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a b s t r a c t

Antimony chalcogenides with quasi-one-dimensional nanoribbon structures represent a new group of
cost-effective, non-toxic, and earth-abundant materials for photovoltaics. In this work, interfacial engi-
neering of oxygenated chemical bathedeposited (CBD) CdS buffer layers were used to tailor Sb2Se3 thin-
film solar cells using close space sublimation (CSS) deposition process. Sb2Se3 solar cells with oxygenated
CBD CdS have demonstrated a champion power conversion efficiency of 6.3% with graphite as back
contact. Van der Waals (vdW) gap in Sb2Se3 is regulated via oxygen diffusion, which significantly in-
fluences the growth direction of (Sb4Se6)n quasi-one-dimensional nanoribbons. The improved interface
quality and ribbon orientation, in turn, enhance the electrical and optical properties as well as device
performance of the Sb2Se3 solar cells. The defect level and corresponding device performance associated
with the oxygen environment were investigated by both theoretical and experimental approaches. This
work provides an effective way to tune the microstructure and electronic structure of non-cubic chal-
cogenides by tailoring the interfacial area between the window layer and Sb2Se3 absorber.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Solar cells, directly converting solar energy into electricity,
provide renewable, sustainable, and affordable energy [1e3].
Antimony selenide, Sb2Se3, is considered as a promising absorber
material for solar cells because of its suitable bandgap (~1.2 eV
direct bandgap and 1.1 eV indirect bandgap), high absorption co-
efficient (~105 cm�1), abundant natural source as well as low
toxicity compared with conventional CdTe and GaAs [4e6]. To date,
the Sb2Se3 solar cells have been widely investigated using several
grown techniques, such as CBD, rapid thermal evaporation, vapor
transport deposition, and CSS, yielding the highest power
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conversion efficiency (PCE) around ~9%, although the PCE is still
low compared with record CdTe and CuInGaSe solar cells with PCE
of ~22% [6e13]. To improve the PCE of Sb2Se3 solar cells, consid-
erable strategies have been explored, including tuning the
(Sb4Se6)n ribbons orientationwith buffer layer structure for Sb2Se3,
such as CdS, ZnO, TiO2 [5,6,14,15]. Selenium compensation (i.e.,
selenization) into the as-deposited Sb2Se3 suppresses the Se va-
cancies and improves the device performance [16]. Although CdS is
toxic, it is the most commonly used window layer in CdTe solar cell
because of its desired bandgap (~2.4 eV), small lattice mismatch,
and n-type electronic behavior for the large-scale manufacturing.
However, the CdS with a bandgap of 2.4 eV will absorb the blue
light (photon energy > 2.4 eV) and limit the photocurrent in the
solar cells [17,18]. To address this problem, reducing the CdS
thickness is an effective approach to improve the light trans-
mittance in the CdS window layer [19]. Nevertheless, thinner buffer
layers may degrade open circuit voltage and fill factor because of
increased pinhole concentration [20,21].

mailto:zhangqf@hit.edu.cn
mailto:feng@tamu.edu
mailto:fyan@eng.ua.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtphys.2019.100125&domain=pdf
www.sciencedirect.com/science/journal/25425293
https://www.journals.elsevier.com/materials-today-physics
https://www.journals.elsevier.com/materials-today-physics
https://doi.org/10.1016/j.mtphys.2019.100125
https://doi.org/10.1016/j.mtphys.2019.100125


L. Guo et al. / Materials Today Physics 10 (2019) 1001252
For the Sb2Se3 solar cells with a CdS buffer layer, the Cd diffusion
could decrease the p-type conductivity of Sb2Se3 because the Cd2þ

ions occupy the Sb3þ site [22]. On the other hand, a small bandgap
window layer can effectively improve the photocurrent by varying
the device spectral response [23,24]. For example, CdSe as a win-
dow layer for CdTe could improve the photocurrent because the
reduced absorber bandgap can absorb more light because of
interdiffusion between CdTe and CdSe although CdSe is intrinsically
aworsewindow layer for CdTe [24]. Postannealing of CBD CdS layer
in the air can also reduce the bandgap of the CdS layer because of
the recrystallization, sulfur evaporation, and self-oxidation of the
CdS films [25]. In addition, oxygen in the ZnO and ambient CdCl2-
treated CdS buffer layers for Sb2Se3 solar cells could significantly
impact the device performance by tuning the oxygen concentration
in the buffer layer, and even the oxygen introduced into the Sb2Se3
during film deposition could improve the efficiency due to
passivation of interfacial defect states between CdS/Sb2Se3 [26].
These oxygen-associated observations indicate that the oxygen in
the buffer layer and absorbers plays a critical role in the Sb2Se3
device performance. However, it is still not clear how oxygen im-
pacts on the Sb2Se3 device performance fundamentally. Particu-
larly, how oxygen existing at the atomistic level contributes to the
PCE needs to be further investigated.

