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Abstract: Sb,Se; is an emerging earth-abundant material praised for its promising optoelectronic
properties, although the presence of deep interfacial defects at the vicinity of the p-n junction currently
limit its performance as photovoltaic absorber. Using a device modelling approach and a realistic set of
material parameters, we unravel pathways to mitigate the impact of interfacial defects with a baseline
Sh,Ses/CdS device in substrate configuration. Two straightforward strategies are devised and tested
against the baseline. Firstly, a thin front surface sulfurization of the Sb,Ses; absorber allowing a local
lowering of the valence band and creating a “front surface field”, resulting in an increased carrier
selectivity and limiting the density of holes available for interface recombination, leading to a significant
efficiency improvement for optimized conditions. Secondly, the use of an ultrathin insulating Al,O; layer
between the absorber and the buffer layer is considered, helping in preventing detrimental chemical
interdiffusion at the junction. This strategy, already investigated in other chalcogenide-based solar cells,
provides a direct interface passivation, though the interlayer thickness needs a fine tuning to balance the
benefits of reduced interface recombination and a detrimental Al,O; low-conductivity layer. In each case,
an analysis covering a broad range of parameters is presented, and conclusions are made in the frame of
past numerical and experimental results.
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Introduction:

Low-cost, low-toxicity and high-efficiency materials are key to the success and future large-scale
deployment of thin film solar cells. Sb,Se; seems to fit those criteria being an earth-abundant material
with an optical bandgap between 1.1-1.3 eV, high absorption coefficient (>10° cm™), high carrier mobility
(15 and 40 cm/Vs for electrons and holes respectively)*?. With covalently bonded (SbhsSes), ribbons
growing along the c-axis and linked by van der Waals force along the a-axis and b-axis, this quasi-1D
material offers potentially remarkable anisotropic carrier transport properties®. While those ribbons are
bonded by Van der Walls interaction, Sb and Se are covalently bonded enabling a very effective carrier
transport along the c-axis. Unlike CulnGaSe; (CIGS) and Cu,ZnSn(S,Se), (CZTSSe), antimony selenide
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(Sb2Ses) is a binary compound allowing several synthesis methods to be developed: closed-space
sublimation (CSS), vapor transport deposition (VTD), co-evaporation, sputtering, electrochemical
deposition?48, Additionally, Sb,Se; solar cells benefit from optimizations strategies previously used in
other more mature chalcogenide technologies, such as the widespread use of CdS as n-partner layer.
However, experimental studies report a large Voc deficit and limited efficiency in comparison with its
Shockley-Queisser limit (33%) and other more mature chalcogenide materials. In that regard, this
limitation is commonly ascribed to the presence of bulk and interfacial defects>’™°. In a recent study?,
the individual influence of the three most commonly reported defects (D1 and D2, bulk; D3, interfacial)
investigated by numerical analysis was reported. The complete set of parameters reported on these
defects can be found in the supplementary information Table S 2. A comprehensive overview on the origin
of defects existing in Sb,Se; based solar cells can be in found in reference!?, while reference®? specifically
reports on the existence of a deep defect at 0.39eV, with a concentration possibly as high as 107.cm™. It
was additionally demonstrated’® that interfacial defects D3, specific to the Sb,Ses/CdS interface, were
markedly prevalent and severely limiting the voltage and fill factor of the device, and to a lesser extent,
the short circuit current. Using a thin interfacial SnO, layer after the CdS proved beneficial to both
experimental and simulated devices in passivating the pn interface.

