast to the ultra thin (<100 nm) films rel-
evant for device application. Whilst this is valid in some cases,
deposition conditions (including growth substrate) clearly im-
pact material properties in a significant way.[86] Assumptions
made in optical band gap measurements have particular causal
implications when incorporated into band alignment measure-
ments, which is perhaps one reason why reported CBOs between
TiO2/Sb2Se3 vary so widely.[53,54,59,100]

Specifically, interpretation of TiO2 is complicated by the poly-
morphs with rutile and anatase having similar indirect band gap
values of 3.0 and 3.2 eV, respectively.[71] Rutile is reported to be
a direct band gap semiconductor, however the transition is par-
ity forbidden, which should result in extremely weak absorption.
Whilst this has implications for band gap measurement via op-
tical transition, in the case of applications in PV as an electron
transport layer, we are mainly interested in the minimum energy
state of the conduction band for alignment with the absorber ma-
terial for efficient carrier extraction. This may not necessarily be
measurable - by optical measurement for forbidden transitions,
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Figure 7. Illustration of reference device stacks for a) sol-TiO2, b) peak sp-TiO2 and c) barrier sp-TiO2. Band positions extracted from VB and SEC XPS
measurements for (a) sol-TiO2, (b) peak sp-TiO2, and (c) barrier sp-TiO2. sol-TiO2, and Sb2Se3 data recreated with permission from Shiel et al.[59]

but also in the case of degenerately doped materials (not uncom-
mon for metal oxides) where the lowest conduction states are oc-
cupied, resulting in Burstein-Moss shifts of band gap values ex-
tracted via the Tauc approach. This effect is particularly apparent
in TCOs where the electronic band gap and optical band gaps are
reported independently,[60] but may also be necessary here due
to the large VBM positions relative to EF measured which almost
meet the reported bulk band gaps of rutile and anatase for sp-
TiO2 (2.98 eV) and sol-TiO2 (3.14 eV), respectively (Figure S10a,b,
Supporting Information).

Nevertheless, we report indirect optical band gaps measured
by the initial linear onset of the Tauc plot from UV–vis trans-
mission and reflection measurements for the anatase sol-TiO2
and rutile peak sp-TiO2 as 3.50 eV and 3.37 eV, respectively
(Figure S11, Supporting Information). No linear fit could be con-
fidently applied to the spectra from our mixed phase barrier sp-
TiO2 film to provide a reliable band gap value, partially due to in-
terference fringes caused by the thin-films, and partly due to the
multi-phase nature of the film grown on top of the FTO which
will certainly contribute to a staggered absorption onset. For the
purpose of band alignment determinations of the barrier sp-TiO2
sample, the rutile band gap was used for the r-TiO2/Sb2Se3 inter-
face while the anatase band gap was used for the a-TiO2/FTO
interface. VBM and SEC positions were measured via lab XPS
for FTO and the reference films to determine the IP (Figure S10,
Supporting Information).

Comparing first the band positions of the pure anatase
phase sol-TiO2 (Figure 7d) and pure rutile phase peak sp-TiO2
(Figure 7e), we report a considerably lower IP in the sol-TiO2

film than the peak sp-TiO2, which somewhat offsets the differ-
ence in CBM due to the larger band gap such that the peak sp-
TiO2 lies 0.10 eV higher relative to sol-TiO2. This results in a CBO
between TiO2/Sb2Se3 of 0.51 and 0.41 eV for the peak sp-TiO2
and sol-TiO2, respectively. Whilst this measured offset would be
considered large enough to induce a charge extraction barrier, as
we have seen, natural band alignments alone are not conclusive.
Thus, looking at the relative change in TiO2 band position for the
reference samples in this study, the IP measured from the barrier
sp-TiO2 film lies between that of the anatase sol-TiO2 and rutile
peak sp-TiO2 film, which seems reasonable for a film comprising
the two polymorphs. Applying the band alignment in Figure 7f
such that the device is structured as FTO/a-TiO2/r-TiO2/Sb2Se3
returns CBM positions unremarkably different from the films
which produced high FF photovoltaic devices. In fact, the the
staggered band gaps provide a smaller CBO at each interface
which would be expected to enhance carrier extraction. We there-
fore surmise that the anatase/rutile interface to be the source of
the charge extraction barrier in this case, rather than a CBO issue
which appears to be the focus of much research.

