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Abstract: When there is a choice of materials for an application, particular emphasis should be given
to the development of those that are low-cost, nontoxic, and Earth-abundant. Chalcostibite CuSbSe;
has gained attention as a potential absorber material for thin-film solar cells, since it exhibits a high
absorption coefficient. In this study, CuSbSe; thin films were deposited by radio frequency magnetron
cosputtering with CuSe; and Sb targets. A series of CuSb,Se; thin films were prepared with different
Sb contents adjusted by sputtering power, followed by rapid thermal annealing. Impurity phases and
surface morphology of Cu-Sb-Se systems were directly affected by the Sb sputtering power, with the
formation of volatile components. The crystallinity of the CuSbSe; thin films was also enhanced in
the near-stoichiometric system at an Sb sputtering power of 15 W, and considerable degradation
in crystallinity occurred with a slight increase over 19 W. Resistivity, carrier mobility, and carrier
concentration of the near-stoichiometric thin film were 14.4 Q-cm, 3.27 cm?/V-s, and 1.33 x 10Y” ecm ™3,
respectively. The optical band gap and absorption coefficient under the same conditions were 1.7 eV
and 1.75 x 10° em ™!, which are acceptable for highly efficient thin-film solar cells.

Keywords: CuSbSe; thin film; cosputtering; optical and electrical properties

1. Introduction

Considerable attention has recently been given to thin-film solar cells based on high-efficiency
absorbers owing to their applicability in flexible photovoltaic technology. CulnGaSe; thin-film solar
cells have already achieved a conversion efficiency of 23.4% [1]; however, the scarcity of In and high
cost of Ga have restricted their mass production. Alternative CdTe thin-film absorber was progressed
to the commercialization stage, but was stranded by toxicity and environmental pollution of Cd.
Cup-1I-IV-VIy (Il = Zn; IV = Si, Ge, Sn; VI =S, Se, Te) quaternary compounds, represented by CupZnSnSy
or CupZnSnSe,, were proposed as an effort to replace the above deficient and expensive elements [2,3].
Up to 12.6% (theoretically 18.47%) of energy conversion efficiency was achieved, but difficulties in the
control of composition and morphology still remain in the quaternary compound [4,5]. Hence, thin-film
solar cells with Earth-abundant and nontoxic materials need to be investigated as possible candidates.
Toward this goal, different compounds of Cu-Sb—Se and Cu-Sb-S are being considered as potential
low-cost sustainable absorber materials for inorganic thin-film solar cells. Copper antimony selenide
(CuSbSey) is a p-type semiconductor, which is due to an excess of volatile components (e.g., Sb and a
chalcogen) to cause the formation of copper vacancy acceptors [6]. CuSbSe, with an orthorhombic
crystalline structure and Pnma space group (No. 62) [7,8] is an important chalcogenide semiconductor
owing to its narrow direct band gap (~1.1 eV) [9] and high absorption coefficient (>10* em™1) [9,10],
which favors its application in optoelectronics and photovoltaics [11]. Trivalent Sb (Sb3*) with lone-pair
552 electrons is known to be responsible for the large absorption coefficient of CuSbSe; [12]. It was
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found that the Cu-Sb-Se system is complicated, containing numerous reported phases with low
crystallographic symmetry compared with chalcopyrite materials [6,10,13-15]. In the Cu-Sb-Se system,
besides CuSbSe;, there are at least five binary or ternary phases including Cu,Se, CuSe, Sb,Ses,
Cu3zSbSey, and CusSbSes that could exist as secondary phases if the samples are nonstoichiometric or
prepared with an inappropriate process [16,17]. Even minor deviations from the CuSbSe; stoichiometry
lead to the precipitation of impurity phases. The window in Cu:Sb:Se ratio for creating CuSbSe; seems
to be narrow and needs to be close to 1:1:2 to prevent the formation of these secondary phases. Some of
these phases are highly conductive and can cause a shunting effect [18], while some of these phases
such as Sb,Ses have excellent optoelectronic properties [11], so strict phase control is important for
the prevention of these destructive effects. The importance of rigorous control of the Cu content in
thin films for the prevention of phases such as Cu,Se and CuzSbSe; has been emphasized in many
previous reports [5,6,12], when the Sb content is another important factor for the prevention of these
secondary phases. Several methods, such as electrodeposition, pulsed laser deposition, sequential
evaporation with selenization, spin-coating, and pre-sputtering of Cu with close-spaced sublimation
of SbySe;3, have been reported to prepare CuSbSe; thin films [19]. The magnetron sputtering method
offers some merits of superior adhesion of thin films, excellent transfer of composition, uniform
surface morphology, straightforward control of deposition rate, low-cost equipment, and possibility
for large-area deposition in the full-vacuum operation [20]. The cosputtering method can also provide
a simultaneous one-step process with controllable composition of the thin films without involving the
highly toxic and explosive chemical nature of the post-selenization process in the use of expensive
equipment. Only a few studies have reported on the fabrication and characterization of CuSbSe;, thin
films using the cosputtering method with CuySe/Sb,Ses and Cu/Sb,Se; target combinations [9,21,22].
The focus of this study was on the phases and the evolution of orientation of CuSbSe, thin films
deposited using a radio frequency (RF) magnetron cosputtering system directly with CuSe; and Sb
targets, while CuSe, generally has a cubic and orthorhombic structure that incongruently melts at
347 °C, forming CuSe and a Se-rich liquid [23]. A series of CuSb,Se; thin films were prepared with
various levels of Sb content at the same thickness, adjusted by sputtering power for Sb and deposition
time. Then, all samples were annealed in a rapid thermal annealing (RTA) system to prevent the
volatility of Se. Phase and crystal orientation evolution with changing Sb content were investigated for
the absorber materials in thin-film solar cells.