In this work, we propose to use numerical modelling to assess two alternative strategies, each with its
own merits, to efficiently passivate the pn interface. SCAPS-1D®® software is used to simulate the
performance of Mo/MoSe,/ Sb»(S,Se)s/CdS/Zn0O/Zn0:Al solar cells in substrate configuration with most of
the baseline solar cell parameters used in our model being from in-lab characterizations, though the
defect parameters of D1, D2 and D3 are taken similar to reference'® to ensure an accurate comparability
between both studies. In a first step, we investigate how the surface sulfurization of a bare Sb,Se;
absorber can electrically passivate the Sby(S,Se)s/CdS interface, through the creation of a “front surface
field”. The substitution of Se by S atoms locally increases the bandgap and lowers the valence band. This
results in an enhanced repelling of the holes from the pn junction, and thus increasing the carrier
selectivity and preventing carrier recombination to occur at the interface. Strategies using sulfur as a
grading element are just starting to be investigated for improving Sb,Ses-based solar cells, notably using
a so-called “V-shape grading” 4, as well as to improve the pn interface *°. However, the exact mechanism
through which a front sulfur grading improves the interface remains unexplained. We demonstrate here
that the lowering of the valence band suffices to efficiently repel holes from the pn interface, similar to
the well-known back surface field effect for electrons. While possible beneficial or detrimental effects of
S from a material and interface defect viewpoint may exist, it is not necessary to explain how front
sulfurization improves the performance of photovoltaic devices. Additionally, it is shown that a steep
grading of less than 100 nm appears to yield the strongest passivating effect on interface defects, without
the drawbacks which arise for higher sulfur content. In a second part of this work, the use of a direct
amorphous Al,Os; passivating oxide layer blocking elemental interdiffusion is considered. In this
configuration, the interface defect density is considered reduced!®?’, but the introduction of an intrinsic
wide bandgap layer can conversely prove detrimental to carrier transport across the junction. By varying
the interfacial Al,Os thickness, it is demonstrated that while a decrease in the FF can be linked to the
introduction of an Al,O3 interlayer, the beneficial effect of passivating the interface markedly improves
the performance, and thicknesses in the 5 nm range appear as an experimentally feasible compromise.
This study is a complement to previous investigations related to the limitations of this class of solar cells,
and provides insights in both straightforward and realistic pathways to enhance the conversion efficiency
of state-of-the-art Sb,Ses-based photodiodes using CdS as buffer layer.
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Materials and Methods:

SCAPS 3.08 is used to perform the numerical modelling in this study®3. The solar cell structure is built as
follows: Mo/MoSe,/Sb,(S,Se)s/CdS/Zn0O/Zn0:Al. The baseline parameters, including the D1, D2 and D3
defects, are summarized in the supplementary information of this work Table S 1 and Table S 2, and are a
combination of literature data'® and in-lab characterizations®®®, The introduction of a back MoSe; layer
acts as an electron blocking layer, thus suppressing the influence of the back contact on the presented
results as we focus on the pn interface. This model does not aim at being fully quantitative, and the optical
properties (front transmission, back reflectivity) are not calculated here; similarly, the layer specific
absorption is calculated following a square root law of the bandgap rather than from an experimental
optical index. The modelling of the surface sulfurization is achieved by duplicating the absorber layer and
introducing a parabolic composition grading, as often experimentally reported®®, ranging from pure
selenium Sb,Ses to pure sulfur Sb,S;. The two parameters being simultaneously adjusted are the thickness
of the sulfurized layer, varied from 0 to 750 nm, and the front sulfur content, varied from 0 (pure Se) to 1
(pure S), which corresponds approximatively to a downshift of the valence band by 300 meV.

In the second part of the study, an ultrathin amorphous Al,Os interfacial layer is introduced between the
absorber and the CdS buffer layer, which is considered here as perfectly effective for quenching the D3
defect specific to the Sh,Ses/CdS interface. The thickness of the Al,Osinterfacial layer is varied from 0 nm
to 10 nm to assess a possible degradation of the PV performance, and the corresponding photovoltaic
figures of merits are modelled along with the quantum efficiency.