In this work, we utilize the first-principles theoretical calcula-
tions to elucidate the role of oxygen in the interface between the
CdS buffer layer and Sb2Se3 absorber layer and succeed experi-
mentally in improving the device performance with the theoretical
prediction. The oxygen-associated defects and intrinsic defects, the
microstructure variation, electronic behaviors, and oxygen diffu-
sion mechanism in Sb2Se3 have been systematically studied. It is
demonstrated that oxygen associated defects in Sb2Se3 are benign
defects. In addition, the enhanced device performance of Sb2Se3
thin-film solar cells with oxygenated CdS buffer layer can be
associated with the isotropic oxygen diffusion into the Sb2Se3 to
form an SbeOeSe chain and fill the van der Waals (vdW) gap be-
tween the quasi-one-dimensional ribbons. We experimentally
demonstrate that oxygenated CBD CdS could improve the photo-
current and open circuit voltage and boost the PCE of Sb2Se3 to
6.3%. The improved interfacial quality and oxygen diffusion be-
tween oxygenated CBD CdS:O buffers and Sb2Se3 absorber can
benefit the solar cell device performance. In addition, the oxygen
diffusion from the oxygenated CBD CdS could tailor the (Sb4Se6)n
ribbon orientation. This provides a unique pathway to engineer the
ribbon orientationedependent electronic and photonic behavior
and reduce heterojunction interface recombination in Sb2Se3-like
non-cubic chalcogenide photovoltaics.

2. Experimental details

2.1. First-principles calculations

Atomistic and electronic structures, and defect formation en-
ergy were calculated using first-principles density functional the-
ory (DFT) [27] as implemented in the Vienna Ab initio Simulation
Package (VASP) [28]. The PerdeweBurkeeErnzerhof [29] form of
exchange-correlation functional within the generalized gradient
approximation (GGA) [30] and a plane wave basis set with a 400eV
energy cutoff were used in the calculations. Because vdW interac-
tion is present between neighboring (Sb4Se6)n ribbons, we adopted
optB86-vdW non-local correlation functional that approximately
accounts for dispersion interactions [31]. The structural optimiza-
tion and electronic relaxation were calculated using a G-centered
Monkhorst-Pack [32] k-point sampling grid of 4 � 4 � 12. The
maximal residual force of each atomwas less than 0.02 eV Å�1 and
the convergence criteria for electronic relaxation was set to
10�6 eV. As the DFT-GGA often underestimates the band gap, we
adopt the modified Becke-Johnson (MBJ) exchange potential [33]
and hybrid HSE06 functional [34] for electronic structure and op-
tical property calculations, and a k-point grid of 12 � 12 � 28 used
in the MBJ calculations, and a k-point grid of 3 � 3 � 9 used in the
HSE06 calculations. The MBJ calculation yields a band gap close to
that from the HSE06 calculation for Sb2Se3. The details of charged
defect formation energy and the chemical potential calculations
can be found in the supporting information.