2. Experimental Details

CuSbSe; thin films were deposited on 1 X 1 cm? Corning glass substrates using an RF magnetron
cosputtering system (IDT Engineering Co., Gyeonggi, Korea) [24-27], as shown in Figure 51, with CuSe;
(TASCO, Seoul, Korea, 99.99% purity, 2-inch diameter) target under a fixed power of 40 W and variable
power for Sb (TASCO, 99.99% purity, 2-inch diameter) target from 13 to 21 W in increments of 2 W,
while other parameters were kept constant using the following conditions: presputtering process for
5 min prior to each run, an Ar gas flux of 20 sccm, base pressure of 1.0 x 107 Torr, substrate-to-target
distance of 5.0 cm, and vacuum pressure of 7.5 X 10~ Torr during sputtering at room temperature.
During the target cleaning procedure, the substrates were shielded with a shutter. The deposition time
was adjusted from 34 to 28 min in order to obtain a constant thickness of approximately 450 nm for
the proper comparison of crystallographic properties. After sputtering deposition, the samples were
subjected to an RTA (GRT-100, GD-Tech Co., Gyeongsangbuk, Korea) process at 350 °C for 30 min
under a Ny gas atmosphere. The crystalline structure of the thin films was analyzed using X-ray
diffraction (XRD, PANalytical B.V., Almelo, The Netherlands, X"pert-PRO-MRD, Cu K« = 0.15405 nm,
40 kV, 30 mA). A field emission scanning electron microscope (FESEM, Hitachi, Tokyo, Japan, 5-4700,
without Pt coating) was employed to reveal the morphological characteristics of the Cu-Sb—Se thin
films. An energy dispersive X-ray spectrometer (EDS) attached to the FESEM and X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific Inc., Waltham, MA, USA, K-Alpha*) were used to analyze
the compositional analysis and chemical nature of the Cu-Sb—Se thin films. The optical properties of the



Coatings 2020, 10, 1209 3of 14

Cu-Sb-Se thin films were measured using a UV-visible spectrophotometer (Varian Techtron, Mulgrave,
Australia, Cary500scan) in the range 200-3000 nm. The electrical properties, including the carrier
concentration, resistivity, and mobility of the Cu-Sb—Se thin films were characterized using a Hall effect
measurement system (Accent Optical Technologies, Bend, OR, USA, HL5500PC) at room temperature.