Results and Discussion:

Using a combination of in-lab measured data and literature, a baseline pure Se Sh,Ses solar cell is
established as previously described and used throughout the present study. To assess the reliability of our
model, a comparative investigation similar to that of referencel® is made and described in the
supplementary information Table S 3, with the individual influence of D1, D2 and D3 being evaluated. The
results appear very consistent with those from referencel®, with interface defects being the main factor
limiting the conversion efficiency of the cells, thus validating the consistency of our baseline model with
previous reports.

Defective interface such as the one simulated by the defect D3 can be passivated by various means, among
which two are presented here. Firstly, we focus on demonstrating that creating a “front surface field” in
the valence band, at the vicinity of the pn interface, is a very efficient way to repel holes from the junction
and thus significantly reduce interface recombination. This approach can be viewed as an electric field
passivation. A similar process is routinely and successfully used in the highest performing CIGSe solar
cells®21, Hence, we modelled the effect of a sulfur passivated Sb,(S,Se)s graded in composition toward
pure Sh,Ss. It should be noted that Sb,S; presents a similar Q1D crystallographic structure as Sb,Ses. The
introduction of additional defects due to lattice mismatch is therefore expected to be minimal, especially
in such ultrathin configuration, and will be thus be ignored in the model. This surface sulfurization lowers
the energy position of the valence band to repel holes from the pn interface.

The baseline PV parameters (no surface sulfurization) are Voc = 480 mV, FF = 66.3%, Jsc = 35.4 mA.cm™ and
Eff = 11.3%. By varying simultaneously the sulfurization depth (x-axis, Figure 1) and the front sulfur content
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(y-axis, Figure 1), we obtain surface plots of the V,, FF, Jsc and Efficiency. As expected, increasing the S
content reduces the current while increasing the voltage. Importantly, we note that varying the thickness
for a fixed surface composition only marginally changes the voltage, except for extreme values where the
absorber becomes close to pure S. This indicates that the benefits of sulfurization are mostly related to
passivating the pn interface and the increase in voltage is achieved even for an ultrathin sulfurized layer.
Comparatively, the variations in Jsc appear to be driven by both the thickness of the sulfurized layer and
the surface composition. This can easily be understood in term of spectral absorption as that a thicker
sulfurized layer reduces the total narrow bandgap region extent and thus limits the absorption of low
energy photons. Similarly to the voltage, the Fill Factor is also less affected by the thickness of the
sulfurized layer than by the front S content, which is consistent with a system limited by interface
recombination. An optimum FF = 77% value is obtained for a surface sulfur composition in the 0.3-0.7
range. Hence, while the FF follows the V. in a sense that both figures of merit are limited by interface
recombination, it is simultaneously driven by the interface band matching between Sb;(S,Se)s; and CdS.
The calculated conversion efficiency appears mostly independent from the thickness of the sulfurized
layer, while strongly depending on the sulfur content at the interface with optimum efficiencies above
17% obtained in the range of 50%-70% front sulfur content and for a sulfurization depth lower than 200
nm. In conclusion, it appears that the experimentalist ought to optimize the front sulfur content at a
relatively high level (around 60%) rather than the overall sulfurized layer thickness to tackle the issue of
interfacial defects, and working with thin or ultrathin sulfurized layer may be preferable from an
experimental viewpoint to avoid disrupting too much the fabrication process, along with yielding higher
performance from a simulation viewpoint. Indeed, sulfurization thicknesses significantly larger than the
space charge region extent will conversely slightly affect the electronic transport in the conduction band.
In this model, optimum conditions are found for a front sulfur content in the 60 to 80% range, and a
sulfurized thickness in the 50 nm to 100 nm range. Post deposition surface sulfurization methods such as
reported in the CIGSe field'® should be the favored, as those have proven their reliability to obtain such
tunable and steeply graded profile.
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Figure 1 Modelled figures of merits of Sb,(S,Se)s solar cells with varying the front sulfur content (y-axis) and the sulfurization depth
(x-axis).