2.2. Materials and solar cells fabrication

CdS films (~60e80 nm thickness) were fabricated through
chemical bath deposition on the F-doped SnO2-coated soda lime
glass (FTO, Pilkington NSG TEC 15). FTO substrates were cleaned
with Hellmanex 2% solution, acetone, isopropyl alcohol, and
deionized water in an ultrasonic bath. CdSO4 and thiourea solution
were used as raw materials to form reaction solutions with NH4OH
to tune the PH value. The whole reaction took place in a chemical
bath with a constant temperature of 70 �C for about 10 min. Then,
the CdS-coated FTOs were taken out and cleaned in deionized
water to remove the loose particles. The as-deposited CdS films
were annealed under various oxygen conditions in a rapid thermal
process with oxygen partial pressure control. The ratio of O2/O2þAr
was tuned to be 0%, 21%, 62%, and 92% by turning the mixture gas
flows connected to argon and oxygen gas. All annealing processes
were under a temperature of 400 �C for 10min. Sb2Se3 films were
grown by CSS with pure Sb2Se3 powders (99.999%, Alfa Aesar) as
reported previously [35]. The CdS:O-doped substrate-source dis-
tance was about 8 mm. The substrate temperature was set at
300 �C, and the source temperature was 550 �C. The base pressure
was about 5 mTorr with Ar gas purge before the deposition. The
deposited Sb2Se3 film was about 800 nm in thickness. Sb2Se3 thin-
film solar cells were fabricated in conventional superstrate device
structure: glass/FTO/CdS:O/Sb2Se3/Graphite/Ag. Graphite back
contact was screen-printed followed by Ag slurry. Each device had a
total area of approximately 0.08 cm2 defined by the mask pattern.

2.3. Materials and solar cells characterization

The structure of CdS:O and Sb2Se3 film was characterized by X-
ray diffraction (XRD) with Cu Ka radiation (X'Pert). Raman exper-
iments were conducted on a single stage Raman spectrometer with
a solid-state laser (532-nm wavelength; Horiba LabRam HR).
Morphology of CdS:O was investigated by atomic force microscopy
(AFM, Park XE70). The absorbance and transmittance spectra were
measured using a UV-Vis spectrometer (Shimadzu UV-1800). X-Ray
photoelectron spectroscopy (XPS) was collected using the Kratos
Axis 165 XPS with Al source. The thickness and the elemental
distribution were characterized using the scanning electron mi-
croscopy (SEM, JEOL 7000) equipped with energy dispersive X-ray
spectroscopy (EDS). Current density-voltage (J-V) characteristics
were measured by the Newport Sol3A class AAA solar simulator
(Oriel, model 94023A; Newport Corporation, Irvine, CA, USA) under
ambient conditions (room temperature, 1000 W/m, air mass 1.5-G
illumination). A Keithley 2420 source meter (Keithley Instrument
Inc.) was used to acquire J-V characteristics. External quantum ef-
ficiency (EQE) of solar cells was measured using a solar cell spectral
response measurement system (QE-T, Enli Technology, Co. Ltd).

3. Results and discussion

To understand the effect of oxygen doping on Sb2Se3 device
performance, we conduct first-principles density functional theory
(DFT) calculations [27,36] and investigate the oxygen-associated
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fundamental structural and electronic properties. To mimic the
dilute limit of impurities, we used a 1 � 1 � 3 supercell of Sb2Se3.
After relaxing a series of structures wherein the oxygen atom stays
in a variety of potential interstitial sites, oxygen atoms can be sta-
bilized by either locating at vdW gaps (Fig. 1a) or bonding with Sb
and Se atoms within the same ribbon (i.e., forming the SbeOeSe
chain, shown in Fig. 1b). The defect tolerance of solar cell absorbers
is of great importance to the device performance, where the Se rich
and Se poor conditions could be used to tailor the defects and
optimized the carrier transport behavior [37]. The intrinsic defect
formation energy can be tuned by chemical potentials of host cell
elements, while the formation energy of oxygen-induced point
defects (i.e. Oi, interstitial defect) is also dependent on the chemical
potential of O. Fig. 1c shows that the region of oxygen chemical
potential where the formation of antimony oxides is forbidden.
Chemical potentials of each element are associated with synthesis
conditions. It is noteworthy that O substitution (OSe) defect requires
relatively low energy, indicating the possibility of oxygen occu-
pying Se vacancy site after doping. However, Se vacancy will
introduce defect localized state (DLS) as shown in Fig. 1d, which
acts as carrier recombination centers. Fig. 1d also shows that oxy-
gen interstitials are benign defects and will not introduce any mid-
gap state (MGS). On the other hand, the doped O atoms may
saturate at Se vacancy sites, eliminating the DLS caused by the
absence of Se atoms. Our band structure calculations further
confirm the transition level diagram where a flat band appears in
the middle of the band gap in the host cell with Se vacancy. After
adding one oxygen to Se site (i.e., OSe, substitution defects), the
band gap becomes clean. In addition, the band structures of the
crystal with O interstitials shown in Fig. S1 do not possess any
bands within the band gap, indicating the absence of DLSs. Thus,
our DFT-based defect study suggests that oxygen-associated defects
Fig. 1. (a) and (b) Two possible Sb2Se3:O configurations: (a) O in the vdW gap and (b) SbeO
transition levels. DLS: defect localized state. MGS: mid-gap state.
in the Sb2Se3 absorber will not degrade the solar cell device and
may even benefit the performance of Sb2Se3 absorber layer.

