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Reactive DC Sputtered TiO, Electron Transport Layers for
Cadmium-Free Sb,Se; Solar Cells

Christopher H. Don, Thomas P. Shalvey, Daniya A. Sindi, Bradley Lewis,
Jack E. N. Swallow, Leon Bowen, Daniel F. Fernandes, Tomas Kubart,
Deepnarayan Biswas, Pardeep K. Thakur, Tien-Lin Lee, and Jonathan D. Major*

The evolution of Sb,Se; heterojunction devices away from CdS electron
transport layers (ETL) to wide bandgap metal oxide alternatives is a critical
target in the development of this emerging photovoltaic material. Metal oxide
ETL/Sb,Se; device performance has historically been limited by relatively low
fill factors, despite offering clear advantages with regards to photocurrent
collection. In this study, TiO, ETLs are fabricated via direct current reactive
sputtering and tested in complete Sb,Se; devices. A strong correlation
between TiO, ETL processing conditions and the Sb,Se; solar cell device
response under forward bias conditions is observed and optimized.
Numerical device models support experimental evidence of a spike-like
conduction band offset, which can be mediated, provided a sufficiently high
conductivity and low interfacial defect density can be achieved in the TiO,
ETL. Ultimately, a SnO,:F/TiO,/Sb,Se; /[P3HT/Au device with the reactively
sputtered TiO, ETL delivers an 8.12% power conversion efficiency (r), the
highest TiO, /Sb,Se; device reported to-date. This is achieved by a substantial
reduction in series resistance, driven by improved crystallinity of the reactively

based devices which offer advantages
over established silicon solar cells due to
the less energy-intensive device fabrica-
tion and manufacturing processes. CdTe
itself is not without its drawbacks; tel-
lurium scarcity is often cited as a con-
cern for widespread deployment, whilst
the toxic heavy metal cadmium inclusion
raises questions about end-of-life envi-
ronmental implications. Thus, it is neces-
sary to explore alternative materials suit-
able for fulfilling the wide range of evolv-
ing PV applications (building integrated
(BIPV), tandem top and bottom cell etc.).

Inorganic chalcogenides are another
class of materials being studied—many
with qualities that make them ver-
satile options for PV. Most notably,
Culn,,Ga,Se, (CIGS) and kesterite

sputtered anatase-TiO, ETL, whilst maintaining almost maximum current

collection for this device architecture.

1. Introduction

The development of thin-film photovoltaics (PV) has led to the
commercialization of polycrystalline cadmium telluride (CdTe)-

Cu,ZnSn(S,Se), materials (CZTS), have
drawn significant scientific interest.
Whilst CIGS has achieved an impressive
23.6% power conversion efficiency (),!"
the elemental abundance issue remains unsolved with the in-
clusion of In/Ga, and the requirement for Cd, while reduced,
is still present in cadmium sulfide (CdS) as the electron trans-
port layer (ETL). Despite its CdS ETL, CZTS utilizes an entirely
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Figure 1. a) Percentage of Sb, (S,Se); devices with each ETL (N = 177). Sb,Se; Device performance results for b) V,, c) J,., and d) FF as a function of
1 found in the literature for various ETLs. Reproduced and updated with permission.["3]

earth-abundant device structure to achieve 13.6% 5, however, in-
dustrial scalability is in question due to the common formation
of unwanted secondary phases during material synthesis.?!

Both antimony selenide (Sb,Se;) and antimony sulfide (Sb,S;)
are thin-film PV absorber materials currently gathering momen-
tum. With respective optical bandgaps of 1.2 and 1.7 eV,[>*] they
offer versatility as both top and bottom cells for tandem devices,
but also single-junction capability in the form of the sulfoselenide
(Sb,(S,Se)s;) alloy system which allows for bandgap tunability due
to the shared 1D “nanoribbon” crystal structure.

In addition to its favorable optoelectronic properties,
Sb,(S,Se); offers earth abundance, low toxicity and high
stability.®”] Rapid increases in device performance have
progressed efficiency records to 10.57% and 10.75% for Sb,Se,
and Sb,(S,Se);, respectively.l®?]

A recent life-cycle analysis (LCA) by Resalati et al. has shown
that provided efficiencies equivalent to CIGS can be obtained,
there would be an environmental benefit of Sb,Se,.[' The study
assumed that all devices were in a substrate architecture with a
CdS ETL. Thus, eradicating the requirement for Cd completely in
the device structure, would offer further advantage to this emerg-
ing material. The eventual transition from CdS to metal oxide
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ETLs (Mg, _,Zn O and SnO,) during CdTe development was an
important step for commercialization.''-13] Undeniably the same
must also happen for Sb,(S,Se);, not only from an LCA stand-
point but also in terms of attainable quantum efficiency due to
the parasitic absorption of blue light by the 2.4 eV CdS bandgap
and resulting transmission loss to the photoactive layer.[1*1¢]

Figure 1a distinguishes the ETL of devices reported across
Sb,(S,Se); literature. Pure CdS is evidently the most common,
making up two-thirds of devices and often integrated into the
more complex structures designated to the “other” category. It
is surprising that the combined representation of metal oxides
is limited to just 25% of devices, given that the breakthrough
Sb,(S,Se), solar cell work began as an offshoot of dye-sensitized
solar cells (DSSC) which incorporated some combination of both
planar and mesoporous titanium dioxide (TiO,) at the junction
interface.[17-20]

Since drawing open-circuit voltage (V,.) and short-circuit cur-
rent density (J,) comparisons for devices across the alloy com-
position is futile, only Sb,Se, devices from the literature are in-
cluded in Figure 1b—d (N = 135). Looking first at the V,, of these
devices as a function of n (Figure 1b), it can be seen that the
only devices consistently exceeding 450 mV are those with a CdS
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junction, with the exception of a 520 mV TiO, outlier in an early
study by Zhou et al.l*®! The next highest V_ reported with TiO,
is just below 450 mV, although it would appear that these stud-
ies did not include any method to remedy selenium deficiency
in the Sb,Se; films which is commonly cited as a source of V,,
loss.[1-2°] Tt is also worth noting that of the 14 reported devices
>450 mV, ten of those were in a substrate device geometry with a
Mo hole contact, which may partially explain the relative success
of CdS with regards to V..