3.6. Device Characterization

Despite the issues with phase control and crystallinity in the
sp-TiO2 window layers, it was observed that they produced
higher values of both Jsc and Voc in the peak devices. To
highlight the influence of the TiO2 window layer deposition
method on FTO/TiO2/Sb2Se3/P3HT/Au device performance, the
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Figure 8. a) Current density-voltage measurements comparing peak performance devices from sol-TiO2 and sp-TiO2. b) Comparison of J–V curves
from peak and barrier sp-TiO2 devices. c–f) Box and whisker plots for parameters extracted from J–V measurement for peak devices fabricated via both
methods (n = 16).

highest performing devices fabricated with spin-cast solution
(sol-TiO2) and sputtered window layers (sp-TiO2) are compared in
Figure 8a. These devices are prepared as discussed in Section ‘2.1
Device Fabrication’, with the re-optimized CSS conditions em-
ployed for the sp-TiO2 device to grow Sb2Se3 effectively, as dis-
cussed in Section ‘3.1 CSS Re-optimization for sp-TiO2’. Sample
D from Figure 3 is shown again here (Figure 8b) for reference
and used for subsequent EQE measurement.

Comparing the J–V curve from champion performance sol-
TiO2 and sp-TiO2 contacts (Figure 8a), it is observed that the sp-
TiO2 demonstrates an improvement in both Jsc and Voc. However
the PCE is comparable due to a reduced FF, which is linked to the
non-linearity present in the forward bias regime. ‘Crossover’ is
present in both samples, where the illuminated J–V curve crosses
the dark J–V near Voc. This is associated with interfacial barriers
caused by conduction band offsets and photoinduced changes of
trap occupancy in the partner layer.[108,109]

The extracted J–V parameters of 16 contacts across each de-
vice are shown in Figure 8c–f. Whilst the PCE of the highest per-
forming sol-TiO2 contact (blue) slightly outperforms that of the
sp-TiO2 (orange), performance uniformity across the substrate is
much improved in the sp-TiO2, demonstrated by the tighter PCE
spread and notable increase in mean PCE from 6.18% for sol-

TiO2 to 6.50% in the sp-TiO2 (Figure 8c). We attribute the device
uniformity improvement to the conformal sputtered deposition
of the TiO2 film which provides a consistent film thickness in
contrast to the solution spin-cast film which is observed to have
varying film thickness over the rough FTO surface (Figure 1b,c).
This solution process is also prone to variation in deposition
quality due to surface contamination and uneven distribution of
the spun solution. Although not directly observed in the cross-
sectional SEM images, areas of extreme FTO roughness or un-
even coverage could result in islands protruding through sol-
TiO2, resulting in direct FTO/Sb2Se3 contact, which would cer-
tainly reduce device performance due to inconsistency in junc-
tion quality and weak diode regions.[110]

Figure 9 shows EQE data for the three reference devices to-
gether with the cumulative integrated Jsc. The band gap positions
for Sb2Se3 and the appropriate phases of TiO2 are marked for
reference.[6]

The most striking difference observed in dark EQE spectra of
the reference devices is the much increased long wavelength col-
lection in the peak sp-TiO2 pure rutile film (relative to anatase
sol-TiO2) which provides a clean ‘top hat’ shape and a high in-
tegrated Jsc well in excess of 30 mA cm−2 (Figure 9a,b) (grey),
consistent with the improved reverse bias saturation current
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Figure 9. Both dark and light-biased EQE measurements and calculated Jsc from EQE for a) sol-TiO2, b) peak sp-TiO2, and c) barrier sp-TiO2.