To verify our calculation results, we first systematically inves-
tigated the influences of the oxygen concentration in the CBD
grown CdS thin film (~60 nm thickness) by tuning the annealing
oxygen concentration to gradually introduce oxygen to the
following Sb2Se3 through interface diffusion. The optical response
was characterized using UV-Vis spectra, as shown in Fig. 2. The CdS
films were annealed in 21%, 62%, and 92% oxygen partial pressure,
i.e., O2/(O2þAr) at 400 �C for 10 min. The absorbances of the
oxygenated CBD CdS films are shown in Fig. 2a, where oxygenated
CdS shows higher absorption in the blue range (<500 nm, red-shift
in absorption edge). Meanwhile, the color of these films changes
from yellow to brownish yellow, as shown in the inset of Fig. 2a,
suggesting that the reduced bandgap of CdS film oxidation occurs
in the presence of oxygen [25]. This is opposite to the sputtered CdS
in oxygen partial pressure with increased bandgap due to wide
bandgap CdSOx formation [20]. The bandgap of these oxygenated
CdS was determined as shown in Fig. 2b, where the bandgap of the
films changes from 2.4 eV to 2.3 eV. When the oxygen partial
pressure is less than 21%, the bandgap reduces from 2.4 to 2.31 eV
because of the oxygen incorporation and CdOx (x¼3,4) formation
with a bandgap of ~1.6 eV [38]. When increasing oxygen partial
pressure more than 21%, the bandgap increases slightly, potentially
because of a mixture of CdS, CdSO3 and CdSO4 [20,39], as shown in
Fig. S2 (see in the supporting information).

The structural properties of these oxygenated CBD CdS films
were characterized using the XRD (Fig. 2c). The hexagonal wurtzite
structures are indexed in the figure. The XRD indicates that the
crystallization is improved by introducing more oxygen. In partic-
ular, the as-deposited film annealed at lower oxygen partial pres-
sure (<21%) displays weak intensity, while peak intensity increases
eSe chain formation. (c) The allowed chemical potential of species. (d) Charged defect



Fig. 2. Characterization of the oxygenated CBD CdS thin films treated under various oxygen partial pressures: (a) absorbance with inset of optical images of the treated films, (b)
bandgap determined by the Tauc plots, (c) X-ray spectra, (d) Raman spectra, (e) atomic force microscopy (AFM) images, and (f) height profiles of the AFM images, 1 � 1 mm2.
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with increasing oxygen partial pressure, suggesting that the as-
grown film exhibits nanocrystalline behavior and higher oxygen
concentration improves crystallinity. In addition, the peaks at high
angle (i.e. (110) peak shown in the inset of Fig. 2a) shift toward low
angle at higher oxygen content, indicating slightly enlarged lattice
constants of oxygenated CdS films caused by potential oxygen in-
terstitials. Raman spectra were collected for these oxygenated CBD
CdS, as shown in Fig. 2d. The longitudinal optical (LO) phonon
(crystal mode) in the oxygenated CBD CdS was analyzed. The
Raman intensities decrease with increased oxygen partial pressure,
and the asymmetric broadening to the lower frequency can be
associated with the phonon confinement effect due to the structure
fluctuation [40]. However, the spectra width measured by the full
width at half maximum, as shown in the inset of Fig. 2b, decreases
compared to the as-grown one. It could be ascribed to that the
surface oxygen on the CBD CdS [25]. Thus, the decreased bandgap
(red-shift) could be directly linked to the lattice dilatation due to
the interstitial oxygenwith bond stretching between CdeS (CdS:O).
With the introduction of more oxygen into CdS, the slightly
increased bandgap (blueshift) could be explained as the formation
of CdSOx (at higher phonon frequency, 2 LO).