The performance limiting inter-diffusion at the CdS/Sb, Se; in-
terface, observed for devices of both substrate and superstrate ge-
ometries, is well-established.[?*26-28] In the case of superstrate de-
vices, this introduces constraints on possible high-temperature
post-deposition selenization treatments of the absorber which
would damage the CdS/Sb,Se; interface. The high stability of
the TiO,/Sb,Se; interface during high-temperature exposure
is a significant benefit in this regard (Figure S1, Supporting
Information).!?’!

As expected, wide bandgap TiO, ETL Sb,Se, devices outper-
form CdS, in terms of J, (Figure 1c), due to the parasitic absorp-
tion from the narrow 2.4 eV CdS bandgap heavily studied and
optimized in CdTe literature which limits the collection from the
blue part of the spectrum. The exception here is a reported 35 mA
cm~2 CdS partner device from Dong et al. which appears to be a
record for Sb,Se;, although external quantum efficiency (EQE)
measurements are absent.!?’]

Whilst the V,_ advantage in CdS ETL Sb,Se; devices over TiO,
may be explained by substrate geometry and selenization efforts,
the fill factor (FF) of the best CdS ETL devices (x70%) is still
above that of TiO, (~60%)(Figure 1d). These parameters are of
course intrinsically linked through non-radiative recombination,
however, low Sb,Se; device FFs cannot be explained purely by
V,.-deficit as illustrated by the 400 mV V,__ device by Li et al. with
>70% FF.[?7] Clearly, there is still significant room for the devel-
opment of Sb,Se; device architectures to improve selective car-
rier transport, which appears to be a bigger issue, at present, for
metal oxide ETL devices (Figure 1).

The widely implemented organic hole transport layers (HTL)
(Spiro-OMeTAD, P3HT etc.) in superstrate devices offer a two-
birds-one-stone solution to both low shunt resistance (R;;,) and
forward-bias rollover caused by the Sb,Se,/Au interface.’l This
is achieved by simultaneously pinhole blocking shunt pathways
and improving charge selectivity at the hole contact to improve
both average and peak cell FFs.

For electron transport, there are two studies outside of
our group which report on TiO, processing optimization in
Sb,(S,Se), literature. The first study by Chen et al. varied post-
deposition anneal temperatures of their spray-pyrolysis deposited
TiO, and concluded that reduced deep-level defects in the 450 °C
sample resulted in improved Sb,Se; solar cell performance.*"!
Koltsov et al. compared the effects of vacuum and air annealing
of their spray-pyrolysis TiO, and suggested that an initial low-
temperature vacuum anneal, prior to the typical 450 °C air an-
neal, improved performance by reducing organic residues in re-
sulting films.*!l Both studies omit current density-voltage (J-V)
curves for these sections, but a significant FF dependence is ob-
served in reported J-V parameters (as low as ~#30% which is ap-
proaching a flat line in the power quadrant), suggesting severe
“S-shape” J-V distortion.
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Previously, we have reported on FF limiting J-V distortion
which is induced by charge barriers from defective TiO, ETLs.3
They appear influenced by poor crystallinity, defect-driven pho-
toconductivity and mixed-phase films of this polymorphic mate-
rial. In the aforementioned study, Sb,Se; solar cells with radio
frequency (RF) magnetron sputtered TiO, ETLs were deposited
from a compound TiO, target, although optimization efforts in
this case were limited by reproducibility issues. The stubborn ad-
herence to CdS ETLs, rather than TiO,, may be due to the relative
difficulty of producing monophasic TiO, with reliable electronic
properties, compared to CdS.

For charge separation and selective carrier transport in so-
lar cells, there must be an asymmetry in the electron and hole
conductivities.[3*%%] In p-i-n heterojunction devices, the function-
ality of the ETL and HTL is critical to achieve this.33] For efficient
selectivity, the ETL/absorber interface is required to have a mini-
mal conduction band offset (CBO) and a large valence band offset
(VBO) to facilitate electron transport whilst impeding hole trans-
port. It is well established that a type-I (“spike”) CBO can lead
to J-V distortion from the resulting interfacial charge barrier for
electrons and a subsequent collapse in device FF.[36-40]

Band position measurements via photoemission spec-
troscopy for both TiO, and Sb,Se; are numerous and hugely
variant.3241=%] Figure S2 (Supporting Information) shows two
examples in the literature which report a —-0.50 eV CBO “cliff”
and a +0.71 eV CBO spike (a relative CBO difference of 1.21
eV).1*24] This variance of band positions for what is an intrinsic
material property is of course unphysical and highlights lim-
itations in the band alignment method. Determination of the
ionization potential via photoemission introduces measurement
uncertainties; spectrometer calibration, charging, linear extrapo-
lation of both the valence band maximum (VBM) and secondary
electron cutoff (SEC), and caveats; surface sensitivity, alignment
of Fermi levels, band bending upon interface formation, inter-
face defect pinning. For photoactive materials and multi-layer
stacks, there are additional effects from both junction and sur-
face photovoltages which can be induced by stray light, or even
the measurement beam itself.[* To obtain the conduction band
minima (CBM) from the ionization potential, the fundamental
energy gap (E,) must be subtracted, the measurement of which
is itself non-trivial.*’l A study by Shiel et al. compared the
TiO,/Sb,Se; CBO positions obtained with three different band
alignment methods and reported CBO values ranging from a
+0.11 eV spike to a —0.82 eV cliff.[*!]

Given that J-V distortion from devices with TiO,/Sb,Se; in-
terfaces appears to be a universal problem,*%-32] this may be the
best evidence for a CBO spike of these materials after interface
formation. These previous reports, along with the present study,
suggest the barrier to electron transport can be mediated by opti-
mized TiO, processing, provided sufficiently high electron con-
ductivities and low interfacial defect densities can be obtained.

In this study, we report a simple, scalable, reproducible
method of preparing highly crystalline wide bandgap anatase-
TiO, thin films for application as the ETL in Sb,Se; solar cells.
An SnO,:F/TiO,/Sb,Se;/P3HT/Au device fabricated with a re-
actively sputtered TiO, ETL achieved an improved 8.12% 5 due
to significantly reduced series resistance (R,) compared to sim-
ilar device structures. Differences in the TiO, films obtained
from both precursor solution and sputtering are compared and
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Figure 2. a) lllustration of the reactive sputtering process. b) Film deposition rate from a Ti sputtering target as a function of oxygen flow concentration
([0,/(0, + An)] x 100) at 5 mTorr pressure and 5 W cm~2 DC power density.

discussed in the context of FF variance in completed TiO,/Sb, Se,
devices. The results are supported by numerical simulations
which detail the device’s physics and serve as a guide to future
device processing where additional gains can be made.