3. Results and Discussion

The surface morphology of Cu-Sb-Se thin films deposited at different Sb powers was analyzed
using FESEM. Figure 1 shows cross-sectional and surface FESEM images of the Cu-Sb—Se thin films
annealed at 350 °C for 30 min. All as-deposited thin films showed a smooth and dense surface
morphology (Figure S2). For the annealed thin films, the surface morphology changed with the
sputtering power for Sb. Annealed Cu-Sb-Se thin films with a sputtering power for Sb of 13 W showed
smooth and dense surface morphology like the as-deposited thin films. Annealed thin films with 15 W
of power showed a smooth surface morphology with clear grain boundaries. A gap on the surface
appeared in the annealed thin films at 15 W which was not seen in the as-deposited thin films under the
same sputtering power. As shown in Figure 1d,e, with an increase in the sputtering power for Sb to 19
and 21 W, the surface showed more pores and larger gaps between particles. Although the Sb content
increased at Sb powers of 19 and 21 W and the annealing process was performed at a much lower
temperature than the melting point of CuSbSe; (480 °C), the CuSbSe, could decompose to gaseous
SbySe; which could leave gaps and escape from the surface of the thin films [10,19]. The resulting
porous and nonuniform surface with the large gaps appears to be unsuitable for the absorption layer
in solar cells.
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Figure 1. Cross-sectional and surface field emission scanning electron microscope (FESEM) images of
annealed thin films with different sputtering powers for Sb: (a) 13, (b) 15, (c) 17, (d) 19, and (e) 21 W.

Elemental analysis of the as-deposited and annealed Cu-Sb-Se thin films was carried out through
EDS measurements. Figure 2 shows the changes in elemental composition for the as-deposited and
annealed thin films, including the atomic percentage for each element as well as the atomic ratio in
the thin films. The EDS results for the as-deposited thin film with 13 W show a Cu-rich and Sb-poor
composition compared to the ideal stoichiometric ratio, whereas that with 15 W is the closest to
the stoichiometric ratio of 1:1:2 among the as-deposited thin films. All the as-deposited thin films
exhibit Cu-rich and Se-poor conditions. The atomic percentage of Sb in the as-deposited thin films
increase from 8.91% to 21.22% with an increase in the sputtering power for Sb, as shown in Figure 2a.
Meanwhile, the atomic percentages of Sb and Se start to decrease together in the annealed thin films
above an Sb sputtering power of 17 W, which is attributed to the decomposition of CuSbSe; into Sb,Ses
and/or sublimation of Sb,Ses into the gaseous state [14,18]. As shown in Figure 1d,e of the FESEM
images, the annealed thin films at 19 and 21 W show large gaps on the surface, in good agreement
with the EDS results. At higher Sb sputtering powers, the higher atomic percentages of Sb lead to an
increase in the probability of forming volatile SbySes (g) with high vapor pressure, and a higher amount
of volatile SbySes, leading to more and/or larger gaps on the surface. CuSbSe; is still stable but starts to
decompose at the sputtering powers of 19 and 21 W, corresponding to Cu-rich, Sb-rich, and Se-poor
conditions in the as-deposited thin film, while the phases in the thin films may strongly depend on the
growth conditions [10,28]. These gaps seem to lead to the degradation of the optical quality of the thin
films, so those conditions are not appropriate for the absorption layer in solar cells [19].
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Figure 2. (a) Atomic percentage and (b) atomic ratio for each element of the as-deposited and annealed
thin films with different sputtering powers for Sb of 13, 15, 17, 19, and 21 W.