Figure 10. a) EQE spectra for barrier sp-TiO2 device under varying light bias at 295 Hz chopping frequency. b) EQE spectra for barrier sp-TiO2 device
under 1 sun illumination with a varied chopping frequency.

under illumination in the J–V curves of high performing sp-TiO2
devices. This enhanced long wavelength collection is not main-
tained in the multi-phase barrier sp-TiO2 device (Figure 9c). How-
ever, the integrated Jsc measured from EQE remains comparable
to established sol-TiO2, which is obviously not recreated in the
illuminated J–V curve in Figure 8b (green line) which demon-
strates S-shaped characteristics. We also observe that the peak of
the short wavelength onset shifts toward longer wavelength in the
pure rutile film Figure 9b, relative to the higher band gap anatase
containing films (Figure 9a,c) due to window layer absorption of
photons with energy in excess of the optical band gap which will
recombine as a result of absorption outside of the depletion re-
gion.

Due to the obvious discrepancy between the extracted inte-
grated Jsc from dark EQE and J–V measurement under AM1.5G
illumination in the barrier sp-TiO2 devices, additional EQE spec-
tra were obtained under white light-biasing of the sample. For
the highly anatase sol-TiO2 device, which demonstrates no S-
shaped J–V characteristic, there is a minor change in quantum
efficiency between the standard EQE measurement and the light-
biased EQE (Figure 9a). For both sp-TiO2 films however, signifi-
cant transformation of the spectra is observed (Figure 9b,c). The
device fabricated from the multi-phase film which demonstrated
S-shape behavior in J–V curves shows a collapse in quantum ef-
ficiency in the typical operational wavelength range (Figure 8c).
The proposed barrier limiting charge extraction is thus clearly in-
duced by device illumination. This effect of reduced EQE is also
present in the peak sp-TiO2 device, which explains the reduced

FF in peak sp-TiO2 devices compared with sol-TiO2, limiting the
device PCE despite demonstrating improved Voc and Jsc. It seems
reasonable to assume that these sputtered TiO2 window layers
are capable of achieving record Jsc, provided the observed illumi-
nation losses can be eradicated. Another interesting feature in
the light-biased EQE spectra is the short wavelength onset which
shifts significantly in to the UV range for photons above the win-
dow layer band gap energy.

To further investigate the increase in blue light collection in
sp-TiO2 partner layer devices under illumination, additional spec-
tra were obtained with a varied light-bias for the barrier sp-TiO2
device (Figure 10a). Whilst the sub-TiO2-band gap collection re-
duced with increasing intensity of applied light-bias, the opposite
was observed for wavelengths with energy in excess of the TiO2
band gap. This effect continued to increase blue-light collection
past 0.8 sun illumination where the EQE yield surpasses unity at
330 nm, which of course must be caused by an abnormality in the
measurement. EQE exceeding 100% in the UV range has previ-
ously been reported in defective and photoconductive TiO2.[111] A
similar mechanism is seen in CdS/CdTe and CdS/Chalcogenide
devices whereby the photoconductive CdS window layer con-
ductivity is modulated with the frequency of the AC chopped
monochromated probing beam in the blue region.[112–114] The
increased CdS conductivity widens the depletion region further
into the absorber, increasing red light generated carriers under
light-bias which are collected in-phase with the chopped blue
probing beam due to the conductivity modulation. The work by
Hegedus[112] and Liu et al.[114] showed that this effect can be
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manipulated by altering the chopping frequency due to the slow
CdS trap response time. Figure 10b demonstrates the depen-
dence of chopping frequency on EQE measurement of the barrier
sp-TiO2 device, which shows characteristics similar to that seen
in CdS, although constrained to a narrower wavelength range due
to the wider TiO2 band gap. This is also present to a lesser extent
in the peak sp-TiO2 device, but absent in sol-TiO2 (Figure S12,
Supporting Information).