2. Results and Discussion

2.1. Reactive Sputtering of TiO, Thin-Films

Magnetron sputter deposition techniques present an opportunity
for scalable physical vapor deposition (PVD) of a wide range of
materials, irrespective of their melting point. This is of partic-
ular importance for materials with low vapor pressure, such as
the ETLs explored in Sb,Se; heterojunction solar cell device lit-
erature (CdS, TiO,, SnO,, ZnO). In the case of sputtering from
compound (“ceramic”) targets of these materials, RF sputtering
is frequently needed due to the insulating nature of the sputter-
ing targets. RF sputtering, however, requires more complex hard-
ware and achieves lower deposition rates for the same discharge
power as compared to DC sputtering. It is therefore advantageous
to use reactive magnetron sputtering from a metallic target by
introduction of a reactive gas such as O,/N,, in addition to the
working gas (Ar), to deliver compound films with a high deposi-
tion rate via DC sputtering.[*$4]

A major consideration during DC reactive sputtering is that
the amount of reactive gas introduced has to be carefully con-
trolled in order to avoid target poisoning. For the case of reac-
tive sputter deposition of titanium oxide films from a Ti target,
at high O, /Ar partial pressures, when the rate of target oxidation
from the reactive O, gas exceeds the rate that those species are re-
sputtered back off the surface, then the Ti sputter yield decreases
as a result of the surface oxidation.>® This further accelerates
the target oxidation, and a runaway effect essentially reduces the
deposition rate to a fraction of that achieved at lower O, /Ar par-
tial pressures. This process exhibits a hysteresis effect whereby
the O, flow rate must be significantly reduced below the partial
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pressure which induces target poisoning to return it to the metal-
lic state.>! The two regions with very different deposition rates
are shown in Figure 2b. Although a high deposition rate can be
achieved in the metallic mode, the deposited film is typically oxy-
gen deficient.

The customary approach to preparing anatase-TiO, is to ini-
tially fabricate an amorphous film at a low temperature (<150
°C), and subsequently sinter in air at ~#450 °C which recrystal-
lizes the amorphous TiO, toward anatase-TiO,.2°% Thus, initial
titanium oxide films were deposited at room temperature (RT).
To test the dependence of reactive oxygen incorporation on de-
position rate, films were independently sputtered from a Ti tar-
get for 60 min at constant O,/(O,+Ar) flow rate, with a 5 min
“pre sputter” in 100% Ar between runs to clean the target sur-
face of residual oxygen and reset any hysteresis conditioning. It
can clearly be seen from Figure 2 that target poisoning occurs
between 11.5% and 12.5% O, flow rate, although the deposition
rate starts to significantly reduce already by 10.0% O,.

As-deposited titanium oxide films sputtered in the metallic
mode (<10.0% O,) suffer from sub-stoichiometry (<2:1 O:Ti), in-
dicated by a visible grey darkening of the film and subsequent re-
duction in spectral transmission. For the case of RT reactively
sputtered films, this is easily remedied by a low temperature
post-deposition air anneal at 200 °C for 60 min—well below the
typical sintering temperatures employed to form anatase phase
TiO, (Figure S3, Supporting Information). This is not the case
for metallic Ti films (0% O,) for which the transmission is re-
duced even for an increased 550 °C post-deposition air anneal
(Figure S4, Supporting Information), or for the case where the
substrate is heated during sputter deposition, as discussed later.

Whilst the effects of other sputtering parameters can be ex-
plored (target power density, deposition pressure), oxygen uti-
lization and subsequent plasma properties will be affected, thus
the target poisoning regime in Figure 2b would need to be cal-
ibrated for each case. For this study, a high power density (5 W
cm™2) and low pressure (5 mTorr) were fixed to deliver a high
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Figure 3. J-V curves at AM1.5 for Sb,Se; devices (N=16) with reactively sputtered TiO, ETLs sputtered at a) 2.5%, b) 5.0%, c) 7.5%, and (d) 10.0% O,
flow rate. Box and whisker plots for extracted J-V parameters e) n, f) V,, g) J,., and h) FF.

deposition rate, suitable for industrial scalability. Dedicated TiO,
sputtering literature exploring additional parameter space can be
found elsewhere.[#95455]

2.2. Device Optimization

After establishing the operating range of reactive O, flow rate
during deposition, complete Sb,Se; devices were fabricated as
outlined in the experimental section with TiO, ETLs of varying
O, flow rate (2.5%, 5.0%, 7.5%, and 10.0%) deposited at RT and
post-annealed at 450 °C in the air for 60 min. The TiO, film thick-
nesses for 2.5%, 5.0%, 7.5% and 10.0% were measured as 107,
101, 99, and 70 nm respectively.

The device performance results from Figure 3 show that the
n dependence correlates primarily with FF. This is driven by im-
provements in the forward bias regime as seen in Figure 3a—d
and reduction in R, with increasing O, flow rate from 2.5% to
7.5% (Figure S5, Supporting Information). Whilst the 10.0% O,
devices don’t follow the same trend, we attribute that to the thin-
ner TiO, film in this sample which introduces “S-shape” J-V dis-
tortion as will be shown next. As the O, flow rate approaches the
target poisoning domain (i.e., >10.0%), process instability is in-
troduced which limits control of deposition rate and consequent
sample reproducibility. Thus, 7.5% O, was selected for further
optimization efforts and all subsequent devices presented in this
study. However, we consider that operating as close to the target
poisoning regime as possible may be beneficial, provided stability
is maintained via feedback control systems and plasma emission
monitoring.%¢!

