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This article provides an examination of the long-term potential of antimony selenide (Sb2Se3) as a
leading photovoltaic absorber by considering lessons learned from the developmental route of CdTe. We
consider the inherent advantages of Sb2Se3, such as its ability to function efficiently in both substrate and
superstrate configurations, its grain boundary tolerance, and wide scope of deposition possibilities. By
drawing parallels with the historical evolution of CdTe solar cells, we highlight critical lessons that could
guide the optimization of Sb2Se3 devices, including the importance of understanding and controlling dop-
ing mechanisms, band-gap grading, and device structure on performance. We also consider the feasibility
of adapting existing CdTe production capabilities for Sb2Se3 fabrication, which could potentially lead
to reduced production costs and shorter energy payback times. Despite the challenges and uncertainties
that lie ahead, we argue that the promise shown by Sb2Se3 warrants significant research and development
efforts, with the view of making it a viable contender in the solar industry.
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I. INTRODUCTION

As Sb2Se3 approaches a decade of meaningful research
as a notable thin-film solar cell material, it is worthwhile
to make a comparison with the standard bearer of thin-film
photovoltaics (PVs), cadmium telluride. With an approxi-
mate 5% market share [1], CdTe solar cells have become
the primary industrially established competitor to silicon-
based modules. CdTe was not, however, an overnight suc-
cess, experiencing the same gradual development curves as
numerous other technologies and particularly pronounced
“plateau” periods where efficiencies stagnated. After a
period of rapid development caused by the advent of the
chloride treatment process and Cu doping, which occurred
in the 1980s and 1990s, CdTe solar cell research in the
early part of this century became fixated on particular
tropes in research. The primary focus during this period
was on the CdS window layer [2], chloride treatment
optimization [3,4], and back contacting featuring Cu dop-
ing [5]. The entire field seemed to have deviated down a
relative dead end of research, resulting in a performance
cap of 16.7% [6] for a decade between 2001 and 2011.
Even more strikingly, the record efficiency was 15.8% as
far back as 1993 [7], meaning 18 years’ worth of research
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effort yielded 0.9% in improvements. Following the
development of a Se-graded device design and alternate
partner layers, the technology evolved, and the next 4 years
saw progress from 16.7% to 22.1% [6,8]. However, the
technology again stalled until recently when a new 22.3%
record was provisionally announced [9], seemingly due to
progress in group V doping.

In comparison, Sb2Se3, and the related ternary sul-
foselenide Sb2(S, Se)3, is a relatively recent addition. It
has attracted significant interest due to its relative abun-
dance and the low toxicity of the material, coupled with a
nanoribbon grain structure offering the potential for grain
boundary tolerance [10,11]. It may however be the mate-
rial’s supremely high absorption coefficient of >105 cm−1

in the visible spectrum [12,13] that becomes the key ben-
efit longer term. This allows submicron absorber thick-
nesses to be used, which CdTe cannot match [14], and
could ultimately translate to lower material usage and
higher production speeds. Although it had been a known
absorber material for a number of years, work from Choi
et al. in 2014 [15] presented the first really notable effi-
ciency of 3.2%, which precipitated greater research uptake.
Efficiencies have since steadily increased to 10.6% for
Sb2Se3 [16] and >10.7% for the Sb2(S, Se)3 alloy [17,18].
As yet, we have seen no similar plateau periods in devel-
opment, but there is certainly a slowing of development,
with 10% having been achieved in 2020 [19]. This means
that, in the 7-year period 2013–2020, the power conver-
sion efficiency (PCE) went from 3% to 10% but only
increased by 0.7% in the next 3 years. Are we in danger of
hitting one of these technological barriers for this material
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FIG. 1. Record reported devices for CdTe and Sb2Se3 showing absorber deposition methods used: (a) CdTe vapor transport deposi-
tion, (b) hydrothermal solution deposition of Sb2Se3; (c),(d) layer structures used; (e) record performance parameters of each device
type. Reproduced from Refs. [8,16,19–22].

and what are the logical next steps to take? Currently, the
research field is disparate, focusing on a variety of different
deposition approaches and device structures, making con-
sensus hard to come by. The intention with this article is
to use the successes and pitfalls of CdTe as a technology
to identify routes through which antimony chalcogenide
absorbers may achieve comparable success in the long
term. There is a logical basis for making a comparison
between CdTe and Sb2Se3, as they share a great deal
of connective tissue. Both are simple inorganic binaries,
both often feature similar superstrate device structures, and
both have been produced using similar industrially scal-
able techniques, such as vapor transport deposition (VTD),
sputtering, and close space sublimation (CSS). Both
have also gradually morphed towards ternary structures
capable of graded band-gap approaches via Sb2(S, Se)3

and CdSe1−xTex (CST). The current state of the art device
structures are shown in Fig. 1, along with the deposi-
tion methods used for respective absorber layers and the
champion cell performance parameters.

This Perspective compares the current state of the art
for CdTe and Sb2Se3 technologies. Using the historical
development of CdTe as a reference, we aim to pinpoint
potential improvements in Sb2Se3, determine the research
field’s focus, and set realistic targets.

II. CHOOSING SIDES: COMPARING
SUPERSTRATE AND SUBSTRATE GEOMETRIES

A significant distinguishing feature of Sb2Se3,
compared to CdTe, is its effectiveness in both
superstrate [19,22–24] [transparent conductive oxide
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(TCO) first] and substrate [25–27] (TCO last) configura-
tions, as shown in Fig. 2. The current champion super-
strate device, shown in Fig. 1(d), has a cell structure
of glass/SnO2:F/CdS/Sb2Se3/Spiro/Au and an efficiency
of 10.5% [16]. The highest performance inverted sub-
strate device reported has a much changed cell structure
of glass/Mo/MoSe2/Sb2Se3/CdS/ZnO/ZnO:Al but still
achieves an efficiency of 10.1% [28]. CdTe research has
become almost entirely focused on the superstrate device
structure. While CdTe has been tested in substrate orien-
tation multiple times, owing to its high electron affinity,
creating an ohmic back contact to CdTe has proven to
be an enduring challenge [5,29]. This is true even for
superstrate devices where the back surface is freely acces-
sible, so for a substrate where the contact must self-form
and remain stable during subsequent CdTe deposition and
processing [30,31], it has become a seemingly insurmount-
able task. As a result of these contact and processing
difficulties, substrate-CdTe devices have never exceeded
an efficiency of 13.6% [32], leading to a near complete
decline of research efforts in this area. Most other inor-
ganic thin-film absorbers, such as Cu2ZnSnS4 (CZTS) and
CuInxGa(1−x)Se2 (CIGS), do perform optimally in sub-
strate geometry, however, largely due to the requirements
for postgrowth sulfurization or selenization processes or
the impact of Cu migration into underlayers [33]. Notably,
antimony chalcogenide absorbers stand apart from typi-
cal inorganic absorbers due to their capacity to function
in both orientations. This distinctive characteristic offers
the significant advantage of bridging the divide between
the substrate and superstrate research factions of inor-
ganic PVs. As a result, there has been a growing trend
towards collaborative research among researchers from
CdTe, CIGS, and CZTS backgrounds, working together on
a single material that incorporates their collective exper-
tise. This broadened pool of talent not only accelerates
material development but also provides additional bene-
fits of the two-structure approach. For instance, altering
the under- or overlayers in either structure significantly
expands processing options, with the material potentially

withstanding harsher processing in one orientation over the
other. A prime example is postgrowth annealing, where
selenization of a substrate device has led to significant
improvements in VOC [34]. However, applying similar
postgrowth annealing to superstrate geometry can gen-
erate similar VOC gains but ultimately result in reduced
performance [35]. The ability to switch between device
stack orientations also offers opportunities to examine var-
ious aspects of cell structures in a device-relevant manner.
For CdTe superstrate devices, the p-n junction is typically
buried beneath microns of CdTe, making its characteriza-
tion a complex process that requires lift-off [36], etched
bevels [37,38], or the creation of special nondevice struc-
tures for analysis. Such approaches can fundamentally
alter the interface’s nature, diluting its device relevance.
The reverse is true for substrate devices, where back-
contact interfaces become challenging to access. The high
performance of Sb2Se3 in both cell orientations allows for
a more comprehensive understanding of the entire device
structure than is possible with CdTe, particularly at the
main junction interface. Even now, our understanding of
CdTe devices remains incomplete due to difficulties in
accessing a device-relevant interface. The development
process has often been empirical, guided by the princi-
ple “if the performance increases, then the interface must
have improved.” This approach is not a criticism, but rather
a pragmatic response to structural limitations. However,
Sb2Se3 offers the potential for a more refined methodology.
The substrate geometry allows for direct characterization
of the interface in high-functioning devices, providing
an analysis that directly correlates interface modifications
with performance. This approach could provide guidance
for superstrate devices, which, in contrast, has an easily
accessible back interface, which could aid in the develop-
ment of substrate cells.

Researchers, regardless of their background or preferred
cell orientation, should consider how alternative struc-
tures can provide insights for each other. While CdTe has
been isolated on a superstrate island, Sb2Se3 possesses the
potential to circumvent this predicament.