All as-deposited Cu-Sb-Se thin films exhibited an amorphous nature (not shown). An RTA
treatment was carried out for the purpose of improving the crystallinity of the Cu-Sb—Se thin films.
Figure 3 shows the XRD patterns of the annealed Cu-Sb-Se thin films at various Sb sputtering powers.
The XRD patterns of the annealed thin film at 13 W show Cu3SbSes as the dominant peak along the
(122) plane at 26 = 33.2°, while secondary phases corresponding to Cu,Se also appear with less intensity
along the (102), (111), (103), and (211) planes at 26 = 26.2°, 30.5°, 31.2°, and 45.5°, respectively. Only two
intermetallic compounds, CuzSbSes and Cu,Se, were observed under these conditions. These are
the typical intermediate phases during the formation of CuSbSe; [19] in Cu-rich composition [18],
and EDS analysis revealed a Cu:Sb:Se ratio of 36:21:43 in the as-deposited thin film, as shown in
Figure 2b. The Cu3SbSe; impurity phase is known as a p-type semiconductor with a low resistivity,
a carrier density in the order of 10'® cm™2, and a band gap within the range 1.25-1.50 eV [29-31].
The XRD pattern of the annealed thin film at 15 W shows two dominant phases: Sb,Ses and CuSbSe,.
The formation of the Sb,Se; phase is confirmed by the presence of a dominant peak (004) along the
preferred orientation at 20 = 23.7°. The CuSbSe, phase shows peaks along the (002), (112), and (304)
planes centered at 26 = 11.8°, 28.6°, and 48.8°, respectively. XRD peaks indicating the presence of other
phases, such as CusSbSe; and Cuj,Se in the thin film have relatively low intensity. Diffraction peaks
along (111) and (103) planes at 30.5° and 31.2° corresponded to the Cu,Se. Diffraction peaks at 33.2°
and 33.8° are indexed to the (122) and (040) planes corresponding to CuzSbSes. As confirmed from
the EDS results (Figure 2), although this condition has the ratio closest to the stoichiometric ratio of
1:1:2, it still shows a Cu-rich and Sb-rich composition. Sb-rich composition causes an increase in the
amount of Sb,Se; [10]. SbySe; is a p-type semiconductor that exhibits low electrical conductivity with
an excellent photoresponse [32-34], and crystallizes in a one-dimensional structure where the ribbons
are held together by van der Waals forces [35]. This structure contributes to poor carrier transport and
mobility between the ribbons [36] with various reported band gaps in the range of 1.2-1.8 eV [37,38].
The XRD pattern of the annealed thin film with 17 W of sputtering power does not show any dominant
peak, but there are many peaks with low intensity, as shown in Figure 3c. As the atomic ratio of Sb
increases, more Sb,Ses is formed and some of it sublimates on the surface, which is why the intensity
of the peak corresponding to Sb,Ses in this condition is less than that using 15 W. The XRD patterns
of the annealed thin films at 19 and 21 W of sputtering powers are almost identical, with the atomic
ratio of Sb close to that of Se, and extra Sb leading to the formation of a large amount of Sb,Se3 in
the gaseous phase owing to its high vapor pressure [16]. SbySes sublimates and leaves the thin films
to form a porous surface, as shown in Figure 1d,e, which explains the lower intensity of the (004)
preferred orientation under these conditions. Several small diffraction peaks are observed at 20 = 23.7°,
27.3°, and 28.6° along the (004), (130), and (112) preferred orientations corresponding to SbySes, Sb,O3,
and CuSbSe,, respectively. Other peaks centered at 30.5° and 31.2° are indexed to the (111) and (103)
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planes corresponding to CuySe. Peaks along the (122) and (040) planes are observed at 33.2° and
33.8°, corresponding to the CuzSbSes. In Sb-rich conditions, some elemental Sb remains intact on the
surface or reacts with oxygen to form Sb,Os3 [14]. Another peak appears at 20 = 36.4° along the (111)
orientation corresponding to Cu,O. Slight oxidation of the surface was frequently observed for thin
films prepared at sputtering power for Sb of 17, 19, and 21 W.
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Figure 3. X-ray diffraction patterns of annealed Cu-Sb-Se thin films with different sputtering powers
for Sb: (a) 13, (b) 15, (c) 17, (d) 19, and (e) 21 W.