Using a front S content of 0.7 and a sulfurization depth of 80 nm, in Figure 2 we compare the quantum
efficiency with that of the non-sulfurized baseline Sb,Se; solar cell. In the case of the baseline, the
quantum efficiency reaches a value around 80% in the visible range (with the exception of the 400-500
nm due to CdS absorption); the EQE curve even increases with the wavelength, which is a clear indication
of a device limited by front interface recombination. It should be noted that in a real device however, such
feature would hardly be observed as back interface recombination (quenched in the model) would
counterbalance the long wavelength EQE increase. The sulfur-graded Sby(S,Se)s solar cell shows a
guantum efficiency starting close to 100% (reflection losses are ignored in this model) in the 500 — 800
nm range before progressively converging with the baseline QE in the infrared region at 1100 nm. The
EQE difference showed on the same Figure 2 (right y-axis) offers a clearer view on how reducing interface
recombination primarily affects photocarriers from high energy photons, consistently with the reported
effect of passivating interface defects?2. As D3 interacts in a comparable manner with electrons and holes,
being located close to the middle of the bandgap, it also acts as a recombination center and not just a
carrier trap affecting the voltage. By drifting holes from the pn junction, the front interface recombination
rate is almost completely quenched as illustrated in Figure 3a comparing the interface recombination
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currents. The reduction in hole density at the vicinity of the pn interface is also clearly visible when plotting
the spatial distribution of hole density in the supplementary information, Figure S 1. The decrease of the
interface recombination current with the voltage from 4.5 mA.cm™ for OV perfectly matches the short
circuit current difference Alsc between both conditions as shown in Figure 3. Additionally, the difference
in interface recombination currents increases up to 12 mA.cm? for 0.41 V (maximum power point for the
baseline conditions) which can directly be correlated with the observed loss of FF without surface
sulfurization (66% vs 76% for the optimized sulfurized case respectively). Therefore, surface sulfurization
not only favors a higher short circuit current and voltage, but also completely eliminates the FF losses
linked to interface recombination.
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Figure 2 Modelled EQE (left y-axis) for baseline conditions (dashed line) and optimized sulfurization conditions (80 nm, 0.7 S
content, solid line). The difference between both curves is plotted on the right hand y-axis (star symbol).
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Figure 3 a: modelled interface recombination currents for baseline conditions (dashed line) and optimized sulfurization conditions
(solid line); b: corresponding J-V curves.

While surface sulfurization appears, under properly optimized conditions, as an efficient way to reduce or
possibly suppress the influence of the interfacial D3 defect on the PV performance, its experimental
implementation may prove challenging as it requires sulfurizing an already formed Sb,Ses; absorber and it
remains to be seen whether a similar level of tailoring (steep surface grading) can be achieved in Q1D
materials. A more straightforward and already experimentally investigated *” approach consists in using
a passivation layer in the form of a well-controlled, ultrathin large bandgap oxide such as Al,0s. Admitting
that such interlayer can indeed perfectly passivate the interface defects by preventing elemental
interdiffusion between the Sbh,Se; absorber and the CdS buffer layer, the question remains whether the
electron transport across the pn junction would be negatively impacted by the presence of a low
conductivity interlayer.