FIG. 2. Schematic diagram
showing deposition order of typ-
ical device layers and orientation
with respect to illumination for
superstrate and substrate cell
architectures.
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III. SEEKING THE IDEAL MATCH:
IDENTIFYING SUITABLE PARTNER LAYERS

Continuing from the previous discussion, we can
explore why CdTe solar cells have clung to CdS as the n-
type “window” layer of choice longer than was prudent,
and why Sb2Se3 devices display a similar reluctance to
change. CdS appears to be a universally appealing option
across all thin-film inorganic technologies due to its func-
tional reliability. Regardless of your absorber or CdS depo-
sition technique—be it chemical bath deposition (CBD),
sputtering, CSS, spray pyrolysis, electrodeposition, or any
other method [2,39–41]—CdS has the happy knack of
“working.” In part, this is because CdS has the helpful
characteristic of exclusively forming as CdS, without any
secondary phase issues or structural variation, and reliably
high n-type doping. As a result, it is the most commonly
used n-type layer across the dominant inorganic thin-film
technologies based on CdTe, Sb2Se3, CZTS, and CIGS.
However, CdS’s disadvantages are equally well-known.
Despite its relative stability, it does contain cadmium,
which brings with it associated health and environmental
concerns. For CdTe devices, this just adds more cad-
mium, although the Cd-contamination risks are generally
overstated [42–44]. For antimony chalcogenide materials
though, the presence of CdS and the introduction of cad-
mium could be viewed as superfluous. Primarily, however,
its 2.4 eV band gap is simply too low for an ideal window
layer, leading to the loss of a vital few mA of current by
blocking part of the useful spectrum. This can be observed
in the external quantum efficiency curves of either CdTe or
Sb2Se3 devices, where collection below 525 nm is compro-
mised by absorption by CdS, which, due to the one-sided
depletion region, correlates directly with current loss [45–
47]. Prior to the evolution away from CdS layers, much
of the CdTe device work aimed to minimize its negative
impacts. The most straightforward strategy was to make
the CdS layer as thin as possible, typically this was still
found to be around 100 nm before losses in VOC and fill
factor occurred. An alternative approach was the adop-
tion of a bilayer, which involved higher-band-gap oxide
“buffer” layers, such as ZnO or SnO2, being placed beneath
the CdS [48–50] (it should be noted that there is a cross-
platform nomenclature issue here; in CIGS and CZTS
circles, the buffer would typically refer to the CdS layer
itself). This buffer layer allowed the CdS layer to be further
thinned by providing an additional barrier to the underly-
ing TCO [51], while also improving band alignment at the
interface [52]. CdS was eventually removed entirely and
wider-band-gap oxides became the premier window layer
for CdTe, but this required considerable research efforts
due to the less straightforward functionality compared
to CdS. CdS/CdTe was initially considered the optimal
pairing due to S/Te interdiffusion at the interface, which
alleviated strain caused by lattice mismatch [3] and had

implications for defect passivation [53–56]. Much of the
subsequent work with oxide window layers first required
the development of CdTexSe1−x regions (discussed in Sec.
IV), as this seemed to serve the same purpose as S-Te
interdiffusion and circumvent the strict need for a good
lattice match. This enabled the development of higher-
band-gap alternative partner layers, such as Mg1−xZnxO
[57–59], and other oxides, such as SnO2, which ultimately
overcame the current limitations for CdTe and enabled the
performance to surpass the previous benchmark of 16.7%.

For Sb2Se3, while CdS can be deposited more thinly,
thereby minimizing current losses [16] (Fig. 1), there
are already a number of direct replacement alternatives
reported (Fig. 3). CdS remains the default window layer
of choice though for 67% of devices found across the liter-
ature (N = 170). The reasons for this are unclear because,
as mentioned, CdS is clearly an imperfect choice. Like in
CdTe devices, it causes avoidable current loss and inter-
diffusion at the interface can be difficult to control. This
is more problematic for higher deposition temperature
methods, such as CSS, where the formation of Cd(S, Se)
and/or Sb2(S, Se)3 regions at the near interface can lead
to significant optical losses [47]. For lower temperature
deposition methods, such as solution processing or ther-
mal evaporation, interdiffusion does not occur to the same
extent. However, even for lower temperature deposition, a
defective interface region between CdS and Sb2Se3 is still
observed [11]. There will also be differing requirements
for superstrate and substrate geometry devices, wherein
for substrate devices the interdiffusion level will be deter-
mined by the window layer deposition. This may make
some alternatives to CdS unsuitable for substrate devices
if high deposition temperatures are required. SnO2 and
ZnO have been investigated as alternatives to CdS and
achieved reasonable performance levels [60,61] but do not
seem to have been widely deployed. A number of groups
have reported TiO2 based devices [62–65], a window layer
well-known from organic and CH3NH3PbI3 (MAPI) per-
ovskite materials to be capable of producing supremely
high efficiency cells. It is unclear why TiO2 has not been
more widely used, but it is known to have a degree of pro-
cess sensitivity that CdS does not, where if the phase and
crystallinity of TiO2 are not carefully controlled, this can
lead to performance loss [65]. There is also the more prac-
tical possibility that a number of inorganic groups now
working on Sb2Se3 have established CdS processes, but
not alternative materials, such as TiO2. Nevertheless, with
a TiO2/Sb2(S, Se)3 heterojunction device already exceed-
ing 9% efficiency [66] [despite receiving relatively little
research effort, Fig. 3(a)], there is clearly an opportunity for
Sb2Se3 to learn from the development timeline of CdTe.
CdS should not be persisted with as a window layer sim-
ply because of its ease, as it will always be an unnecessary
limit to performance. This point is highlighted in Fig. 3(c)
where TiO2 window layer Sb2Se3 devices consistently
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(a) (b)

(d)(c)

FIG. 3. (a) Percentage of Sb2(S, Se)3 devices with each partner layer (N = 170); Sb2Se3 device performance results for (b) VOC,
(c) J SC; (d) FF as a function of PCE found in the literature for various junction partner layers.

achieve about 32 mA cm−2, which is approaching the theo-
retical limit (40 mA cm−2 for a 1.18 eV band gap under
AM1.5) after accounting for optical transmission losses
through the substrate.

While it appears from Fig. 3(b) that a CdS junction
interface offers an inherent VOC advantage, looking at
the 14 devices >450 mV, ten of these are in a substrate
geometry that enables postgrowth selenization treatments,
as mentioned previously. It remains to be seen whether
substrate-oriented devices can be fabricated with wider-
band-gap partner layers, or whether postgrowth treatments
can be applied to stable nondiffusing heterojunctions, to
effectively achieve the best of both words. The alterna-
tives to CdS explored thus far are by no means the perfect
solution, but fortunately there are a vast array of wide-
band-gap metal oxide partner layers that can be explored.
Their implementation may be more difficult than for CdS
but CdTe has already shown us that removal of CdS is a
key developmental step.

At the other side of the device, it is briefly worth consid-
ering the back-contact layer of choice for Sb2Se3, although

this seems a fairly limited issue. The current champion
device uses an organic contact interface layer of Spiro-
OMeTAD (C81H68N4O) [16] [Fig. 1(d)], popular with
perovskite materials. This could be potentially problem-
atic in the long term though for production due to high
costs and potential stability issues. Unlike CdTe, which has
perennially struggled with back-contacting issues, Sb2Se3
seems to have no such troubles. A wide range of effective
contact layers have already reported, from simple metals,
with or without etching [67], to multiple organics [23], var-
ious oxides [68], and even PbS [69]. Ultimately, if Sb2Se3
makes it to production, there will be a plethora of candidate
materials such that the back contact of choice will likely be
determined as much by the deposition method and stability
as by performance.

IV. A GRADUAL DECLINE: MIXED PHASE
ABSORBERS AND BAND-GAP GRADING

As alluded to in Sec. III, a key innovation that fostered
the evolution of CdTe technology was the introduction of
Se to produce CdTexSe1−x or CST regions. As well as
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(a) (b)

FIG. 4. (a) Band gap variation of zinc blende CST calculated by DFT (red) compared to experimental values of CdTe1−xSex and
(b) Sb2(S, Se)3 band gap energy dependence on the Se/(Se + S) ratio reported from various deposition methods. Reproduced from
Refs. [74,75].

allowing the CdS layer to be removed, due to the band
bowing effect, as shown in Fig. 4(a), and the high degree
of Se solubility in CdTe, CST enabled the production of
lower-band-gap regions and extended the spectral collec-
tion range [70–73]. This approach was first considered as
simply a method for reducing the absorber’s band gap.
While this was initially perceived as interesting, it was
not considered particularly revolutionary, given the CdTe
band gap was already nearly optimal. The inclusion of Se
has proved to be instrumental in advancing the technol-
ogy, offering a host of additional benefits. Owing to the
higher degree of intermixing, and the subsequent relief of
interfacial strain due to lattice mismatch, Se incorporation
facilitated the elimination of the CdS layer. This was partly
necessary due to S/Se interdiffusion causing interfacial
complications [76], but primarily due to strain relaxation
allowing the use of simple stable high-band-gap oxide
layers, which yielded higher currents [76–78]. Moreover,
Se has also been demonstrated to passivate grain bound-
aries and grain interiors of CdTe/CST [38,79], yielding
higher minority carrier lifetimes with a fourfold increase
and a lifetime of >20 ns being reported for CST [80,81].
This was underscored by recent work, which showed that
smaller grained thermally evaporated CST performed to
similarly high levels as larger grained CSS material [82].
This runs counter to CdTe only devices, where, due
to grain boundary limitations, larger grained material is
strongly correlated with increased performance [83]. For
CST, it is presumed that smaller grained material is ben-
eficial due to more effective Se incorporation into grain
interiors following grain boundary diffusion. CST layers
have been fabricated in high efficiency devices either via
cosublimation [8,84] from CdSe and CdTe sources or from
sequential deposition and interdiffusion to form the desired
phase [76,82]. While both are effective, the dual deposition
approach seems favorable due to the propensity for void
formation in sequential deposition approaches [56,85]. The

sequential deposition route is more widespread though,
due to the lack of dual deposition capability in the majority
of CdTe research labs.

For Sb2Se3 devices, we can envisage analogous strate-
gies involving Sb2S3 and Sb2(S,Se)3, where a composition
gradient from Se to S allows the band gap to be adjusted
from 1.18 to 1.70 eV [12,86], although without the same
apparent band bowing of CST, as shown in Fig. 4(b). In the
simplest terms, it is possible to transition to a more opti-
mal 1.4–1.5 eV range for AM1.5 applications by selecting
the appropriate mixed phase [87,88]. In a broad sense, we
can expect a wider band gap to lead to increased VOC but
at the expense of some current loss. A deeper understand-
ing of how the mixed S/Se absorbers behave compared to
the pure selenide or sulfide phases should also be devel-
oped. It will be key to understand if there are any phase
segregation issues and if there are any defect passiva-
tion benefits of mixed S/Se similar to that observed for
CST. The more intriguing possibility is to create graded
band-gap structures for Sb2(S,Se)3 by tailoring the S/Se
composition similar to the CST approach. This should be
relatively simple due to the similarity of the lattice struc-
tures, certainly compared to wurtzite versus zincblende
mix for CdSe and CdTe. There have been some reports on
band-gap grading approaches for Sb2(S,Se)3 [89–91], but
the optimal degree of grading achieved and its impact on
carrier transport remain uncertain at this point. Certainly,
there is also a body of literature from other fields, such
as CIGS, to demonstrate that careful control of band-gap
grading can lead to enhanced performance by mecha-
nisms such as improved interfacial band alignment [92].
There is also the possibility to develop back reflector struc-
tures, such as those deployed in silicon and, albeit thus far
unsuccessfully, trialed in CdTe to further improve carrier
lifetimes [93].