To estimate the surface quality of the oxygenated CBD CdS films,
AFM was used to characterize the morphology of the CdS films.
Fig. 2e shows the AFM topography of CdS films oxygenated at
various oxygen partial pressures. The typical polycrystalline thin
films have been observed under different oxygen partial pressure.
The root-mean-square roughness is significantly reduced, as shown
in the inset of Fig. 2e, suggesting that the smoothening of CdS thin
film is effective with the introduction of more oxygen into the CdS
surface. The growth dynamics assessed from the height-height
correlation function G(r) is defined as GðrÞ¼ ½hðr2!Þ� � ½hðr1!Þ� for
each film, as shown in Fig. 2f. The curves are downshifted as oxygen
partial pressure increases. It suggests that the smoothening of the
oxygenated CdS could result from the oxygen on the surface
diffusion toward the regions with lower surface energy (e.g.,
boundaries) at nanoscale [41,42]. This also indicates that the CdS:O/
Sb2Se3 interface quality can be improved, which may benefit the
electronic and optical properties of the solar cells.

The 800-nm thick Sb2Se3 films were grown on the oxygenated
CBD CdS:O substrates using the CSS [43]. The XRD spectra of the
Sb2Se3 films (Fig. 3a) show high crystallinity. The observed XRD
spectra agree well with the PDF-015-0861 with orthorhombic
space group (Pnma, No. 62). The calculated texture coefficients
(TCs) of diffraction peaks of the samples are shown in Fig. 3b, where
a large TC value suggests a preferred orientation of the grains in the
films [5]. It shows that the oxygen in CdS could significantly impact
the Sb2Se3 orientation, for example, the TC(120) is reduced with
increasing oxygen concentration, whereas the TC(211) and TC(221)
are gradually enhanced with increasing oxygen concentration. The
preferred (211) and (221) orientations with the increased oxygen
concentration in CdS:O suggest that the orientation of (Sb4Se6)n
ribbon could be tuned via the oxygen diffusion from the buffer layer
to the absorber. To investigate the impact of oxygenated CdS win-
dow layer on the growth behavior of the Sb2Se3 film, the selected
(120), (211), and (221) peaks are zoomed in and shown in Fig. 3c;
lattice expansion can be observed with the peak position shifted to
the lower angle side when oxygen concentration increases. The
calculated lattice parameters with the orthorhombic structure are
shown in Fig. 3d. The a-axis lattice parameter increases from 11.4 to
11.8 Å (~2% increase) with increasing oxygen concentration in the
CBD CdS buffer layer, whereas the b and c lattice parameters remain
almost constant (less than 0.5% variation). This indicates the oxygen
diffuses from the oxygenated CdS to Sb2Se3 and the a-axis expands
while c axis decreases slightly. The distribution of oxygen atoms in
Sb2Se3 may be dominated by the interstitial sites instead of sub-
stitutional oxygen on the Se sites. Otherwise, the substitution of
oxygen on the Se sites should reduce the lattice parameters because
of the smaller oxygen ion radius. In the case of the oxygen in-
terstitials in Sb2Se3, the possible site is the vdW gap between the
(Sb4Se6)n ribbons in the [100] and [010] directions without
dangling bonds [6]. This suggests that the oxygen in the vdW gap
prefers the interstitial site that bonds to Sb/Se because the inter-
chain between SeeSb is weak [44]. The oxygen bond may be
associated with the bridged ring with the stoichiometry SbSeOx, as
shown in the inset of Fig. 3e. The closed ring with -Sb-O-Se- chain
could significantly impact the bond energy and bond length
because of the introduced chemical strain. The Raman spectra with
the oxygenated CdS window layers were shown in Fig. 3e. The
SbeO bonds (i.e., 291 cm�1) appear in the Sb2Se3 film with
oxygenated CdS window layers compared with the as-grown CdS
window layer. In addition, it is notable that a new mode located at
~140 cm�1 appears in Sb2Se3 deposited on the oxygenated CdS
window layers. This is in agreement with the Raman D1 mode at
3.6 GPa reported in high-pressure Raman scatting study on Sb2Se3