Solar cell simulations were done while modifying the thickness of Al,O3 layer from 0 to 10 nm as shown in
Figure 4, considering an ideal passivation of the interface defects D3. Expectedly, the latter leads to a
sharp performance improvement with the efficiency reaching a value close to 17% for an ultrathin (but
experimentally challenging) 1 nm Al,Os layer; specifically, the PV figures of merit closely resemble those
of the optimized front sulfurization conditions, confirming that both approaches can be equivalent in
terms of surface defect passivation. As Al,O5; does not introduce additional recombination mechanism nor
detrimental Fermi level pinning, the voltage and current remain unaffected by variations of the Al,O;
thickness up to 10 nm. However, the introduction of a high electron barrier of low conductivity impacts
the Fill Factor through series resistance, with a value decreasing from 74 % (1 nm Al,O3) down to 66% (10
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nm Al,0s), leading to a degradation of the efficiency down to 15.2%, a value remaining nevertheless much
higher than the 11.3% baseline without Al,Os. It thus appears that, from an experimental viewpoint, there
exists a small margin in the fabrication of the Al,Os interlayer before markedly degrading the performance,
though obtaining a perfect coverage and homogeneity with 1 nm may be challenging and larger
thicknesses will possibly have to be targeted. The modelled quantum efficiency including a thin 5 nm Al,O3
interlayer is presented in the supplementary information Figure S 2 and compared to the baseline EQE,
along with the EQE difference which allows to clearly visualize that once again, most of the improvement
from passivating the interface defect D3 occurs in the high energy part of the spectrum. While both
approaches have their merits and possibly lead to a similar outcome, significantly improving the PV
performance of a baseline Sb,Ses solar cell by alleviating the limitations stemming from the D3 interface
defect, it appears that surface sulfurization has the edge in terms of performance while being possibly
easier to achieve experimentally, as a comfortable margin exists in the tailoring of the surface sulfur
composition grading. The present study however, still overlooks a few key aspects detailed below for
which additional experimental data will be required.

Limitations and future improvements:

The main limitation of this work is the assumption made that neither sulfurization nor Al,O; introduce
new defects at the pn interface. Experimentally, our current work focuses on the deposition of amorphous
Al,Os layers by either evaporation!’” or Atomic Layer Deposition, albeit on Kesterite absorbers for now,
and no additional defects were detected so far. To not degrade the crystalline quality of the Sb,Ses
absorber, it is recommended to focus primarily on low temperature deposition of amorphous Al;0s. In
this simulation discussed here, D3 is considered fully passivated as long as Al,Os is intercalated between
the absorber and the CdS, and while the use of intrinsic oxide layers has often proven effective in
improving defective interfaces in chalcogenide solar cells, a thorough characterization work on such
interface would be necessary to get a more accurate representation of real devices. The information given
by the current study merely states that in the thickness range considered, the additional series resistance
from the Al,O; layer would have a limited yet measurable impact on the performance for layers below 5
nm.

This work proves that the beneficial effect of sulfurization can be solely explained by the valence band
grading at the pn interface. However, this model is not designed to discuss the possible (and likely)
chemical interaction of S with the Sb,Ses film, which may result in further beneficial or detrimental
modifications of the interface. The possibility of additional defects being introduced by sulfurization
cannot be discarded at this point, though no consensus currently exists in that regard. Once again, the
model would strongly benefit from additional experimental data, specifically regarding the
Sb,Ses/Sh,Ss/CdS stack. Our group currently investigates the defect profile of experimental Shy(S,Se)s solar
cells using various methods, among which Photothermal Deflection Spectroscopy (PDS). While interesting
results have indeed been obtained, and could have been used in this work, those remain at a stage too
preliminary and relatively incomplete. It was thus decided to instead make use of the currently more
reliable data reported in reference’®, which also ensures that the results from both works remain easily
comparable.

Finally, this work assumes that CdS is used as buffer, owing to its proven efficacy and reliability on
chalcogenide solar cells. However, the D3 defects has so far been only reported for this specific interface,
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and it is obvious that alternative buffer layers will be (and already are) investigated. Nevertheless, the
ideas developed in this work would remain valuable even in a different context. Surface sulfurization
especially may be buffer-agnostic, providing an electric-field interface defect passivation from within the
absorber layer.
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Figure 4 Evolution of the calculated PV parameters when increasing the Al;Os interlayer thickness.