Reflecting on the CdTe experience with CST and con-
sidering the opportunities provided by transitioning to
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an Sb2(S,Se)3 mixed phase, researchers should aim to
accomplish several objectives. First, it is important to
reevaluate established window layers for mixed phases.
Window layers that have been previously trialed and
deemed inferior for Sb2Se3 may need reconsideration for
Sb2(S,Se)3 due to shifts in interfacial band alignments
and changes in interdiffusion rates. Second, assessing the
defect content is necessary. A study by Tang et al. [19]
suggested that the shift from selenide to sulfoselenide
was associated with a reduction in active defect content.
Although the broad fitting of deep level transient spec-
troscopy (DLTS) peaks makes it challenging to state this
with certainty, it is worth investigating whether the mixed
phases provide additional defect passivation, akin to what
is seen in CST. This exploration is particularly important
given the large defect content and large VOC deficit known
to exist in these materials [94] and the complexity of the
defect formation energies [95] (Fig. 5).

Lastly, the grading approach should be considered.
Established CST devices now have well-defined band-gap
grading approaches, with a lower band gap at the near
interfacial region leading to improved performance. On the
other hand, CIGS devices have a more nuanced V-shaped
interface. Intuitively, a similar approach could be benefi-
cial for a sulfoselenide device, with an Sb2Se3 region at
the front interface graded to a mixed phase at the back.

However, this is by no means guaranteed to be the
optimal structure, and other approaches, such as back
reflectors, also warrant consideration. Also, given the wide
variety of deposition approaches and device structures
being deployed, the degree of phase control attainable will
likely be highly dependent on the particular fabrication
approach. Certain device architectures may find particular
limits, such as unintended interdiffusion with partner lay-
ers, that provide restrictions, i.e., substrate and superstrate
devices may behave significantly differently. In any case,
a careful analysis to compare the impact of various band
structures on material properties and, ultimately, device
performance is a key area for future research.

V. EMBRACE YOUR DEFECTS: DEFECT
PASSIVATION AND DOPING APPROACHES

CdTe is typically lowly doped when relying on native
defects. VCd has been identified to act as a poor-quality
deep acceptor level [96], but the material in its nascent
state is plagued by dominant recombination centers, such
as the TeCd antisites, which severely limit the bulk car-
rier lifetime [97], as shown in Figs. 5(a) and 5(b).
Effective doping for CdTe is reliant on extrinsic dop-
ing, as well as chloride defect passivation treatment, and
has experienced a significant transformation in the past
decade. The principal approach had been, and to some
extent still is, doping using copper via the CuCd level,
which has been measured to be anywhere from 0.15 to

0.35 eV above the valence band maximum (VBM) [96].
This is usually accomplished ex situ via in-diffusion
postdeposition from a very thin film (<15 nm) [98,99]
of Cu or a Cu-containing solution, such as CuCl2 [100].
This ex situ approach is necessary due to the issue of rapid
Cu diffusion in CdTe and its tendency to introduce defects
in CdS or accumulate at interfaces [98]. This in essence
necessitates the postgrowth doping approach to attain an
appropriate level of control. The inclusion of additional
back surface layers, such as ZnTe [101,102], has become
the established route to counter Cu migration and ensure
the long-term stability of CdTe modules. While perfor-
mance surpassed 22%, doping levels remained capped at
<1015 cm−3, and there were suggestions of problematic
Cu-related defect states [99,103,104]. More recently, focus
has shifted from postgrowth Cu doping to pregrowth or
in situ doping using group V elements like Sb, P, and in
particular As, which has been shown to form shallower
acceptor levels (<100 meV above VBM) via the AsTe cen-
ter [105,106]. While As doping had been established for a
while in thin films via metal-organic chemical vapor depo-
sition [107], a number of subsequent more fundamental
studies on single crystals [108,109] ultimately drove the
development process. This has enabled doping densities
to exceed 1018 cm−3 [105,110,111], as there is a lower
likelihood of compensating for deep defect states form-
ing in comparison to Cu-doped material [112]. This has
now led to equivalent efficiencies of >22% being reported
from a noncommercial laboratory via an in situ doping pro-
cess [8], albeit with a higher doping density. Although this
method is ultimately likely to be more effective, it cer-
tainly presents a more technologically challenging route
than the relative simplicity of Cu doping. Most research
laboratories have the ability to undertake postdeposition
Cu doping, but the group V doping approaches established
thus far require more bespoke equipment.

In comparison, it is fair to say the exact doping mech-
anism in Sb2Se3 is still a subject of debate. Often, the
material is assumed to be p type, with intrinsic defects act-
ing as the primary source of doping. However, given the
complex defect chemistry of the material [95], as shown in
Figs. 5(c) and 5(d), and with no obvious shallow p-type
doping center, this may not be the case. The possibil-
ity exists that uncontrolled extrinsic impurities could be
contributing to doping. For full transparency, our research
group has worked with n-type Sb2Se3 absorber layers for
a number of years [113], though not intentionally. We
initially presumed, like many, that Sb2Se3 was p type,
as, following years of CdTe experience, we were wed-
ded to the concept of a p-n junction. However, after some
unusual signals during DLTS analysis, we were eventu-
ally able to identify that the material produced was in
fact n type. Further analysis via secondary ion mass spec-
trometry and comparison with single crystals enabled us
to identify chlorine impurities in the feedstock Sb2Se3,
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(a) (b) (c) (d)

FIG. 5. Comparing and contrasting the complexity of defect formation chemistry in CdTe and Sb2Se3. Density functional theory cal-
culated defect formation energy values (eV) against position of the Fermi level above the valence band maximum for native defects in
CdTe under (a) Te-rich and (b) Cd-rich conditions with Sb2Se3 under (c) Sb-rich and (d) Se-rich limiting chemical potential conditions.
Reproduced from Refs. [95,96].

which were causing the n-type doping [113]. Determining
an unknown carrier type in a polycrystalline material is
surprisingly complex and may be a broader issue within
the field than is appreciated. In creating a device structure,
a p-n junction is commonly assumed, but an n-n+ iso-
type junction is indistinguishable under normal operation.
A typical capacitance-voltage method also only identifies
expansion or contraction of the depletion region and does
not actually distinguish between p- and n-type absorbers.
Similarly, standard Hall effect systems struggle, in general,
with relatively lowly doped polycrystalline materials, so
most Sb2Se3 is unmeasurable. Consequently, unintended
n-type doping could be occurring in various processes
misidentified as p-type dopants. Alternatively, there could
similarly be unintended p-type dopants present within the
material. Without definitive characterization to identify
the carrier type, caution is advisable in making assump-
tions in this regard. Given that doping densities of up to
1017 cm−3 are regularly reported, it is also challenging to
argue for sufficient p-type, or indeed n-type, doping occur-
ring from native defects [95]. Ultimately, a highly doped
p-type absorber is preferable, and the field should adopt
the approach CdTe has latterly arrived at to achieve greater
control of both intended and unintended extrinsic dopants.
In this regard, there have been a number of different reports
on attempted p-type doping approaches for Sb2Se3, uti-
lizing a range of materials, such as Sn, Cu, Pb, Fe, or I
[114–118], to varying degrees of success. For the most
part, and for obvious reasons, at present, the field lacks
the maturity of the CdTe group V approach. A more con-
sidered materials first approach, exploring a broad range
of dopants, but with a focus on establishing the activa-
tion fraction and defect formation, would be beneficial.

There have been very few reports on single-crystal device
work, possibly due to the challenging nature of avoiding
needlelike growth, and where single-crystal device work
has been reported, the performance is essentially negligible
[119]. Rather than concentrating on postgrowth processing
routes to introduce dopants, gaining control of dopants in
the material at the source or in situ seems more effective
but technically challenging. This is particularly important
because the material does not seem to withstand particu-
larly high postgrowth treatment temperatures, limiting the
range and scope of materials that could be incorporated.

An important and related point is that the process of
doping in CdTe is almost secondary to the passivation of
grain boundary defect states using chlorine. Chlorine was
initially believed to contribute to p-type doping via the for-
mation of an A center [120], but the dominant influence
now appears to be accepted as a grain boundary passivant
[3,121–123]. Regardless, without the chloride postgrowth
“activation” step, wherein the absorber is annealed in air in
the presence of CdCl2 or an alternative chloride [124], cell
efficiency typically remains around 1%. The development
of the chloride treatment in the early 1980s was instru-
mental in pushing CdTe to reach 16% efficiency levels.
Passivating inherent defect states has thus far had a more
significant impact on performance than highly effective
doping. This is evident, as even the current state-of-the-
art devices, which are doped with group V elements and
incorporate Se, still require Cl treatment. In contrast, anti-
mony chalcogenide materials have not yet experienced the
consistent performance boosts associated with a “magic
bullet” style passivation process that results in signifi-
cant VOC increases. Instead, as-deposited materials func-
tion well, and high-performance devices frequently feature
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minimal postgrowth processing. This supports the theory
that these materials are more tolerant of grain boundaries
than CdTe. However, this is not to imply that there have
not been any reports on postgrowth processing improv-
ing performance or indeed that VOC is not a limitation.
The current champion Sb2(S, Se)3 device utilizes a post-
growth alkaline metal fluoride process [17], similar to
that deployed for CIGS, which improves the efficiency
but not the VOC. Postgrowth annealing or selenization is
a logical approach and has been shown to improve per-
formance in some devices [34,125,126]. What is apparent
though is that, as yet, there is no postgrowth process that
is as ubiquitous or essential as the CdTe chloride process.
Whether such a process even exists or is required should
be an area of great interest and something that should
be considered in parallel with the development of doping
techniques, as the two are likely to be highly symbiotic. It
is also critical to understand not only how doping mod-
ifies the defect content, but also the impact this has on
the overall stability of the final device. Careful consid-
erations should also be given to which doping elements,
postgrowth process, or contact materials might interact
with other device layers adversely as the device structure
evolves.

VI. THE COST OF DOING BUSINESS: COULD
Sb2Se3 COMPETE WITH CdTe INDUSTRIALLY IN

THE LONG TERM?

This is, quite literally, the multimillion-dollar ques-
tion. We must preface this discussion with a hefty caveat:
Sb2Se3, despite the significant progress made, is not the
first “next big material” to risk not delivering on its early
promise and stalling indefinitely. CZTS, for instance, has
struggled to capitalize on its initial development, while
a:Si never reached its seemingly high potential. However,
it is worthwhile to speculatively consider “if” Sb2Se3 lab-
scale device efficiencies reached a similar level to that of
CdTe, could it transition to industrial implementation and
would there be any benefit in doing so?