Upon identification of suitable sputtering conditions to pro-
vide reproducible TiO, films with high deposition rate and op-
tical transparency, the ETL film thickness was varied to under-
stand the impact on the Sb,Se, device performance. The device

Adv. Energy Mater. 2024, 2401077 2401077 (5 of 15)

n results in Figure 4 again show a strong correlation with FF,
although seemingly through a different mechanism. In this case
the introduction of a barrier to charge extraction, indicated by the
S-shape J-V distortion in both the 25 and 60 nm (Figure 4a,b)
TiO, devices, drastically reduces FF.**%) Meanwhile for the de-
vice with a 330 nm TiO, ETL, the parasitic resistance contribution
to R, is increased and current loss is evident in reverse bias, likely
due to a reduction in transmission through the thicker window
layer. X-ray diffraction (XRD) of the Sb, Se, films which produced
the devices in Figure 4 all show a nominal (primarily (211) and
(221)) film orientation, free of hk0 flat-lying grains (Figure S6,
Supporting Information).

In CdTe literature, device V,. falls considerably when the
CdS ETL thickness is reduced below 100 nm.["!! Such an effect
is not observed here for the case of the TiO,/Sb,Se; junction
where V,_ appears independent of ETL thickness. The study by
Kephart et al. concludes that poor band alignment is the cause
of V,. loss. This is further supported by a V,, improvement
after the addition of low electron affinity (y,) transport layers
which eliminate the cliff-like CBO."!l The distinction between
these two opposing behaviors is characteristic of cliff-like and
spike-like CBOs for the CdS/CdTe and TiO,/Sb,Se; interfaces,
respectively.

During the transition to metal oxide ETLs, CdTe devices sim-
ilarly struggled with charge accumulation at the ETL/absorber
interface and resulting J-V distortion,!'*7-%2] which was even-
tually alleviated through interface engineering with CdSe,Te,
(CST) absorber grading at the junction. The current record
TiO,/Sb,(S,Se); device similarly benefited from absorber grad-
ing with a sulfur-rich junction to suppress interfacial carrier
recombination.[®*]

Besides our previous report which details J-V distortion in
devices caused by the TiO,/Sb,Se; interface,?”) to our knowl-
edge, no other such report exists despite indicators in the FF
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Figure 4. J-V curves at AM 1.5 for Sb,Se; devices (N=16) with reactively sputtered TiO, ETLs of a) 25 nm, b) 60 nm, c) 150 nm, and d) 330 nm thickness.
Box and whisker plots for extracted -V parameters e) , f) V,,, g) J, and h) FF.

dependencies.?311 Whether this is due to relatively few groups
working on TiO, ETL devices or a symptom of groups opting not
to report unsuccessful fabrication efforts remains to be seen. Fre-
quent reporting of device J-V measurements limited to only the
“power” quadrant is another factor in obscuring performance-
limiting characteristics observable under both reverse and for-
ward bias conditions.

Regardless, for optimization purposes, additional devices were
fabricated with a more refined thickness range (100-150 nm)
due to the high FF observed for the 99 and 150 nm devices in
Figures 3c and 4c. The device results can be found in Figure S7
(Supporting Information), however, no obvious performance
trend was observed. Clearly, any marginal gains to be had in this
range are currently obscured by larger variances in the full device
fabrication process.

2.3. TiO, Film Characterization

In previous attempts to fabricate TiO, ETLs via magnetron
sputtering from a compound target, poor crystallinity and
lack of phase control in the attained films were a significant
issue.’”l Those films were similarly sputtered at RT, with a high-
temperature post-deposition air anneal, typical of those widely
reported in the literature to form polycrystalline anatase phase
TiO, from chemical precursors. The previous compound sput-
tered and post-annealed films were amorphous in nature when
examined via X-ray diffraction, with a mix of both rutile and
anatase signatures identified through bulk Raman and surface X-
ray photoemission spectroscopy (XPS) measurements.*2) Where
strong diffraction is not observed, Raman spectroscopy is a com-
plementary method of characterizing bulk material phase. Due to
the nature of the measurement which is sensitive to characteristic
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vibrational modes, long-range lattice order is not a prerequisite
for phase detection.

To assess the titanium oxide phase attained in films reactively
sputtered with 7.5% O,, Raman spectra were recorded from RT
deposited films with increasing post-deposition air anneal tem-
peratures (Figure 5a). Spectra obtained from solution spin-coated
TiO, films from titanium isopropoxide (TTIP) precursor with an
anneal process in the same range are shown in Figure 5b for ref-
erence. The emergence of characteristic vibrational modes for
anatase-TiO, at 280 °C in the reactively sputtered films is sig-
nificantly lower temperature than is needed to recrystallize the
solution spin-coated amorphous films, which show no anatase
signal below 375 °C.I°*%] The anatase signal intensity contin-
ues to increase with temperature up to 450 °C anneal typically
employed in literature, and additionally used to produce the
SnO,:F/TiO,/Sb,Se;/P3HT/Au devices in Figures 3 and 4.

For superstrate PVD-grown absorber devices, a lower ETL an-
neal temperature is needless, since the substrate temperature
during the close-space sublimation (CSS) process can be as high
as 490 °C at present. This result of low-temperature anatase-TiO,
formation does, however, open up the possibility of incorpora-
tion into more temperature-sensitive device architectures such as
substrate geometry devices and those with flexible polymer sub-
strates or AZO/ITO transparent front contacts.

Core level (CL) XPS at two different photon energies was em-
ployed on the reactively sputtered titanium oxide films with vari-
ous post-deposition anneal temperatures to expose chemical and
compositional information. By operating at both soft (1090 eV)
and hard (5925 eV) photon energies, relative surface and more
bulk-appropriate effects can be discerned.[*!]

Figure 6a,b shows XPS and hard X-ray photoelectron spec-
troscopy (HAXPES) Ti 2p spectra, respectively, of the titanium
oxide film with four anneal conditions overlayed. It can be seen
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Figure 5. Raman spectra of RT a) reactively sputtered and b) solution spin-

coated TiO, thin-films deposited on SnO,:F with various post-deposition
air anneal temperatures.

that the titanium is primarily in the assigned 4+ oxidation state
associated with TiO,, in agreement with the anatase-TiO, Raman
signal seen in films annealed at >280 °C in Figure 5. It can also
be seen that most obviously in the as-deposited film but also di-
minishing with anneal temperature, a low binding energy (BE)
shoulder is present. This is widely reported in the literature to
belong to Ti? *(Ti,0,), rather than Ti? *(TiO) or metallic Ti which
would be expected to feature at much lower BE (-3.3 and —4.8 eV,
respectively), relative to Ti**(Ti0,).1°%7] It should be noted that
formal oxidation state assignment here is based purely on those
assigned for titanium oxides in XPS literature, however in reality
the true chemical bonding mechanisms are more complex.[689]