Conclusion:

Using a numerical modelling approach, we first established a baseline for a state-of-the-art Sb,Se; solar
cell fabricated in the substrate configuration, and investigated its main limitations through the three most
commonly reported defects. The results obtained are in perfect agreement with the previous reports, as
interface defects appear to be the main limiting factor for this type of solar cells. We thus propose two
simple strategies to tackle this issue and markedly improve the photovoltaic performance. Firstly, we
demonstrate how a surface sulfur gradient can create a “front surface field” for the holes, thus reducing
interface recombination, and that such effect is sufficient to completely quench interface recombination.
We show that while the surface sulfur content is a major performance driver, with an efficiency rising up
to 17% (from 11.3% for the baseline), the thickness of the sulfurized layer is on the other hand of slightly
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lesser importance. Therefore, we devise that from an experimental viewpoint, working with thin, steeply
S-graded sulfurized layers is preferable. In a second part of this work, an ultrathin, low conductivity Al,O,
interlayer is introduced at the absorber/CdS interface. While the possible beneficial effect of limited
elemental interdiffusion cannot be taken into account here, we still observe a radical performance
improvement as compared to the baseline device up to 17-15% if assuming that D3 is quenched, though
increasing the interlayer thickness from 1 nm up to 10 nm will affect the performances. We thus believe
that for an experimentalist opting for this passivation strategy, there is a relatively comfortable thickness
margin for performance optimization.

In conclusion, both approaches yield a somewhat similar trend and appear valid to tackle the issue of
interface recombination. Much work remains to be done for the emerging Sbh,Ses solar cells to overcome
their current limitations and approach the PV performance of the more mature chalcogenide counterparts.
Nevertheless, this work argues that approaching the 17% efficiency threshold is experimentally possible
in the near future through the implementation of simple strategies, which have often proven their worth
in other technologies.
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1. Modelling parameters

Supplementary information

1.1 Materials
Sb,Ses Sb,Ss3 Cds i-ZnO ZnO:Al
Thickness (nm) 0-750 0-750 60 100 300
Eg (eV) 1.1 1.7 2.4 33 33
x(eV) 4.04 3.7 4.2 4.45 4.45
&r (eV) 18 7 10 9 9
e (cm2.V-1sl) 15 50 100 100 100
th (cm2.V-1s?) 5 5 10 25 25
Na (.cm™3) 1.00E+13 | 1.00E+13 - - -
Ng (.cm) - - 5.00E+17 | 1.00E+18 | 1.00E+20
Table S 1 Modelling material parameters
1.2 Defects
D1 D2 D3
Position bulk bulk pn interface
type Neutral Neutral Neutral
Ge(cm?) 1.20E-14 | 2.60E-15 2.30E-17
onlcm?) 1.20E-14 | 2.60E-15 2.30E-17
Distribution Gauss Gauss Gauss
Energy above VB (eV) 0.363 0.398 0.43
Char. energy (eV) 0.1 0.1 0.1
Total density (.cm™) 2.50E+14 | 6.40E+14 7.30E+15
Peak density (.cm?3) 1.41E+15 | 3.60E+15 4.12E+16

Table S 2 Modelling absorber defect parameters.
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2. Baseline defects: influence on PV parameters

Configurations Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
‘ggo b1, b2, 0.73 40.5 85 25.4
w/ D1 only 0.6 40.5 76.8 18.6
w/ D2 only 0.62 40.5 77 19.3
w/ D3 only 0.48 35.4 66.9 11.5
w/ D1 & D2 0.58 40.5 76 17.8
w/ D1, D2, D3 0.48 354 66.3 11.3

Table S 3 Influence of baseline defects on Sb2Se2 solar cells' photovoltaic parameters.

3. Hole density at the pn interface with and without sulfurization
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Figure S 1 Calculated spatial hole density at the vicinity of the pn interface (x = 0.75um) for a 50nm sulfurization depth.
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4. Quantum efficiency with Al,O3
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Figure S 2 Modelled EQE curves comparing the baseline Sb,Ses conditions with the passivating 5nm Al,03 conditions. The EQE
difference is also shown on the right hand y-axis.
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