One of the significant advantages of antimony chalco-
genides is that they are the first inorganic absorbers, apart
from CdTe, to function to a credible level in the super-
strate configuration. This structure, in addition to offering
key technological development opportunities, provides a
proven credible path to market. To elaborate, it is not a
far-fetched notion to conceive of existing CdTe deposition
infrastructure being adapted for a Sb2Se3 or Sb2(S, Se)3
process. CdTe manufacturing, such as First Solar’s, is
based on the use of commercial SnO2:F coated glass
with the addition of active layers via various combina-
tions of VTD approaches and sputtering. All of these same
techniques have already been shown as viable compo-
nents of a lab-based Sb2Se3 fabrication process. There-
fore, it seems plausible to assume they could be similarly

scaled up in the same manner as CdTe was, albeit with a
selection of teething troubles to be expected. From a purely
practical standpoint, there is therefore reason to believe
that a Sb2Se3 production line could feasibly be developed.
But what would be the benefit of doing so when CdTe
is already established? A significant advantage would be
a reduction in power required for fabrication and, conse-
quently, energy payback time. Using our own lab-based
CSS deposition process, a variation of vapor transport
deposition, as an example, CdTe is deposited at source
temperatures of around 600–650 °C with the substrate held
in the 520–575 °C range [124]. For Sb2Se3 deposited in
an identical system, these ranges drop to 460–525 and
410–500 °C [113], although the latter can be as low as
350 °C. Furthermore, because of its higher absorption coef-
ficient, the Sb2Se3 absorber can be much thinner. The cur-
rent record Sb2Se3 has an absorber thickness of <300 nm,
compared to CdTe, which requires >3 μm [8]. This means
less power is required for a much shorter duration (assum-
ing equivalent deposition rates), which could potentially
save significant fabrication costs, reduce the payback time,
or increase production rates.

Material costs are even harder to quantify given
economies of scale and other nebulous economic factors,
but again we can make ballpark estimates for the purposes
of forecasting.

Using the US Geological Survey Mineral Commod-
ity Summaries 2023 [127] as a reliable source of market
elemental pricing, we can make broad estimates for raw
material costs per kg as a comparative measure. Assum-
ing we fabricate materials from constituent elements gives
an estimate of 34.67$/kg for CdTe compared to only
17.52$/kg for Sb2Se3, which would drop further for Sb2S3
at 5.64$/kg. This is a significant drop and there is also
the abundance factor to consider as well with the crustal
abundance for Te being <0.001 ppm with only 440 tonnes
of annual global production. This has often been cited as
a limitation of CdTe, but it remains to be seen if this
is truly an issue in the long term. For comparison, both
Sb and Se are orders of magnitude more abundant, at
0.201 and 0.130 ppm, with 140 000 and 2800 tonnes of
global production, respectively. Given this and the reduced
absorber thicknesses required, it seems safe to project
Sb2Se3 and Sb2(S, Se)3 as more abundant lower cost raw
materials.

To reiterate, the above discussion must be heavily
caveated; this is purely projection based on some labo-
ratory experience and raw material costs. What can be
said, however, is that all of the above indicate that Sb2Se3
has the potential to offer technology that utilizes the same
deposition technology as CdTe but based upon a thinner
cheaper less CO2 intensive material. The problem with
this, of course, is that for it to be in anyway feasible
the technology needs to go from 10% PCE to realisti-
cally around 20%. This requires vast concerted research
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efforts and even then, it may not get anywhere close to
that benchmark due to some as-yet unidentified Achilles
heel.

VII. OUTLOOK: MIND THE GAP

Predicting and therefore influencing the developmental
arc of solar cell technologies presents significant chal-
lenges. As highlighted, CdTe has seen plateaus in its devel-
opment, whereas the MAPI perovskite developed unen-
cumbered past 20% PCE before stability issues became the
more pressing concern when moving towards industrial-
ization. What can Sb2Se3 learn from the lived experience
of CdTe device development then?

A vital lesson is the importance of choosing opti-
mal material-based developments over convenient options.
CdTe research overemphasized Cu doping and CdS win-
dow layers because of their reliability and consistency.
However, despite their value in device studies, they did not
advance the technology. Researchers understood the lim-
itations of both (parasitic absorption of CdS and low or
unstable p-type doping from Cu), but developing alterna-
tives necessitated a more complex cell process. The CST
band-gap grading approach was developed alongside a
transition to oxide window layers to mitigate CdS absorp-
tion losses and maximize short circuit currents. The shift
towards group V doping required a more sophisticated
approach compared to the straightforward postgrowth pro-
cess for Cu doping. This shift was preceded by extensive
single-crystal analysis to comprehend optimal dopants,
stability, activation fraction, and defect formation before
incorporating into polycrystalline films. This long-term
approach was crucial to attain higher doping and lower
defect levels needed to improve the absorber material.

In contrast to the united front often seen in CdTe
research, Sb2Se3 research appears more fragmented. There
is currently no consensus on optimal partner layers, dop-
ing, postgrowth processing, or even device geometry. This
diversity is partly due to researchers from various thin-
film technologies now working on Sb2Se3. However, this
varied background is also a strength, offering a broader
range of process knowledge and encouraging innovative
approaches, thus potentially avoiding dead ends in devel-
opment. Where should we, as a research field, focus our
efforts to best advance Sb2Se3 then? Addressing the open
circuit voltage deficit is the immediate performance issue,
as most devices currently exhibit VOC < 40% of the band
gap [128]. The history of VOC development in CdTe pro-
vides somewhat mixed messages to inform an approach for
Sb2Se3. The development of an effective defect passivation
chloride treatment has allowed CdTe devices to exceed
60% of the band gap at >870 mV [8]. The large caveat
here is that, despite significant performance improvements
via J SC optimization, devices with a VOC of 850 mV
were obtained as far back as 1992 [129]. Essentially, after

initial success with the chloride passivation treatment, little
has changed since and a similar roadblock to that expe-
rienced by Sb2Se3 persists. Single-crystal CdTe devices
have shown the ability to attain VOC values in excess of
1.1 V [130,131], giving credence to the belief that the
present limit can eventually be overcome.

The challenge of the VOC for Sb2Se3 is more mul-
tifaceted, as we are starting from a less certain base
structure. The dominant loss mechanisms, effective dop-
ing approaches, and optimal partner layers all need to be
considered in parallel to overcome the VOC limitation. At
present, it is difficult to even pin down the exact cause of
losses for antimony chalcogenides. Enough different mea-
surement techniques have now been applied to establish
that the material certainly contains a large amount of defect
levels [94,132,133]. The majority of reported defect mea-
surements have also indicated these are deep within the
band gap [134], to the extent we would expect a significant
impact on carrier lifetime, and thus, VOC. More worry-
ing is recent analysis suggesting that carrier self-trapping
may also occur in these materials [135,136]. This would
represent a more fundamental problem, as it is proposed
to result from the inherent softness of the material due
to the relatively weak inter-ribbon bonding [135]. Unlike
native or impurity-related defects, this is incredibly chal-
lenging, if not impossible, to engineer out. Self-trapping
signatures [135], as well as a high deep level content [94],
have been observed for both single crystals and thin films,
suggesting problems may indeed be inherent within the
material irrespective of form. Unlike for CdTe, Sb2Se3
single-crystal device work is highly limited, so there is no
evidence to give an upper VOC limit we can realistically
attain and there may be a fundamental limit. This pes-
simism can be tempered somewhat by the fact that there
is contradictory evidence from theoretical work [137] and
that devices with higher VOC have been reported [27,34].
Also, various postgrowth approaches have been shown to
improve VOC [34,35,138], indicating that perhaps there
is something that can be done. To address this, further
research is needed to fully understand the intricacies of the
doping mechanism and source of defect-related limitations
in Sb2Se3. Can we pin down what defects are native and
what are extrinsic? First, the adoption of a more considered
predoping approach with better chemical control, similar to
that used in CdTe with the group V dopants [8,139], seems
to be a logical step forward. This would allow the activa-
tion fraction and defect formation to be disentangled and
may shed further light on dominant recombination mech-
anisms. In parallel to a greater interrogation of defects,
there also needs to be a greater understanding developed
of how this impacts interfacial band alignment and part-
ner layer selection. If dopant control can be achieved,
this will warrant a reevaluation of the suitability of part-
ner layers, as this is intrinsically linked. Linked to this,
device stability should be another critical area of focus
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as a more efficient but highly unstable device is of little
appeal. The inherent stability of Sb2Se3 and its resistance
to degradation, even when exposed to air [140,141], bodes
well for long-term device performance. Further studies are
needed to understand how different deposition processes
impact this stability and devise strategies to enhance it.
This will be particularly important as, if and when, new
doping approaches or partner layers are adopted, as this
will impact on stability. Definitively establishing the prin-
ciple limitations for Sb2Se3 is a key area of investigation
for surmounting the current VOC limit and continue to drive
performance improvements.

Looking to the longer term on the manufacturing front
and making the large assumption that required perfor-
mance levels can be reached, the ability to deposit Sb2Se3
in both substrate and superstrate configurations opens up
valuable technological development opportunities both as
module technology and beyond. The feasibility of adapting
existing CdTe deposition infrastructure for Sb2Se3 pro-
duction is an exciting prospect, potentially reducing both
power consumption and energy payback time, but is not
the only option given the vast array of viable deposition
approaches established. Sb2Se3 and Sb2(S, Se)3 have the
potential to provide a more adaptable technology given
the easy tunability of the band gap and lower deposition
temperatures.

CdTe has shown that for thin-film technologies the jour-
ney from lab-scale devices to industrial implementation is
fraught with potential hurdles but is ultimately possible.
The promise shown by Sb2Se3 suggests that it is highly
worth pursuing this path, given the potential reward for
success. Learning from CdTe’s evolution offers valuable
insights, and it is vital to consider these lessons to avoid
repeating past mistakes.

[1] S. Philipps, F. Ise, and W. Warmuth, P. Projects GmbH,
Photovoltaics Report, Fraunhofer Institute for Solar
Energy Systems (2023).

[2] A. Romeo, D. L. Batzner, H. Zogg, C. Vignali, and
A. N. Tiwari, Influence of CdS growth process on struc-
tural and photovoltaic properties of CdTe/CdS solar cells,
Sol. Energy Mater. Sol. Cells 67, 311 (2001).

[3] W. K. Metzger, D. Albin, M. J. Romero, P. Dippo, and
M. Young, CdCl2 Treatment, S diffusion, and recombina-
tion in polycrystalline CdTe, J. Appl. Phys. 99, 103703
(2006).

[4] T. A. Gessert, M. J. Romero, C. L. Perkins, S. E. Asher,
and R. Matson, in Materials Research Society Symposium
Proceedings (2001), p. 668.

[5] S. H. Demtsu and J. R. Sites, Effect of back-contact barrier
on thin-film CdTe solar cells, Thin Solid Films 510, 320
(2006).

[6] X. Wu et al., High-Efficiency CTO/ZTO/CdS/CdTe
Polycrystalline Thin-Film Solar Cells. Report, NREL
Report 1 (2001).