By comparing the soft (Figure 6a) and hard X-ray spectra
(Figure 6D), it can be seen that the Ti, O, feature increases in the
as-deposited film for the hard photon energy compared to the soft
as we probe deeper into the material. Whilst air exposure was lim-
ited to ~3 h between film deposition and UHV loading, this sug-
gests some natural oxidation of the surface toward more stoichio-
metric TiO,, relative to the bulk. This surface and bulk compari-
son also provide good evidence that although sub-stoichiometric
TiO, was deposited via the reactive sputtering method, the post-
deposition air anneal treatment is oxidizing subsurface titanium
toward 2:1 O/Ti TiO,. According to the phase diagram from
Samsonov,”! later reproduced by Diebold,/”!) Ti,0, is the domi-
nant phase for 1.2 < O/Ti < 1.6, although the oxygen content in
as-deposited films reactively sputtered at 7.5% O, is likely much
higher than this based on the significant Ti**(TiO,) photoemis-
sion signal. Extinction of the Ti** HAXPES feature is the best
evidence for achieving 2:1 stoichiometry at least beyond the reso-
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lution of alternative methods of composition determination such
as energy dispersive X-ray spectroscopy (EDX).

Another feature of the spectra is the shift to higher BE of
the Ti** 2p, , CL with increased anneal temperature. Since the
CL—valence band (VB) energy distance is considered a material
constant, this suggests the VB—Fermi level (E;) is increasing,
i.e., the material is becoming more n-type. Full peak fitted spectra
(Figures S8 and S9, Supporting Information), extracted peak po-
sitions and widths (Tables S1 and S2, Supporting Information),
along with information regarding fitting constraints applied can
be found in the supplemental information.

Grazing incidence X-ray diffractograms (GIXRD) in Figure 7
confirm highly crystalline anatase-TiO, is formed via the reactive
sputtering and post-deposition air anneal method due to the in-
tense, narrow diffraction peaks which agree well with the anatase
PDF card (9008216), although shifted to a higher 26 angle rel-
ative to the simulated powder reference. This effect is due to
refraction of the X-ray beam which occurs for incident angles
approaching the critical angle.[”®! The anatase-TiO, peak inten-
sity increases considerably in the 450 °C annealed film relative
to the 280 °C, indicating some crystallinity improvement in the
anatase-TiO, between this temperature range. No additional sig-
nal from rutile-TiO, is observed at 450 °C demonstrating that
the annealing treatment is below the threshold for anatase-rutile
conversion, in this case, reported to occur between 400-1200 °C
dependent on the crystalline quality of the anatase.** The peak
widths observed here for reactively sputtered-TiO, films are far
narrower than is attained via fabrication of TTIP solution spin-
coated TiO, films with equivalent post-deposition anneal condi-
tions (Figure S10, Supporting Information). An additional peak
is observed at 24.2° due to radiation contamination of W filament
on the Cu anode. Calculated anatase-TiO, spectra from a W La
source are included in Figure S10 (Supporting Information).

Scanning electron microscopy (SEM) images of the reactively
sputtered TiO, films—both as-deposited and post-annealed—
show no apparent morphological reconstruction of the large 100
nm agglomerations despite significant changes in Raman, XPS
and GIXRD (Figure 8). Itis possible that the grainy texture within
the agglomerations is softening and becoming more rounded
with the post-deposition air anneal treatment. A high-resolution
transmission electron microscopy (HRTEM) image of the fi-
nal TiO, film, taken from a device cross-section, is shown in
Figure 8d. Both the electron contact (SnO,:F) (red) and absorber
(Sb,Se;) (green) interfaces with the TiO, ETL can be observed in
the bottom-left and top-right of the image, respectively. The high
level of crystallinity achieved via the reactive sputtering method
is evident throughout the bulk and also in the near-interface re-
gions. This is not the case for TiO, fabricated via the solution
spin-coated method, which shows little diffraction (Figure S11,
Supporting Information). No inter-diffusion is observed at the
TiO,/Sb,Se, interface. Crystalline Sb,Se; ribbons demonstrate
favorable adhesion to the TiO, despite its roughness which re-
sults from the conformal sputtered coating of the SnO,:F.3? This
level of ETL material and interface quality is necessary from a de-
vice perspective to achieve electron selectivity. The large Sb,Se,
grain structure obtained via CSS growth on the sputtered TiO, is
shown in Figure 8e.

Depositing TiO, films at increased substrate temperature was
explored. These films were post-annealed as standard, however,
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Figure 6. a) XPS and b) HAXPES Ti 2p core level photoemission spectra for titanium oxide films as deposited on SnO,:F, and with 200, 280, and 450 °C
post-deposition air anneals. Spectra have been normalized to the Ti* * (TiO,) 2p3; peak.

it was observed that the post-anneal in this case did not fully
remedy the as-deposited oxygen deficiency, as shown by the op-
tical transmission results in Figure S12 (Supporting Informa-
tion). Raman spectra of these films show anatase at low temper-
atures, with mixed anatase-rutile phase observed at 200 °C and
entirely rutile phase at 300 °C (Figure S13, Supporting Informa-
tion). Thus, it would appear that the crystallization that occurs
as a result of the high substrate temperature during deposition
is deleterious in the case of polymorphic TiO, due to the effect
of unwanted mixed-phase formation and suboxide Ti,O, which
is “locked-in” during deposition. Similar unwanted grain forma-
tion before the high-temperature anneal in solution spin-coated
films may also act to impede final state crystalline quality.