Fig. 3. Characterization of Sb2Se3 films grown on the oxygenated CBD CdS buffer layer. (a) X-ray diffraction (XRD) spectra of the Sb2Se3 films. (b) The texture coefficient for the
selected peaks, (c) XRD spectra shift to lower angle in (120), (211), and (221) peaks, (d) the lattice parameters for the Sb2Se3, and (e) Raman spectra of the Sb2Se3 film. The inset of (e)
shows oxygen form the bond between Sb and Se to generate the eSb-O-Se-chain.
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[45]. Meanwhile, the large lattice mismatch between the wurtzite
CdS and orthorhombic Sb2Se3 could be reduced with SbeOeSe
bridging at the CdS:O/Sb2Se3 interface, which may suppress the
carrier recombination at the heterojunction interface. The distri-
bution of oxygen in the Sb2Se3 vdWgap could also boost the carrier
transport because the (Sb4Se6)n ribbons are tuned to the preferred
direction, that is, normal to the substrate [6] (as shown in Fig. 3b).
These observations are also in agreement with our theoretical
calculation above.

To understand the oxygen distribution in the interfacial area,
SEM cross-sectional analysis and corresponding EDS elemental
mapping was conducted, as shown in Fig. 4. The elemental distri-
bution of Sb and Se are uniform and in a desired 2:3 ratio, and Cd/S
ratios are about 1, indicating that the Sb2Se3/CdS heterostructure is
formed. However, the oxygen distribution (here, the oxygen from
the FTO also collected) increased in the oxygenated CdS:O/Sb2Se3
(Fig. 4b) compared to that of CdS/Sb2Se3 (Fig. 4a). The oxygen in the
CdS:O/Sb2Se3 interface can also diffuse into the Sb2Se3 absorber
layer.

To investigate the oxygen sites in the Sb2Se3 absorber with
CdS:O window layer, XPS was used to determine the bonding
states. To prevent the surface oxygen impact, we carry out Ar ion
Fig. 4. Cross-sectional SEM and EDS elemental mapping for (a) CdS/Sb2Se3 and (b) 91
etching for the 20-nm top layer of the Sb2Se3 before measuring the
XPS. As shown in Fig. 5a, the Sb 3D peaks can be observed in the as-
grown Sb2Se3 films with as-grown CdS window layer, corre-
sponding to the Sb 3d3/2, and 3d5/2, respectively. However, with the
oxygenated CBD CdS:O buffer layer, two pairs of Sb 3d peaks were
found with strong and weak peaks associated with SbeSe and
SbeO bond, respectively, indicating oxygen diffuses from the
oxygenated CdS buffer layer into the Sb2Se3 absorber layer. Mean-
while, Fig. 4b and d show the Se 3D spectra with CdS and CdS:O
buffer layer, respectively. It demonstrates that the SeeO bond is
formed in the oxygenated CdS buffer layer (Fig. 5d), suggesting that
the oxygen diffused from the CdS:O layer also form bonds with the
Se ions. It may form SbeOeSe chains or SbSeOx compounds in
Sb2Se3 film, consistent with the tentatively proposed crystal
structures by first-principles calculations in Fig. 1a and b.

Fig. 5a illustrates the cell structurewith the oxygenated CBD CdS
buffer layer and the graphite top electrode. As shown in Fig. 6b, the
band alignment among CdS, oxygenated CdS:O, and Sb2Se3 leads to
the electron-hole pair dissociation and charge transfer at the
interface. With the introduction of oxygen at the interface of CdS/
Sb2Se3 and the oxygen-filled vdW gap in Sb2Se3, the hetero-
structure interface quality is improved and graded bandgap may be
% O/Ar þ O annealed CdS:O/Sb2Se3 thin film. SEM, scanning electron microscopy.



Fig. 5. XPS of Sb2Se3 film with oxygenated CBD CdS. Sb 3d with (a) CdS and (c) CdS:O buffer layer and XPS of Se 3d with (b) CdS and (d) CdS:O buffer layer.XPS, X-ray photoelectron
spectroscopy.

Fig. 6. Sb2Se3 solar cell device performance with the oxygenated CdS buffer layer. (a) Current density-voltage (JeV) curves and (b) external quantum efficiency (EQE) spectra of the
Sb2Se3 solar cells on oxygenated CdS films.
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Table 1
Device parameters of glass/TCO/CdS:O/Sb2Se3/graphite solar cell devices.

O2% in CdS:O Voc, V Jsc, mA/cm2 Fill factor, FF, % PCE, % Rs, U cm2 Rsh, U cm2

As-grown 0.338 16.71 39.3 2.2 114.8 799.8
21% 0.341 17.28 45.9 2.70 73.6 946.5
62% 0.360 20.01 44.3 3.19 83.8 889.8
92% 0.391 21.32 43.1 3.59 108.1 1016.1

PCE, power conversion efficiency.