[7] J. Britt and C. Ferekides, Thin-film CdS/CdTe solar-cell
with 15.8-percent efficiency, Appl. Phys. Lett. 62, 2851
(1993).

[8] W. K. Metzger, et al., As-doped CdSeTe solar cells
achieving 22% efficiency with −0.23%/C temperature
coefficient, IEEE J. Photovolt. 12, 1435 (2022).

[9] First Solar Q1’23 Earnings Call, (2023).
[10] Y. Zhou, et al., Thin-film Sb2Se3 photovoltaics with ori-

ented one-dimensional ribbons and benign grain bound-
aries, Nat. Photonics 9, 409 (2015).

[11] R. E. Williams, Q. M. Ramasse, K. P. Mckenna, L. J.
Phillips, P. J. Yates, O. S. Hutter, K. Durose, J. D. Major,
and B. G. Mendis, Evidence for self-healing benign grain
boundaries and a highly defective Sb2Se3 − CdS interfa-
cial layer in Sb2Se3 thin-film photovoltaics, ACS Appl.
Mater. Interfaces 12, 21730 (2020).

[12] M. Birkett, W. M. Linhart, J. Stoner, L. J. Phillips, K.
Durose, J. Alaria, J. D. Major, R. Kudrawiec, and T. D.
Veal, Band gap temperature-dependence of close-space
sublimation grown Sb2Se3 by photo-reflectance, APL
Mater. 6, 084901 (2018).

[13] S. Messina, M. T. S. Nair, and P. K. Nair, Anti-
mony selenide absorber thin films in all-chemically
deposited solar cells, J. Electrochem. Soc. 156, H327
(2009).

[14] N. R. Paudel, K. A. Wieland, and A. D. Compaan, Ultra-
thin CdS/CdTe solar cells by sputtering, Sol. Energy
Mater. Sol. Cells 105, 109 (2012).

[15] Y. C. Choi, T. N. Mandal, W. S. Yang, Y. H. Lee, S.
H. Im, J. H. Noh, and S. I. Seok, Sb2Se3-sensitized
inorganic-organic heterojunction solar cells fabricated
using a single-source precursor, Angew. Chem. 53, 1329
(2014).

[16] Y. Zhao, et al., Regulating deposition kinetics via a
novel additive-assisted chemical bath deposition technol-
ogy enables fabrication of 10.57%-efficiency Sb2Se3 solar
cells, Energy Environ. Sci. 15, 5118 (2022).

[17] Y. Zhao, et al., Regulating energy band alignment via
alkaline metal fluoride assisted solution post-treatment
enabling Sb2(S, Se)3 solar cells with 10.7% efficiency,
Adv. Energy Mater. 12, 2103015 (2022).

[18] X. Chen, et al., Solvent-assisted hydrothermal deposition
approach for highly-efficient Sb2(S, Se)3 thin-film solar
cells, 13, 2300391 (2023).

[19] R. Tang, et al., Hydrothermal deposition of antimony
selenosulfide thin films enables solar cells with 10%
efficiency, Nat. Energy 5, 587 (2020).

[20] B. E. McCandless, et al., Overcoming carrier concentra-
tion limits in polycrystalline CdTe thin films with in situ
doping, Sci. Rep. 8, 14519 (2018).

[21] W. K. Metzger, et al., Exceeding 20% efficiency with in
situ group V doping in polycrystalline CdTe solar cells,
Nat. Energy 837, 837 (2019).

[22] D. Liu, R. Tang, Y. Ma, C. Jiang, W. Lian, G. Li, W. Han,
C. Zhu, and T. Chen, Direct hydrothermal deposition of

041001-11

https://doi.org/10.1016/S0927-0248(00)00297-X
https://doi.org/10.1063/1.2196127
https://doi.org/10.1016/j.tsf.2006.01.004
https://doi.org/10.1063/1.109629
https://doi.org/10.1038/nphoton.2015.78
https://doi.org/10.1021/acsami.0c03690
https://doi.org/10.1063/1.5027157
https://doi.org/10.1149/1.3089358
https://doi.org/10.1016/j.solmat.2012.05.035
https://doi.org/10.1002/anie.201308331
https://doi.org/10.1039/D2EE02261C
https://doi.org/10.1038/s41560-020-0652-3
https://doi.org/10.1038/s41598-018-32746-y


DON, SHALVEY, and MAJOR PRX ENERGY 2, 041001 (2023)

antimony triselenide films for efficient planar heterojunc-
tion solar cells, ACS Appl. Mater. Interfaces 13, 18856
(2021).

[23] O. S. Hutter, L. J. Phillips, K. Durose, and J. D. Major,
6.6% efficient antimony selenide solar cells using grain
structure control and an organic contact layer, Sol. Energy
Mater. Sol. Cells 188, 177 (2018).

[24] L. Guo, S. N. Vijayaraghavan, X. Duan, H. G. Menon,
J. Wall, L. Kong, S. Gupta, L. Li, and F. Yan, Stable and
efficient Sb2Se3 solar cells with solution-processed NiOx
hole-transport layer, Sol. Energy 218, 525 (2021).

[25] Z. Li, et al., 9.2%-Efficient core-shell structured antimony
selenide nanorod array solar cells, Nat. Commun. 10, 125
(2019).

[26] P. Vidal-Fuentes, M. Placidi, Y. Sánchez, I. Becerril-
Romero, J. Andrade-Arvizu, Z. Jehl, A. Pérez-Rodríguez,
V. Izquierdo-Roca, and E. Saucedo, Efficient Se-rich
Sb2Se3/CdS planar heterojunction solar cells by sequen-
tial processing: Control and influence of Se content, Solar
RRL 4, 2070075 (2020).

[27] G. X. Liang, et al., Sputtered and selenized Sb2Se3
thin-film solar cells with open-circuit voltage exceeding
500 mV, Nano Energy 73, 104806 (2020).

[28] Z. Duan, et al., Sb2Se3 thin-film solar cells exceeding 10%
power conversion efficiency enabled by injection vapor
deposition technology, Adv. Mater. 34, 2202969 (2022).

[29] D. L. Batzner, M. E. Oszan, D. Bonnet, and K. Bucher,
Device analysis methods for physical cell parameters
of CdTe/CdS solar cells, Thin Solid Films 361, 288
(2000).

[30] C. Gretener, J. Perrenoud, L. Kranz, C. Baechler, S. Yoon,
Y. E. Romanyuk, S. Buecheler, and A. N. Tiwari, Devel-
opment of MoOx thin films as back contact buffer for CdTe
solar cells in substrate configuration, Thin Solid Films
535, 193 (2013).

[31] B. L. Williams, J. D. Major, L. Bowen, L. Phillips,
G. Zoppi, I. Forbes, and K. Durose, Challenges and
prospects for developing CdS/CdTe substrate solar cells
on Mo foils, Sol. Energy Mater. Sol. Cells 124, 31
(2014).

[32] L. Kranz, et al., Doping of polycrystalline CdTe for high-
efficiency solar cells on flexible metal foil, Nat. Commun.
4, 2306 (2013).

[33] M. D. Heinemann, V. Efimova, R. Klenk, B. Hoepfner,
M. Wollgarten, T. Unold, H. W. Schock, and C. A. Kauf-
mann, Cu(In, Ga)Se2 superstrate solar cells: Prospects and
limitations, Prog. Photovolt. 23, 1228 (2015).

[34] S. Rijal, et al., Templated growth and passivation of
vertically oriented antimony selenide thin films for high-
efficiency solar cells in substrate configuration, Adv.
Funct. Mater. 32, 2110032 (2022).

[35] T. P. Weiss, M. Melchiorre, I. M. E. Zuccalà, N. Valle,
B. El Adib, T. Yokosawa, E. Spiecker, P. J. Dale, and
S. Siebentritt, Post-deposition annealing and interfacial
atomic layer deposition buffer layers of Sb2Se3/CdS
stacks for reduced interface recombination and increased
open-circuit voltages, Prog. Photovol.: Res. Appl. 31, 203
(2023).

[36] D. L. Mcgott, M. D. Kempe, S. Glynn, N. Bosco, T. M.
Barnes, N. M. Haegel, C. A. Wolden, and M. O. Reese,

Thermomechanical lift-off and recontacting of CdTe solar
cells, ACS Appl. Mater. Interfaces 10, 44854 (2018).

[37] D. P. Halliday, M. D. G. Potter, and P. Dawson, in Confer-
ence Record of the Twenty-Eighth IEEE Photovoltaic Spe-
cialists, Institute of Electrical and Electronics Engineers
Inc. (2000), pp. 521–524.

[38] T. A. M. Fiducia, et al., Understanding the role of sele-
nium in defect passivation for highly efficient selenium-
alloyed cadmium telluride solar cells, Nat. Energy 4, 504
(2019).

[39] J. Hiie, T. Dedova, V. Valdna, and K. Muska, Comparative
study of nano-structured CdS thin films prepared by CBD
and spray pyrolysis: Annealing effect, Thin Solid Films
511, 443 (2006).

[40] H. R. Moutinho, D. Albin, Y. Yan, R. G. Dhere, X. Li,
C. Perkins, C. S. Jiang, B. To, and M. M. Al-Jassim, Depo-
sition and properties of CBD and CSS thin films for solar
cell application, Thin Solid Films 436, 175 (2003).

[41] L. R. Cruz, W. A. Pinheiro, C. L. Ferreira, J. N. Duenow,
and R. G. Dhere, in Conference Record of the 37th
IEEE Photovoltaic Specialists Conference (2011), pp.
002705–002708.

[42] V. Fthenakis, C. Athias, A. Blumenthal, A. Kulur, J.
Magliozzo, and D. Ng, Sustainability evaluation of CdTe
PV: An update, Renew. Sust. Energ. Rev. 123, 109776
(2020).

[43] V. M. Fthenakis, M. Fuhrmann, J. Heiser, A. Lanzirotti, J.
Fitts, and W. Wang, Emissions and encapsulation of cad-
mium in CdTe PV modules during fires, Prog. Photovolt.
13, 713 (2005).

[44] V. M. Fthenakis and H. C. Kim, CdTe Photovoltaics: Life
cycle environmental profile and comparisons, Thin Solid
Films 515, 5961 (2007).

[45] J. E. Granata, J. R. Sites, G. Contreras-Puente, and A. D.
Compaan, in Conference Record of the Twenty Fifth IEEE
Photovoltaic Specialists Conference (1996), pp. 853–856.

[46] S. H. Demtsu and J. R. Sites, in Conference Record of the
Thirty-First IEEE Photovoltaic Specialists Conference -
2005 (2005), pp. 347–350.