In many cases, ETL characterization is either omitted from
studies entirely, or substitute thicker films are deposited on al-
ternative substrates (e.g., Si) to boost the diffraction signal. An-
other reason for substrate substitution is to simplify optical mea-
surement for bandgap determination via the Tauc method,””! al-
though that presents its own limitations.[*’] Clearly, this reduces
the device relevance as the growth substrate and film thickness
play crucial roles in material characteristics. The reasoning of-
ten given is that the films are simply too thin for characteriza-
tion. While this may be true in some cases (resource and mea-
surement dependent), clearly poor crystallinity in the acquired
films is another deciding factor.®?) This effect of substrate de-
pendant phase formation dynamics is highlighted in Figure S14

Intensity (arb. units)

T T T T T T T T
Measured Diffractogram

Sputtered TiO, - 280°C - 0.4°

—— Sputtered TiO, - 450°C - 0.4°

——TEC15-0.4°

PDF Reference

——3Sn0, T
Anatase-TiO,

Rutile-TiO, 1

a

L

e

WA |

20 25 30 35 40 45 50 55 60
26 (°)
Figure 7. GIXRD for reactively sputtered titanium oxide films annealed at 280 and 450 °C, along with a SnO,:F TEC15 substrate diffractogram for

reference. Incident X-ray angle fixed at 0.4°. Also included are powder diffraction file (PDF) cards 9007433, 9008216, and 9004143 for SnO,, anatase-
TiO,, and rutile-TiO,, respectively.[72-7]
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Figure 8. SEM of reactively sputtered titanium oxide films a) as-deposited and both b) 280 °C and c) 450 °C post-deposition air annealed. d) HRTEM of
TiO, ETL cross-section from the completed device. e) Bright field TEM of SnO,:F/TiO,/Sb,Se; cross-section.

(Supporting Information), where a witness Si substrate sample
shared the same TiO, deposition run as an SnO,:F substrate, but
resulted in anatase and rutile phase TiO, films in the respective
cases. Measurement of carrier concentration and mobility via the
Hall effect, for example, becomes problematic in this respect, due
to the requirement for film deposition onto non-conductive sub-
strates. Interestingly, a Sb,Se, device fabricated with the rutile-
TiO, ETL reached a respectable 6.79% n (Figure S15, Support-
ing Information), demonstrating that anatase is not the only TiO,
polymorph that can function as a high-performance ETL.

2.4. Champion Sb,Se; Device

To properly assess the capability of Sb,Se; heterojunction so-
lar cell devices with the highly anatase reactively sputtered TiO,
films, additional devices were fabricated with more optimized
Sb,Se, films. Literature regarding performance of Sb,Se, solar
cells largely focuses on optimization of the absorber layer itself,
with grain structure, nanoribbon orientation, Sb/Se ratio and
implementation of interfacial layers all reported as viable meth-
ods to achieve this.[8274378-84] [n our own experience of grow-
ing Sb,Se; on TiO,, pinholes, interfacial voiding and formation
of Sb,0; phases have been the biggest challenges for achieving
high-quality absorber material.[26:3285]

Details of Sb,Se; CSS growth conditions for initial devices
from Figures 3 and 4 can be found in the Experimental Section.
Whilst CSS conditions are equivalent within each device series,
reactor evolution has meant that optimal conditions can drift over
time and thus require periodic reoptimization. Figure 9a,b shows
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the champion Sb, Se; cell with a 120 nm TiO, ETL reactively sput-
tered at RT with 5 W cm™~2 power and 7.5% O, flow rate, post-
annealed in air at 450 °C for 60 min. The Sb,Se, film was grown
with a two-step CSS process.l’>#] An initial seed layer was de-
posited with T, .. = 460 °C, T, e = 410 °C at vacuum for
15 min. The subsequent growth step was carried out at T, =
530 °C and T, pqae = 480 °C at 10 Torr for 10 min. The sample
was then rapidly cooled under an N, atmosphere at 350 Torr. The
resulting film again shows no diffraction signal from flat-lying
hk0-oriented ribbons (Figure S16, Supporting Information).

The J-V scan in Figure 9a shows the device’s resistance to
shunting pathways in reverse bias that results from the pinhole
blocking organic P3HT HTL, which is well established.l®¢%7] We
have demonstrated through previous work*?l and optimization
of the TiO, films in this present study (Figures 3 and 4) that de-
vice R, is strongly dependent on the nature of TiO, ETL. The
much reduced R, of the cell in Figure 9a of 2.73 Q cm? (taken
at open-circuit) offers promise that cadmium-free Sb, Se, devices
can retain high FF, in addition to the inherent current extrac-
tion benefit from a wide bandgap ETL. Some light/dark crossover
still persists in forward bias, indicative of either remaining in-
terfacial charge barriers or photoconductivity effects.[3”8] Whilst
there is no significant transformation of the EQE yield un-
der illumination which was observed previously as a result of
sputtered-TiO, films,*?! there remains a noticeable increase in
sub-absorber-bandgap collection in the Urbach tail region >1030
nm (Figure 9b). This is surely related to the large V,-deficit in
Sb, Se; photovoltaics, which must be addressed through absorber
defect control and doping approaches, largely not yet explored for
this newly developing technology.[*]
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Figure 9. a) J-V and b) EQE of champion SnO,:F/TiO,/Sb,Se;/P3HT/Au cell. ¢) Maximum attainable current from AM1.5 for an Sb,Se; device. d)
Quantification of optical losses in a Glass/SnO,:F/TiO,/Sb,Se; /P3HT/Au device.

The 32.5mA cm~2 J_ (Figure 9a) is approaching the maximum
obtainable after accounting for reflection and absorption losses in
the 3.2 mm thick soda-lime glass TEC15 substrate (Figure 9¢,d).
The remaining carrier collection loss is entirely in the infrared re-
gion. We anticipate this is primarily due to recombination losses
in the 1.2 um-thick absorber, which is ~5x thicker than is em-
ployed in the record Sb,Se; device.®] Approximate losses for each
layer in the stack are provided, although optical interference ef-
fects with each subsequent layer results in a discrepancy between
the EQE and spectrophotometry without applying the transfer-
matrix method.®! The dependence of TiO, thickness on optical
interference of the full device stack is highlighted in Figure S17
(Supporting Information).

The significant improvement in the FF achieved here, com-
pared to our prior work, and the demonstration of such a strong
dependence of TiO, ETL film processing on the FF of subse-
quent Sb,Se, photovoltaic devices, suggests that further opti-
mization of ETLs themselves are effective routes to overcoming
current device performance limits. There is, however, still some
distance between the FF of the best CdS/Sb,Se; devices (~70%)
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and TiO, /Sb, Se; (60%). This FF disparity must be addressed by
identifying the source of this sensitivity to interfacial charge ac-
cumulation and subsequently correcting charge dynamics at the
electron selective contacts.