Fig. 7. Sb2Se3 solar cell champion device with the optimized oxygenated CdS buffer layer. (a) Current density-voltage (JeV) curves and (b) external quantum efficiency (EQE) spectra
of the Sb2Se3 solar cells on oxygenated CBD CdS films.
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formed due to the consumption of oxygen. The oxygen inside the
Sb2Se3 vdW gaps may assist carrier transport across the gap. Thus,
better device performance is expected in the oxygenated CdS buffer
layer. Fig. 6c shows the J-V curves of typical Sb2Se3 solar cells in the
configuration FTO/CdS:O/Sb2Se3/graphite/Ag. The corresponding
device parameters are given in Table 1. The oxygenated CdS in 92%
oxygen partial pressure achieved the best device performance as
expected with PCE of 3.59%, Voc of ~0.391 V, and Jsc of
21.32 mA cm�2. Here, the improved Voc and Jsc could be attributed
to the tilted (Sb4Se6)n ribbons normal to the substrate (as proved
previously through the texture coefficient analysis) and the sup-
pressed interface recombination. The series resistivity (Roc) and
shunt resistivity (Rsh) show slight improvement with increasing
oxygen concentration, in good agreement with other oxygenated
CdS-buffered solar cells because of the improved resistivity of
oxygenated CdS layer [20]. Another potential reason for the
improved resistivity may be ascribed to the Sb2Se3 absorber layer
with more oxygen [14]. As shown in Fig. 6d, the EQE curves of these
CdS:O/Sb2Se3 cells demonstrate an enhanced photoabsorption in
the short (<500 nm) and long (>700) wavelength regions, indi-
cating the improved current collection in these two regions. In
addition, the EQEmaxima shift from ~2.3 to ~2.1 eV with increasing
oxygen partial pressure, confirming a redshift associated with the
decreased bandgap of CdS:O buffer layers, which is in agreement
with our previous UV-Vis optical measurement.

With the optimization of the oxygenated CBD CdS window layer
thickness (~80 nm), Sb2Se3 CSS growth condition and thickness
(e.g., tuning the growth rate), and reduced graphite electrode re-
sistivity, we achieved a champion solar cell with Voc of 0.428V, Jsc of
28.9 mAcm�2 and fill factor (FF) of 51.24% and a PCE of 6.3% (as
shown in Fig. 7a). The device optimization process can be found
elsewhere [43]. This is among the highest efficiencies so far for
Sb2Se3 solar cells with graphite back contact. Here, the low FF
compared with the reported high-efficiency Sb2Se3 solar cells may
be ascribed to the higher series resistivity of the graphite electrode
and interface between Sb2Se3/graphite compared to the cells with
thin Au electrode [5,11]. The EQE response for the champion de-
vices was shown in Fig. 7b. An EQE of 85% can be achieved at a
wavelength of 604 nm, which is on a par with the previously re-
ported high-efficiency Sb2Se3 devices, slightly lower because of the
lack of the hole transport layer, such as PbS, spiro-OMeTAD [4,12].

4. Conclusion

In summary, the interface engineering of oxygenated CBD CdS
buffer layer has been used to tailor the Sb2Se3 solar cells to achieve
high PCE of ~6.3%. The study of native and extrinsic defects in the
absorber layer, the fundamental structural and electronic proper-
ties of Sb2Se3 with potential O-doped defects, the interface engi-
neering of microstructure and electronic structure in the
oxygenated CBD CdS have been systematically investigated using
both theoretical and experimental methods. The Sb2Se3 films show
gradual lattice expansion in a-axis direction, suggesting that oxy-
gen diffuses from oxygenated CdS buffer layer to the interstitial
sites in the vdW gap of the inter-Sb2Se3 nanoribbons, stabilized by
the formation of SbeOeSe chain. The (Sb4Se6)n nanoribbons were
also found to be normal to the substrate with increasing oxygen in
the CdS:O buffer because of the preference of forming SbeOeSe
chains. Our work demonstrates that the optimized buffer/Sb2Se3
interface and oxygen in Sb2Se3 could provide a unique pathway to
tailor the optical and electronic behavior and improve the efficiency
of non-cubic chalcogenide solar cells.
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