[47] L. J. Phillips, et al., Current enhancement via a TiO2 win-
dow layer for CSS Sb2Se3 solar cells: Performance limits
and high Voc, IEEE J. Photovolt. 9, 544 (2019).

[48] Y. G. Fedorenko, J. D. Major, A. Pressman, L. J. Phillips,
and K. Durose, Modification of electron states in CdTe
absorber due to a buffer layer in CdTe/CdS solar cells,
J. Appl. Phys. 118, 165705 (2015).

[49] X. Fang, S. Ren, C. Li, C. Li, G. Chen, H. Lai, J. Zhang,
and L. Wu, Investigation of recombination mechanisms of
CdTe solar cells with different buffer layers, Sol. Energy
Mater. Sol. Cells 188, 93 (2018).

[50] S. Gayam, S. Bapartapalli, H. Zhao, L. Nemani, D. L.
Morel, and C. S. Ferekides, The structural and electrical
properties of Zn − Sn − O buffer layers and their effect on
CdTe solar cell performance, Thin Solid Films 515, 6060
(2007).

[51] C. S. Ferekides, R. Mamazza, U. Balasubramanian, and
D. L. Morel, Transparent conductors and buffer layers for
CdTe solar cells, Thin Solid Films 480–481, 224 (2005).

[52] J. M. Kephart, J. W. McCamy, Z. Ma, A. Ganjoo, F. M.
Alamgir, and W. S. Sampath, Band alignment of front

041001-12

https://doi.org/10.1021/acsami.1c02393
https://doi.org/10.1016/j.solmat.2018.09.004
https://doi.org/10.1016/j.solener.2021.02.063
https://doi.org/10.1038/s41467-018-07903-6
https://doi.org/10.1002/solr.202070075
https://doi.org/10.1016/j.nanoen.2020.104806
https://doi.org/10.1016/S0040-6090(99)00862-7
https://doi.org/10.1016/j.tsf.2012.11.110
https://doi.org/10.1016/j.solmat.2014.01.017
https://doi.org/10.1038/ncomms3306
https://doi.org/10.1002/pip.2536
https://doi.org/10.1002/adfm.202110032
https://doi.org/10.1021/acsami.8b16476
https://doi.org/10.1038/s41560-019-0389-z
https://doi.org/10.1016/j.tsf.2005.11.070
https://doi.org/10.1016/S0040-6090(03)00646-1
https://doi.org/10.1016/j.rser.2020.109776
https://doi.org/10.1002/pip.624
https://doi.org/10.1016/j.tsf.2006.12.138
https://doi.org/10.1109/JPHOTOV.2018.2885836
https://doi.org/10.1063/1.4934680
https://doi.org/10.1016/j.solmat.2018.08.015
https://doi.org/10.1016/j.tsf.2006.12.165
https://doi.org/10.1016/j.tsf.2004.11.094


WHAT CAN Sb2Se3 SOLAR CELLS. . . PRX ENERGY 2, 041001 (2023)

contact layers for high-efficiency CdTe solar cells, Sol.
Energy Mater. Sol. Cells 157, 266 (2016).

[53] A. A. Taylor, J. D. Major, G. Kartopu, D. Lamb, J.
Duenow, R. G. Dhere, X. Maeder, S. J. C. Irvine,
K. Durose, and B. G. Mendis, A comparative study
of microstructural stability and sulphur diffusion in
CdS/CdTe photovoltaic devices, Sol. Energy Mater. Sol.
Cells 141, 341 (2015).

[54] J. P. Enriquez, E. G. Barojas, R. S. Gonzalez, and U.
Pal, S and Te inter-diffusion in CdTe/CdS hetero junction,
Sol. Energy Mater. Sol. Cells 91, 1392 (2007).

[55] C. Li, J. Poplawsky, N. Paudel, T. J. Pennycook, S. J.
Haigh, Y. Yan, S. J. Pennycook, M. M. Al-Jassim, Y. Yan,
and S. J. Pennycook, S – Te interdiffusion within grains
and grain boundaries in CdTe solar cells, photovoltaics,
IEEE J. Photovolt. 4, 1636 (2014).

[56] T. Baines, L. Bowen, B. G. Mendis, and J. D. Major,
Microscopic analysis of interdiffusion and void forma-
tion in CdTe(1−x)Sex and CdTe layers, ACS Appl. Mater.
Interfaces 12, 38075 (2020).

[57] E. Artegiani, M. Leoncini, M. Barbato, M. Meneghini,
G. Meneghesso, M. Cavallini, and A. Romeo, Analysis
of magnesium zinc oxide layers for high efficiency CdTe
devices, Thin Solid Films 672, 22 (2019).

[58] R. Pandey, A. Shah, A. Munshi, T. Shimpi, P. Jundt, J.
Guo, R. F. Klie, W. Sampath, and J. R. Sites, Mitiga-
tion of J –V distortion in CdTe solar cells by Ga-doping
of MgZnO emitter, Sol. Energy Mater. Sol. Cells 232,
111324 (2021).

[59] F. Bittau, S. Jagdale, C. Potamialis, J. W. Bowers, J.
M. Walls, A. H. Munshi, K. L. Barth, and W. S. Sam-
path, Degradation of Mg-doped zinc oxide buffer layers in
thin film CdTe solar cells, Thin Solid Films 691, 137556
(2019).

[60] L. Wang, et al., Stable 6%-efficient Sb2Se3 solar cells with
a ZnO buffer layer, Nat. Energy 2, 17046 (2017).

[61] S. Wen, X. Yin, C. Zhang, Y. Guo, J. Liu, E. Wang,
C. Zheng, W. Que, H. Liu, and W. Liu, Achievable
efficiency improvement of Sb2Se3 thin-film solar cells
through interface engineering, Mater. Lett. 283, 128770
(2021).

[62] Y. Wang, R. Tang, L. Huang, C. Qian, W. Lian, C. Zhu,
and T. Chen, Post-treatment of TiO2 film enables high-
quality Sb2Se3 film deposition for solar cell applications,
ACS Appl. Mater. Interfaces 14, 33190 (2022).

[63] J. Wang, S. Li, T. Wang, F. Guan, L. Zhao, L. Li, J.
Zhang, and G. Qiao, Solution-processed Sb2Se3 on TiO2
thin films toward oxidation- and moisture-resistant, self-
powered photodetectors, ACS Appl. Mater. Interfaces 12,
38341 (2020).

[64] N. Spalatu, R. Krautmann, A. Katerski, E. Karber, R.
Josepson, J. Hiie, I. O. Acik, and M. Krunks, Screening
and optimization of processing temperature for Sb2Se3
thin film growth protocol: Interrelation between grain
structure, interface intermixing and solar cell perfor-
mance, Sol. Energy Mater. Sol. Cells 225, 111045 (2021).

[65] C. H. Don, et al., Multi-phase sputtered TiO2 induced
charge barriers in Sb2Se3 thin film solar cells, Adv. Mater.
Interfaces 10, 2300238 (2023).

[66] C. Liu, et al., Band gap and defect engineering for high-
performance cadmium-free Sb2(S, Se)3 solar cells and
modules, Adv. Funct. Mater. 32, 2209601 (2022).

[67] H. Shiel, O. Hutter, L. Phillips, M. Al Turkestani, V. R.
Dhanak, T. D. Veal, K. Durose, and J. D. Major, Chemical
etching of Sb2Se3 solar cells: Surface chemistry and back
contact behaviour, J. Phys. Energy 1, 045001 (2019).

[68] S. Campbell, L. J. Phillips, J. D. Major, O. S. Hutter,
R. Voyce, Y. Qu, N. S. Beattie, G. Zoppi, and V. Barrioz,
Routes to increase performance for antimony selenide
solar cells using inorganic hole transport layers, Front.
Chem. 10, 1 (2022).

[69] C. Chen, et al., 6.5% certified efficiency Sb2Se3 solar cells
using PbS colloidal quantum dot film as hole-transporting
layer, ACS Energy Lett. 2, 2125 (2017).

[70] M. Lingg, A. Spescha, S. G. Haass, R. Carron, A. N.
Tiwari, M. Lingg, A. Spescha, S. G. Haass, and R. Car-
ron, Structural and electronic properties of CdTe1−xSex
films and their application in solar cells in solar cells, Sci.
Technol. Adv. Mater. 6996, 683 (2018).

[71] J. D. Poplawsky, et al., Structural and compositional
dependence of the CdTexSe1−x alloy layer photoactivity in
CdTe-based solar cells, Nat. Commun. 7, 12537 (2016).

[72] R. Islam, H. D. Banerjee, and D. R. Rao, Structural and
optical properties of CdSexTe1−x thin films grown by
electron beam evaporation, Thin Solid Films 266, 215
(1995).

[73] N. R. Paudel and Y. Yan, Enhancing the photo-currents
of CdTe thin-film solar cells in both short and long
wavelength regions, Appl. Phys. Lett. 105, 183510 (2014).

[74] M. J. Watts, T. A. M. Fiducia, B. Sanyal, R. Smith,
J. M. Walls, and P. Goddard, Enhancement of photovoltaic
efficiency in CdSexTe1−x (where 0 ≤ x ≤ 1): Insights from
density functional theory, J. Phys. Condens. Matter 32,
125702 (2020).

[75] M. M. Nicolás-Marín, J. R. González-Castillo, O. Vigil-
Galán, and M. Courel, The state of the art of Sb2(S, Se)3
thin film solar cells: Current progress and future prospect,
J. Phys. D: Appl. Phys. 55, 303001 (2022).

[76] T. Baines, G. Zoppi, L. Bowen, T. P. Shalvey, S. Mariotti,
K. Durose, and J. D. Major, Incorporation of CdSe layers
into CdTe thin film solar cells, Sol. Energy Mater. Sol.
Cells 180, 196 (2018).

[77] B. Good, T. Ablekim, I. S. Khan, M. O. Reese, A. Zaku-
tayev, and W. K. Metzger, Tailoring SnO2, (Mg, Zn)O,
and Ga : (Mg, Zn)O electro-optical properties and stabil-
ity for solar cells, J. Phys. D: Appl. Phys. 54, 034002
(2021).

[78] M. K. Jamarkattel, et al., High vacuum heat-treated MZO:
Increased n-type conductivity and elimination of S-kink in
MZO/CdSe/CdTe solar cells, MRS Adv. 7, 713 (2022).

[79] A. Shah, A. P. Nicholson, T. A. M. Fiducia, A. Abbas, R.
Pandey, J. Liu, C. Grovenor, J. M. Walls, W. S. Sampath,
and A. H. Munshi, Understanding the copassivation effect
of Cl and Se for CdTe grain boundaries, ACS Appl. Mater.
Interfaces 13, 35086 (2021).