2.5. Device Simulations

The distinction between cliff-like and spike-like CBOs at an
ETL/absorber interface was discussed in Section 1. Cliff-like off-
sets induce V, -loss via interfacial recombination and so spike-
like offsets are preferred, although for large spikes, J-V distor-
tion induces FF loss.3¢-38] There is a general consensus within
PV research that 0.4 eV is the limit before which distortion
is induced.3:39469091] This limit is of course system-dependent,
with both the ETL and absorber properties defining the electro-
chemical interface. In the study by Kanevce and Sites et al.*!
on the CdS/CIS interface, it was demonstrated that the key
value governing this distortion was the difference between the
electron quasi-Fermi level and the CBM at the interface. They
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Figure 10. SCAPS-1D simulated current density—voltage measurements of Sb,Se; devices with TiO, ETLs of varying a) electron mobility (x,), b) shallow
donor density (Np), c) conduction band offset (CBO) with corresponding FF inset. d—h) Contour plots showing FF dependency on both the TiO, u, and

Np for increasing CBO.

demonstrated that this value is influenced by the bulk CBO,
shallow dopant density (Np), acceptor trap density (N,,) and
ETL thickness. Given the variable J-V distortion observed in
the present study, our previous work, and seemingly elsewhere
in Sb,Se, literature with TiO, ETLs, a model of our device
was constructed to allow for interrogation of the underlying de-
vice physics. The baseline Sb,Se; device model is adapted from
Medaille et al.,l®?! which was defined using experimental data,
and is detailed in Tables S4— S6 (Supporting Information).

In the baseline device structure, y, is set to —3.67 eV for
anatase-TiO, and —4.08 for Sb,Se; (CBO = 0.41 eV), as re-
ported previously.??] Figure 10a,b shows simulated J-V curves
for devices with increasing u, and N, of the TiO,, respectively,
at a fixed CBO. Literature reported values for room tempera-
ture p, of anatase-TiO, vary with crystallinity between 17 cm?
V=1 57! for large single-crystals to 0.1 cm? V=! s7! for 20 nm
nanoparticles.>% As for carrier concentration, values vary be-
tween 10'° and 10" c¢m?,1””] primarily dependant on bulk V,
formation.[”!]

In Figure 10a, it is demonstrated that for a fixed 1x10" cm™
Np, there is a strong dependence of u, on the device FF. Simi-
larly, even with a sufficiently high g, (100 cm? V=! s71), J-V dis-
tortion is induced by lowering N, just one order of magnitude
(Figure 10b). For completeness, J-V curves with increasing CBO
for a fixed conductivity are simulated in Figure 10c and show a
sharp FF reduction, as expected, beginning at +0.3 eV CBO (in-
set Figure 10c¢) for the chosen conductivity. The co-dependencies
of u, and N;, on device FF are shown in the contour plots of
Figure 10d-h for increasing bulk CBO values. The simulations
reveal an abrupt loss in FF within a small range of reasonable
TiO, electronic properties. These results suggest a TiO,/Sb, Se,
CBO spike between +0.30 and +0.45 eV exists, but which experi-
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mentally can be mediated by sufficiently high conductivity of the
TiO, layer.

In addition to the TiO, bulk electronic properties investigated
in Figure 10, the effects of interface states were also explored. Re-
duction of the TiO, surface is known to produce a mid-gap fea-
ture with Ti 3d character in photoemission of both anatase and
rutile, which appears ~2 eV above the VBM.I%*I This is observed
experimentally in TiO, films fabricated via solution spin-coating
and RF sputtered from a compound TiO, target; however this de-
fect peak appears absent in the TiO, films synthesized from the
DC reactive sputtering method as shown in Figure S18 (Support-
ing Information). Hence it seems reasonable to enquire whether
this defect state influences the J-V distortion. The effects of in-
corporating this acceptor-type interfacial defect 2.2 eV above the
TiO, VBM are explored in Figure 11.

It is evident that for high interfacial defect densities, J-V dis-
tortion can be induced even for the case where the ETL/absorber
CBMs are nearly aligned (CBO = +0.05 eV), due to Fermi-level
pinning, as discussed by Klenk.3®] However, in this scenario, a
high interfacial defect density increases V,, and is more appar-
ent for smaller CBOs. Presumably, this is linked to the relative
energy position of the hole quasi-Fermi level in the Sb, Se; to the
acceptor-type TiO, surface defect which will decrease as the TiO,
X, is decreased in order to investigate the CBO. Experimentally,
this is not observed as V,, appears largely independent of J-V
distortion (Figure 4).13%]

Modulation of charge states in such acceptor-type defects with
illumination is further suggested experimentally by photocon-
ductive effects, namely; crossover in the light and dark J-V
curve presented here (Figure 9a),*”] and anomalous light-biased
EQE measurements exceeding unity, dependant on chopping
frequency.3? This is perhaps further evidence of a spike-like
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Figure 11. SCAPS-1D simulated current density—voltage measurements of Sb,Se; devices with TiO, ETLs of varying interfacial defect density for a)
+0.05 eV, b) +0.2 eV, and c) +0.4 eV CBO, which is located 2.2 eV above the TiO, VBM.

CBO where the V,_ is invariable and the inflection point of the
distortion is fixed at open-circuit, unlike in Figure 11a,b.

Variability in previous work and performance dependence on
thickness can be explained by TiO, sensitivity to processing con-
ditions and crystallite size, which are well-established.!”!3%7]
The device modeling simulations support evidence from select
natural band alignment measurements that a spike-like CBO
exists between anatase-TiO, and Sb,Se;,[??) although reported
band positions are highly variable as discussed in Section 1.
Fundamentally the respective band positions should be largely
fixed, and variance in device behavior is more likely regulated
by electronic properties. Thus, fabrication of highly crystalline
TiO, for enhanced u, and reduced surface defect density, along-
side increased carrier concentration through oxygen-deficient
processing, is surely favorable to navigate the CBO of these
materials.

The FF of TiO,/Sb,Se; devices may inherently be limited by
such a CBO spike, but TiO, doping approaches are yet to be
explored. Alloyed Sb,(S,Se); absorbers may offer CBO tunabil-
ity and Liu et al. have already made progress in this direction,
demonstrating an R, reduction by increasing the sulfur con-
tent (and thus bandgap) in the near-interface region.[®*] For pure
Sb,Se, devices, alternative metal oxide ETLs may need to be ex-
plored, if the CBO induced by the TiO, interface cannot be alle-
viated by alternative means.