The light-biased EQE results indicate increased photoconduc-
tivity in TiO2 films obtained via the sputtered deposition method.
Whilst the effects of photoconductivity on ‘apparent’ quantum
efficiency are obvious in Figure 10b, the long wavelength collec-
tion shows no dependence on chopping frequency (Figure 10b,
inset). It is therefore not clear that the photoconductivity is di-
rectly responsible for the formation of interfacial charge barriers
in these devices. Although the photoconductivity itself may not
be the source of J–V distortion, a high defect density in the sp-
TiO2 films might be. Future work will focus on understanding
the sputtered TiO2 photoconductivity and determining whether
this is linked to the density of mixed-phase anatase/rutile films,
and thus the formation of interfacial charge barriers under illu-
mination limiting the FF in these Sb2Se3 devices.

4. Conclusion

In this study, we have demonstrated that high quality Sb2Se3
films can be grown via CSS on highly scalable RF magnetron
sputtered TiO2 window layers, which conformally coat the rough
surface of the underlying FTO. The highest performing devices
fabricated from sp-TiO2 films deliver improved Jsc and Voc val-
ues of 32.44 mA cm−2 and 441 mV respectively, compared with
spin-cast solution TiO2 films. Issues with reproducibility in sp-
TiO2 films is observed whereby varying S-shape J–V distortion
is present in completed Sb2Se3 devices, which indicates the pres-
ence of interfacial barriers limiting charge extraction. We demon-
strate suitable methods for separating surface and bulk TiO2
phase character, through matching experimental and theoretical
VB spectral features in surface sensitive XPS and deeper pene-
trating Raman spectroscopy and GIXRD.

Thorough characterization of three TiO2 partner layer films
and resulting devices are compared to identify the source of these
charge barriers, which vary between sputtering runs. This com-
parison comprised both a high (peak sp-TiO2) and low (barrier
sp-TiO2) performance sputtered film, and a highly reproducible
spin-cast solution (sol-TiO2) film. Through the aforementioned
characterization methods, we identify pure anatase phase in the
sol-TiO2 film and pure rutile phase in the peak sp-TiO2 film.
Whilst the barrier sp-TiO2 film demonstrated a pure rutile sur-
face layer via XPS, an inhomogeneous distribution of anatase was
discovered in the bulk via Raman mapping of a 100 μm2 area.
Relative band positions of these films show no obvious reason
for S-shape formation caused by a CBO. The observed charge
barriers are therefore likely due to interface interactions between
phases. GIXRD diffractograms of both sp-TiO2 films showed no
diffraction signal of the rutile phase identified via Raman which
indicates the films obtained via sputtering are highly disordered,
despite undergoing identical post-deposition annealing as the
highly crystalline anatase sol-TiO2. We find that pure rutile phase

TiO2 partner layers are capable of producing Sb2Se3 devices of
equally high quality as the widely incorporated anatase phase.

Light-biased EQE measurement of completed Sb2Se3 devices
exposes the presence of the interfacial charge barriers, which re-
main present to some extent in the peak sp-TiO2 device. High
photoconductivity in sp-TiO2 films is identified due to EQE ex-
ceeding unity in the blue region under white light-bias, which
is further evidence that the sputtering method produces highly
defective TiO2 films which introduce the S-shape J–V distortion.

The work presented here shows that TiO2 phase control is re-
liant on more factors than simply sintering temperature, which
is significant considering TiO2 phase is not always confirmed
in Sb2Se3 device literature. This is perhaps one of the rea-
sons comparatively few groups are reporting high efficiency
TiO2/Sb2Se3 heterojunction devices, despite the clear limitations
of CdS/Sb2Se3 structures. This result has implications for groups
attempting to transition either from CdS partner layers to TiO2,
or even for transition from one TiO2 deposition method to an-
other. Further, these findings will also have relevance for other
photovoltaic technologies such as perovskites and organic solar
cells which more commonly utilize TiO2 partner layers. Future
work will focus on determining whether the distribution of mixed
anatase and rutile phases in the films introduce photoconduc-
tive defects which are responsible for the observed interfacial
charge barriers.
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