[80] A. H. Munshi, J. Kephart, A. Abbas, J. Raguse, J. N.
Beaudry, K. Barth, J. Sites, J. Walls, and W. Sam-
path, Polycrystalline CdSeTe/CdTe absorber cells with

041001-13

https://doi.org/10.1016/j.solmat.2016.05.050
https://doi.org/10.1016/j.solmat.2015.06.010
https://doi.org/10.1016/j.solmat.2007.05.008
https://doi.org/10.1021/acsami.0c09381
https://doi.org/10.1016/j.tsf.2019.01.004
https://doi.org/10.1016/j.solmat.2021.111324
https://doi.org/10.1016/j.tsf.2019.137556
https://doi.org/10.1038/nenergy.2017.46
https://doi.org/10.1016/j.matlet.2020.128770
https://doi.org/10.1021/acsami.2c07157
https://doi.org/10.1021/acsami.0c09180
https://doi.org/10.1016/j.solmat.2021.111045
https://doi.org/10.1002/adfm.202209601
https://doi.org/10.1088/2515-7655/ab3c98
https://doi.org/10.3389/fchem.2022.954588
https://doi.org/10.1021/acsenergylett.7b00648
https://doi.org/10.1080/14686996.2018.1497403
https://doi.org/10.1038/ncomms12537
https://doi.org/10.1016/0040-6090(96)80027-7
https://doi.org/10.1063/1.4901532
https://doi.org/10.1088/1361-648X/ab5bba
https://doi.org/10.1088/1361-6463/ac5f32
https://doi.org/10.1016/j.solmat.2018.03.010
https://doi.org/10.1088/1361-6463/abb901
https://doi.org/10.1557/s43580-022-00341-z
https://doi.org/10.1021/acsami.1c06587


DON, SHALVEY, and MAJOR PRX ENERGY 2, 041001 (2023)

28 mA/cm2 short-circuit current, IEEE J. Photovolt. 8, 310
(2018).

[81] X. Zheng, et al., Recombination and bandgap engineer-
ing in CdSeTe/CdTe solar cells, APL Mater. 7, 071112
(2019).

[82] T. Ablekim, et al., Thin-film solar cells with 19% effi-
ciency by thermal evaporation of CdSe and CdTe, ACS
Energy Lett. 5, 892 (2020).

[83] J. D. Major, Grain boundaries in CdTe thin film solar cells:
A review, Semicond. Sci. Technol. 31, 093001 (2016).

[84] D. E. Swanson, J. R. Sites, and W. S. Sampath, Co-
sublimation of CdSexTe1−x layers for CdTe solar cells,
Sol. Energy Mater. Sol. Cells 159, 389 (2017).

[85] T. M. Hsu, R. J. Jih, P. C. Lin, H. Y. Ueng, Y. J. Hsu, and
H. L. Hwang, Oxygen doping in close-spaced-sublimed
CdTe thin-films for photovoltaic cells, J. Appl. Phys. 59,
3607 (1986).

[86] M. Y. Versavel and J. A. Haber, Structural and optical
properties of amorphous and crystalline antimony sulfide
thin-films, Thin Solid Films 515, 7171 (2007).

[87] A. R. Tang, X. Wang, W. Lian, J. Huang, and Q. Wei,
Hydrothermal reactive deposition of antimony selenosul-
fide solar cells enabling 10% efficiency, Nat. Energy 1,
587 (2020).

[88] B. Yang, S. Qin, D. Xue, C. Chen, Y. He, D. Niu,
H. Huang, and J. Tang, In situ sulfurization to gener-
ate Sb2(Se1−xSx)3 alloyed films and their application for
photovoltaics, Prog. Photovolt. 25, 113, (2017).

[89] K. Li, Y. Lu, X. Ke, S. Li, S. Lu, C. Wang, S. Wang,
C. Chen, and J. Tang, Over 7% efficiency of Sb2(S, Se)3
solar cells via V-shaped bandgap engineering, Solar RRL
4, 2000220 (2020).

[90] X. Wang, X. Shi, F. Zhang, F. Zhou, P. Zeng, J. Song, and
J. Qu, Chemical etching induced surface modification and
gentle gradient bandgap for highly efficient Sb2(S, Se)3
solar cell, Appl. Surf. Sci. 579, 152193 (2021).

[91] Y. Cao, et al., Gradient bandgap modification for highly
efficient carrier transport in antimony sulfide-selenide tan-
dem solar cells, Sol. Energy Mater. Sol. Cells 246, 111926
(2022).

[92] J. Ramanujam and U. P. Singh, Copper indium gallium
selenide based solar cells-a review, Energy Environ. Sci.
10, 1306 (2017).

[93] J. N. Duenow and W. K. Metzger, Back-surface recombi-
nation, electron reflectors, and paths to 28% efficiency for
thin-film photovoltaics: A CdTe case study, J. Appl. Phys.
125, 053101 (2019).

[94] T. D. C. Hobson, L. J. Phillips, O. S. Hutter, K. Durose,
and J. D. Major, Defect properties of Sb2Se3 thin film
solar cells and bulk crystals, Appl. Phys. Lett. 116, 261101
(2020).

[95] C. N. Savory and D. O. Scanlon, The complex defect
chemistry of antimony selenide, J. Mater. Chem. A 7,
10739 (2019).

[96] S. R. Kavanagh, A. Walsh, and D. O. Scanlon, Rapid
recombination by cadmium vacancies in CdTe, ACS
Energy Lett. 6, 1392 (2021).

[97] J.-H. Yang, W.-J. Yin, J.-S. Park, J. Ma, and S.-H. Wei,
Review on first-principles study of defect properties of

CdTe as a solar cell absorber, Semicond. Sci. Technol. 31,
083002 (2016).

[98] S. S. Hegedus and B. E. McCandless, CdTe contacts
for CdTe/CdS solar cells: Effect of Cu thickness, sur-
face preparation and recontacting on device performance
and stability, Sol. Energy Mater. Sol. Cells 88, 75
(2005).

[99] J. Perrenoud, L. Kranz, C. Gretener, F. Pianezzi, S. Nishi-
waki, S. Buecheler, and A. N. Tiwari, A comprehensive
picture of Cu doping in CdTe solar cells, J. Appl. Phys.
114, 174505 (2013).

[100] E. Artegiani, D. Menossi, H. Shiel, V. Dhanak, J. D.
Major, A. Gasparotto, K. Sun, and A. Romeo, Analysis of
a novel CuCl2 back contact process for improved stability
in CdTe solar cells, Prog. Photovolt. 27, 706 (2019).

[101] T. A. Gessert, C. L. Perkins, S. E. Asher, A. Duda, and
M. R. Young, in Materials Research Society Symposium
Proceedings, Vol. 796, (2004).

[102] J. J. Li, D. R. Diercks, T. R. Ohno, C. W. Warren, M. C.
Lonergan, J. D. Beach, and C. A. Wolden, Controlled acti-
vation of ZnTe:Cu contacted CdTe solar cells using rapid
thermal processing, Sol. Energy Mater. Sol. Cells 133, 208
(2015).

[103] J.-H. Yang, W. K. Metzger, and S.-H. Wei, Carrier
providers or killers: The case of Cu defects in CdTe,
Appl. Phys. Lett. 111, 042106 (2017).

[104] E. Artegiani, J. D. Major, H. Shiel, V. Dhanak, C. Fer-
rari, and A. Romeo, How the amount of copper influences
the formation and stability of defects in CdTe solar cells,
Sol. Energy Mater. Sol. Cells 204, 110228 (2020).

[105] G. Kartopu, et al., Study of thin film poly-crystalline
CdTe solar cells presenting high acceptor concentrations
achieved by in-situ arsenic doping, Sol. Energy Mater.
Sol. Cells 194, 259 (2019).

[106] T. Ablekim, S. K. Swain, W.-J. J. Yin, K. Zaunbrecher,
J. Burst, T. M. Barnes, D. Kuciauskas, S.-H. H. Wei, and
K. G. Lynn, Self-compensation in arsenic doping of CdTe,
Sci. Rep. 7, 4563 (2017).

[107] S. J. C. Irvine, V. Barrioz, D. Lamb, E. W. Jones, and R. L.
Rowlands-Jones, MOCVD of thin film photovoltaic solar
cells-next-generation production technology?, J. Cryst.
Growth 310, 5198 (2008).

[108] E. Colegrove, S. P. Harvey, J.-H. Yang, J. M. Burst, D.
S. Albin, S.-H. Wei, and W. K. Metzger, Phosphorus
diffusion mechanisms and deep incorporation in polycrys-
talline and single-crystalline CdTe, Phys. Rev. Appl. 5,
054014 (2016).

[109] J. N. Duenow, J. M. Burst, D. S. Albin, D. Kuciauskas,
S. W. Johnston, R. C. Reedy, and W. K. Metzger, Single-
crystal CdTe solar cells with Voc greater than 900 mV,
Appl. Phys. Lett. 105, 053903 (2014).

[110] E. Colegrove, J.-H. Yang, S. P. Harvey, M. R. Young,
J. M. Burst, J. N. Duenow, D. S. Albin, S.-H. Wei, and W.
K. Metzger, Experimental and theoretical comparison of
Sb, As, and P diffusion mechanisms and doping in CdTe,
J. Phys. D: Appl. Phys. 51, 075102 (2018).

[111] B. E. McCandless, et al., Overcoming carrier concentra-
tion limits in polycrystalline CdTe thin films with in situ
doping, Sci. Rep. 8, 14519 (2018).

041001-14

https://doi.org/10.1109/JPHOTOV.2017.2775139
https://doi.org/10.1063/1.5098459
https://doi.org/10.1021/acsenergylett.9b02836
https://doi.org/10.1088/0268-1242/31/9/093001
https://doi.org/10.1016/j.solmat.2016.09.025
https://doi.org/10.1063/1.336792
https://doi.org/10.1016/j.tsf.2007.03.043
https://doi.org/10.1002/pip.2819
https://doi.org/10.1002/solr.202000220
https://doi.org/10.1016/j.apsusc.2021.152193
https://doi.org/10.1016/j.solmat.2022.111926
https://doi.org/10.1039/C7EE00826K
https://doi.org/10.1063/1.5063799
https://doi.org/10.1063/5.0012697
https://doi.org/10.1039/C9TA02022E
https://doi.org/10.1021/acsenergylett.1c00380
https://doi.org/10.1088/0268-1242/31/8/083002
https://doi.org/10.1016/j.solmat.2004.10.010
https://doi.org/10.1063/1.4828484
https://doi.org/10.1002/pip.3148
https://doi.org/10.1016/j.solmat.2014.10.045
https://doi.org/10.1063/1.4986077
https://doi.org/10.1016/j.solmat.2019.110228
https://doi.org/10.1016/j.solmat.2019.02.025
https://doi.org/10.1038/s41598-017-04719-0
https://doi.org/10.1016/j.jcrysgro.2008.07.121
https://doi.org/10.1103/PhysRevApplied.5.054014
https://doi.org/10.1063/1.4892401
https://doi.org/10.1088/1361-6463/aaa67e
https://doi.org/10.1038/s41598-018-32746-y


WHAT CAN Sb2Se3 SOLAR CELLS. . . PRX ENERGY 2, 041001 (2023)

[112] S.-H. Wei and S. B. Zhang, Chemical trends of defect for-
mation and doping limit in II-VI semiconductors: The case
of CdTe, Phys. Rev. B 66, 155211 (2002).