3. Conclusion

In summary, we have investigated the relationship between TiO,
thin-film fabrication conditions and the performance of subse-
quent Sb,Se; photovoltaic devices with TiO, acting as an ETL.
The method proposed here of reactive DC sputtering from a
metallic Ti target offers a high throughput, scalable method of
producing high-quality compound TiO, thin films for this photo-
voltaic application. Through spectrophotometry, SEM, XRD, pho-
toemission and Raman spectroscopy characterization, the devel-
opment of the reactively sputtered TiO, thin-films during the
post-deposition anneal process has been studied and compared
with conventional spin-coated films from a TTIP precursor solu-
tion. Improved crystallinity of anatase-TiO, is observed in reac-
tively sputtered films, driving a reduction in R, which has histori-
cally been a key performance limiting factor for Sb, Se, devices of
this architecture. This reduction in R, and subsequent improve-
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ment in FF ultimately delivers the highest efficiency cadmium-
free Sb,Se, photovoltaic device reported to date.

The effects of varying the y,, N and surface acceptor-type
defect density of TiO, on device performance are investigated
through device modeling simulations which infer the presence of
a spike-like CBO between Sb, Se; and TiO,. The result provides a
robust explanation for FF variability in Sb, Se, devices fabricated
with TiO, ETLs, and highlights the ETL parameters most critical
for developing high-performance cadmium-free devices.

Whilst this step forward only goes some of the way to bridging
the gap between state-of-the-art CdS and at-present unconven-
tional wide bandgap metal oxide ETL devices, this result can act
as an incentive for an accelerated transition away from CdS ETLs,
which surely must happen for the long-term commercialization
of Sb,Se, solar cells.

4. Experimental Section

Device Fabrication: All devices fabricated for this study comprised a
superstrate-oriented SnO,:F/TiO,/Sb,Se; /P3HT/Au architecture. TEC15
glass (3.2 mm-thick) from Greatcell Solar Materials was used as the soda—
lime glass substrate and transparent conductive oxide front contact. The
TEC15 substrate was cleaned using isopropyl alcohol, 2% Hellmanex in a
deionized water solution and a further 15 min UV ozone treatment. The
DC magnetron reactively sputtered TiO, films were sputtered from a 76
mm diameter Ti target (4N purity, PI-KEM) in 5 mTorr pressure at 5 W
cm~2 power density. The combined O,+Ar gas flow rate during sputter
deposition was 20 sccm for all films. Oxygen concentration is defined as
the percentage of O, flow contributed to total 20 sccm. Spin-coated TiO,
films were deposited from a 0.3 M concentration of TTIP in an ethyl alcohol
solution. Two 275 uL doses of the solution were sequentially spin-cast at
3000 rpm in a N, atmosphere, with a 10 min 120 °C hot plate anneal after
each dose to drive off the remaining solvent. The HiPIMS TiO, films were
fabricated by High Power Impulse Magnetron Sputtering in a Lesker CMS-
18 deposition system by reactive magnetron sputtering from a Ti target
(4N purity) with 100 mm diameter. The HiPIMS process was operated with
an average power of 500 W, corresponding to 6.4 W cm™2. The pulse on
time was set to 100 ps and the frequency to 1 kHz. The depositions were
carried out in poisoned (oxide) mode with 60 sccm Ar and 6 sccm O, at
a pressure of 6 mTorr. Unless otherwise stated, as-deposited TiO, films
were post-annealed in air at 450 °C for 60 min. Prior to Sb,Se; deposition,
the TiO, films were ozone-cleaned for 15 min. Alfa Aesar 5N granulate
Sb,Se; source material was deposited on to the TiO, surface via a two-step
CSS process. An initial 15 min seed layer was deposited at a vacuum with
respective source and substrate temperatures of 440-450 and 400-410
°C. A subsequent 10 min growth step at 10 Torr N, with respective source
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and substrate temperatures of 530 and 480-490 °C followed to deliver a
1.2 um-thick film. The HTL was deposited from a 10 mg mL™" solution
of P3HT in chlorobenzene by spin-casting 75 L at 3000 rpm. 0.1 cm?
50 nm thick gold back contacts were then thermally evaporated onto the
P3HT surface.

Material Characterization: Film thicknesses were measured using a
cntech AMBIOS XP-200 stylus profilometer. J-V measurements were taken
using a TS Space Systems solar simulator (class AAA) calibrated to
AM1.5G. EQE measurements were taken with a Bentham PVE300 system.
Quartz-halogen white light-biased EQE was calibrated to a power den-
sity of 100 mW cm~2. Transmission and reflectivity measurements were
taken using a Shimadzu SolidSpec-3700 UV-vis spectrophotometer. Ra-
man spectra were obtained from a Renishaw InVia system operated with
a 532 nm laser with 5 s acquisitions at 10 mW for 15 accumulations. The
system was calibrated to the 520 cm™' peak from a Si wafer, with a res-
olution of 1 cm™". Photoemission measurements were carried out at the
109 beamline of the Diamond Light Source facility for photon energies of
1090 and 5925 eV. Two-point energy calibration was performed by mea-
suring the Fermi edge and Au 4f;, core-level peak position of a 200 nm
Au film at both hard and soft photon energies. A 50 meV step size was
used for all core levels with 200 and 70 meV pass energy for hard and
soft photon energies, respectively. §-20 XRD measurements were obtained
from a Rigaku SmartLab diffractomator with a Cu anode (4 = 1.542 A)
and a Ge(220) monochromator in parallel beam configuration. Grazing
incidence (GIXRD) geometry was used to reduce the intensity from the
underlying substrate and selectively probe the TiO, layer. This was per-
formed at an incident angle of Q = 0.4° and Q = 0.6°, with a 5° incident
slit and 0.114° parallel slit analyzer using non-monochromated Cu Ka;
X-rays. Scanning Electron microscopy was carried out on a Zeiss Sigma
300vp electron microscope operated at 5 keV in Secondary Electron InLens
imaging. TEM micrographs were obtained using a JEOL 2100F Transmis-
sion Electron Microscope equipped with an Oxford Instrument X-Max 65,
operated by 200 keV. The TEM lamella was prepared using an FEI Helios
Nano lab 600 MK2.
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