[113] T. D. C. Hobson, et al., Isotype heterojunction solar cells
using n-type Sb2Se3 thin films, Chem. Mater. 32, 2621
(2020).

[114] G. Liang, et al., Ion doping simultaneously increased
the carrier density and modified the conduction type of
Sb2Se3 thin films towards quasi-homojunction solar cell,
J. Materiomics 7, 1324 (2021).

[115] M. Ishaq, H. Deng, U. Farooq, H. Zhang, X. Yang, U.
A. Shah, and H. Song, Efficient copper-doped antimony
sulfide thin-film solar cells via coevaporation method,
Solar RRL 3, 1900305 (2019).

[116] M. B. Costa, F. W. de Souza Lucas, and L. H. Mascaro,
Electrodeposition of Fe-doped Sb2Se3 thin films for pho-
toelectrochemical applications and study of the doping
effects on their properties, J. Solid State Electrochem. 22,
1557 (2018).

[117] M. Huang, S. Lu, K. Li, Y. Lu, C. Chen, J. Tang, and S.
Chen, p-Type antimony selenide via lead doping, Solar
RRL 6, 2100730 (2022).

[118] T. D. C. Hobson, et al., p-Type conductivity in Sn-doped
Sb2Se3, J. Phys. Energy 4, 045006 (2022).

[119] T. D. C. Hobson, Growth and Properties of Bulk CZTSSe
and Sb2Se3 for Solar Cells (University of Liverpool,
Liverpool, 2020).

[120] B. K. Meyer, W. Stadler, D. M. Hofmann, P. Omling,
D. Sinerius, and K. W. Benz, On the nature of the deep
1.4 eV emission bands in CdTe-a study with photolumi-
nescence and ODMR spectroscopy, J. Cryst. Growth 117,
656 (1992).

[121] J. D. Major, M. Al Turkestani, L. Bowen, M. Brossard,
C. Li, P. Lagoudakis, S. J. Pennycook, L. J. Phillips,
R. E. Treharne, and K. Durose, In-depth analysis of
chloride treatments for thin-film CdTe solar cells, Nat.
Commun. 7, 1 (2016).

[122] J. Moseley, M. M. Al-Jassim, D. Kuciauskas, H. R.
Moutinho, N. Paudel, H. L. Guthrey, Y. F. Yan, W. K. Met-
zger, and R. K. Ahrenkiel, Cathodoluminescence analysis
of grain boundaries and grain interiors in thin-film CdTe,
IEEE J. Photovolt. 4, 1671 (2014).

[123] C. Kraft, H. Hempel, V. Buschmann, T. Siebert, C. Heisler,
W. Wesch, and C. Ronning, Spatially resolved measure-
ments of charge carrier lifetimes in CdTe solar cells,
J. Appl. Phys. 113, 124510 (2013).

[124] J. D. D. Major, R. E. E. Treharne, L. J. J. Phillips, and
K. Durose, A low-cost non-toxic post-growth activation
step for CdTe solar cells, Nature 511, 334 (2014).

[125] R. Tang, Z.-H. Zheng, Z.-H. Su, X.-J. Li, Y.-D. Wei, X.-
H. Zhang, Y.-Q. Fu, J.-T. Luo, P. Fan, and G.-X. Liang,
Highly efficient and stable planar heterojunction solar cell
based on sputtered and post-selenized Sb2Se3 thin film,
Nano Energy 64, 103929 (2019).

[126] M. Leng, M. Luo, C. Chen, S. Qin, J. Chen, J. Zhong, and
J. Tang, Selenization of Sb2Se3 absorber layer: An effi-
cient step to improve device performance of CdS/Sb2Se3
solar cells, Appl. Phys. Lett. 105, 083905 (2015).

[127] U.S Geological Survey, Mineral commodity summaries
2023 (2023).

[128] Y. Zhao, et al., Regulating deposition kinetics via a
novel additive-assisted chemical bath deposition technol-
ogy enables fabrication of 10.57%-efficiency Sb2Se3 solar
cells, Energy Environ. Sci. 15, 5118 (2022).

[129] T. L. Chu, S. S. Chu, J. Britt, C. Ferekides, C. Wang, C.
Q. Wu, and H. S. Ullal, 14.6% efficient thin-film cadmium
telluride heterojunction solar cells, IEEE Electron. Device
Lett. 13, 303 (1992).

[130] J. M. Burst, et al., CdTe solar cells with open-circuit
voltage breaking the 1 V barrier, Nat. Energy 1, 16015
(2016).

[131] Y. Zhao, M. Boccard, S. Liu, J. Becker, X. H. Zhao, C. M.
Campbell, E. Suarez, M. B. Lassise, Z. Holman, and Y. H.
Zhang, Monocrystalline CdTe solar cells with open-circuit
voltage over 1 V and efficiency of 17%, Nat. Energy 1,
16067 (2016).

[132] M. Grossberg, O. Volobujeva, A. Penežko, R. Kaupmees,
T. Raadik, and J. Krustok, Origin of photoluminescence
from antimony selenide, J. Alloys Compd. 817, 152716
(2020).

[133] X. Hu, J. Tao, Y. Wang, J. Xue, G. Weng, C. Zhang, S.
Chen, Z. Zhu, and J. Chu, 5.91%-Efficient Sb2Se3 solar
cells with a radio-frequency magnetron-sputtered CdS
buffer layer, Appl. Mater. Today 16, 367 (2019).

[134] U. Wijesinghe, G. Longo, and O. S. Hutter, Defect engi-
neering in antimony selenide thin film solar cells, Energy
Adv. 2, 12 (2023).

[135] W. Tao, L. Zhu, K. Li, C. Chen, Y. Chen, Y. Li, X. Li,
J. Tang, H. Shang, and H. Zhu, Coupled electronic and
anharmonic structural dynamics for carrier self-trapping
in photovoltaic antimony chalcogenides, Adv. Sci. 9,
2202154 (2022).

[136] Z. Yang, et al., Ultrafast self-trapping of photoex-
cited carriers sets the upper limit on antimony trisul-
fide photovoltaic devices, Nat. Commun. 10, 4540
(2019).

[137] X. Wang, A. M. Ganose, S. R. Kavanagh, and A.
Walsh, Band versus polaron: Charge transport in antimony
chalcogenides, ACS Energy Lett. 7, 2954 (2022).

[138] R. Tang, S. Chen, Z. H. Zheng, Z. H. Su, J. T. Luo, P.
Fan, X. H. Zhang, J. Tang, and G. X. Liang, Hetero-
junction annealing enabling record open-circuit voltage in
antimony triselenide solar cells, Adv. Mater. 34, 2109078
(2022).

[139] E. Colegrove, J. H. Yang, S. P. Harvey, M. R. Young,
J. M. Burst, J. N. Duenow, D. S. Albin, S. H. Wei, and W.
K. Metzger, Experimental and theoretical comparison of
Sb, As, and P diffusion mechanisms and doping in CdTe,
J. Phys. D: Appl. Phys. 51, 075102 (2018).

[140] N. Fleck, O. S. Hutter, L. J. Phillips, H. Shiel, T. D.
C. Hobson, V. R. Dhanak, T. D. Veal, F. Jäckel, K.
Durose, and J. D. Major, How oxygen exposure improves
the back contact and performance of antimony selenide
solar cells, ACS Appl. Mater. Interfaces 12, 52595
(2020).

[141] V. Kumar, E. Artegiani, A. Kumar, G. Mariotto, F. Pic-
cinelli, and A. Romeo, Effects of post-deposition anneal-
ing and copper inclusion in superstrate Sb2Se3 based
solar cells by thermal evaporation, Sol. Energy 193, 452
(2019).

041001-15

https://doi.org/10.1103/PhysRevB.66.155211
https://doi.org/10.1021/acs.chemmater.0c00223
https://doi.org/10.1016/j.jmat.2021.02.009
https://doi.org/10.1002/solr.201900305
https://doi.org/10.1007/s10008-017-3768-z
https://doi.org/10.1002/solr.202100730
https://doi.org/10.1088/2515-7655/ac91a6
https://doi.org/10.1016/0022-0248(92)90831-3
https://doi.org/10.1038/ncomms13231
https://doi.org/10.1109/JPHOTOV.2014.2359732
https://doi.org/10.1063/1.4798472
https://doi.org/10.1038/nature13435
https://doi.org/10.1016/j.nanoen.2019.103929
https://doi.org/10.1063/1.4894170
https://doi.org/10.1039/D2EE02261C
https://doi.org/10.1109/55.145061
https://doi.org/10.1038/nenergy.2016.15
https://doi.org/10.1038/nenergy.2016.67
https://doi.org/10.1016/j.jallcom.2019.152716
https://doi.org/10.1016/j.apmt.2019.06.001
https://doi.org/10.1039/D2YA00232A
https://doi.org/10.1002/advs.202202154
https://doi.org/10.1038/s41467-019-12445-6
https://doi.org/10.1021/acsenergylett.2c01464
https://doi.org/10.1002/adma.202109078
https://doi.org/10.1088/1361-6463/aaa67e
https://doi.org/10.1021/acsami.0c14256
https://doi.org/10.1016/j.solener.2019.09.069

	I.. INTRODUCTION
	II.. CHOOSING SIDES: COMPARING SUPERSTRATE AND SUBSTRATE GEOMETRIES
	III.. SEEKING THE IDEAL MATCH: IDENTIFYING SUITABLE PARTNER LAYERS
	IV.. A GRADUAL DECLINE: MIXED PHASE ABSORBERS AND BAND-GAP GRADING
	V.. EMBRACE YOUR DEFECTS: DEFECT PASSIVATION AND DOPING APPROACHES
	VI.. THE COST OF DOING BUSINESS: COULD Sb2Se3 COMPETE WITH CdTe INDUSTRIALLY IN THE LONG TERM?
	VII.. OUTLOOK: MIND THE GAP
	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