The valence states of each element were evaluated using XPS in the annealed CuSbSe; thin films at
sputtering powers for Sb of 15 and 21 W, which showed the sharp difference in XRD analysis of Figure 3.
All XPS spectra were deconvoluted using XPSPEAK4.1 software. The spectrum of the C 1s peak with a
binding energy of 285 eV was used as a reference for data calibration. High-resolution narrow scans
were employed to examine the core level elements, such as Cu 2p, Sb 3d, and Se 3d, corresponding
to Cut, Sb3*, and Se?™ oxidation states, respectively, in Cu-Sb-Se composites. The oxidation state of
Cu is presented in Figure 4a,b. For both 15 and 21 W, the Cu 2p doublet is symmetric and narrow
at a binding energy of 932.18 eV (Cu 2p3») and 952.00 eV (Cu 2py;) with spin-orbit splitting (SOS)
energy of 19.82 eV corresponding to Cu™ in the thin films reported for Cu,Se, CuSbSe;, CusSbSes,
and CuyO [38-41]. According to Coster—Kronig broadening effects [42], the full width at half maximum
(FWHM) of the Cu 2p3, peak is slightly narrower than that of the Cu 2py), peak. It is well known that
Cu* in Cu,Se, CuSbSe,, and CusSbSe; can be oxidized to Cu?* in CuO [38]; however, no peak related
to Cu?* is observed in either Figure 4a or Figure 4b. For Sb, a doublet of the Sb 3d peak is observed,
while the peaks around 35-37 eV related to Sb 4d correspond to Sb>*. For the annealed thin films
with 15 and 21 W, intense double peaks for Sb 3ds;, and Sb 3d3/, are observed at the lower binding
energy pair of 528.9 and 538.3 eV and the higher binding energy pair of 530.2 and 539.6 eV with an
SOS energy of 9.3 eV corresponding to Sb>* reported for CuSbSe,, SbySes, and CuzSbSes [38,40,41].
The 3ds, peaks at 528.1 eV and 3d3), at 537.4 eV are consistent with pure Sb, which was observed in
the thin film with 15 W, indicating that some elemental Sb remains intact on the surface of the thin film.
For the annealed thin films at 21 W, an O 1s peak overlapping with the Sb 3d peak, corresponding to
the O?~ oxidation state, is observed in the XPS result related to Sb,O3, confirming slight oxidation on
the surface, as shown in Figure 4d. The Se 3d peak, showing an Se 3ds/, peak at 53.8 eV and an Se 3d3,
peak at 54.7 eV with an SOS energy of 0.9 eV, confirms the presence of the Se?~ oxidation state in both
the annealed thin films at 15 and 21 W reported for Cu,Se, CuSbSe;, CuzSbSes, and SbySes [40-42].
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Figure 4. X-ray photoelectron spectra of (a,b) Cu 2p, (c,d) Sb 34, and (e,f) Se 3d obtained from annealed
CuSbSe; thin films with sputtering powers for Sb of (a,c,e) 15 and (b,d,f) 21 W.

The electrical properties, including resistivity (p), carrier mobility (1), and carrier concentration
(n), of the annealed CuSbSe; thin films were analyzed using Hall effect measurements (Table S1).
Electrical conductivity is generally sensitive to multiscale defect scattering carriers, such as point defects,
dislocations, pores, and grain boundaries in thin films [43]; point defects can be formed by the growth
conditions and can directly affect the electrical conductivity of the thin films. Possible point defects
include acceptor-like Cu vacancies (V) and Cu-Sb antisites (Cugp) as well as donor-like Se vacancies
(Vse), Sb-Cu antisites (Sbc,;), and Cu interstitials (Cu;) in the CuSbSe; thin films. Among them, the most
probable point defect in the CuSbSe; thin films is V¢,, owing to shallow V¢, defects with the lowest
formation energy [44], and it has the greatest influence on the electrical conductivity. All the annealed
thin films in this study exhibit p-type conductivity, which should be determined mainly by V¢,
acceptors. With an increase in the sputtering power for Sb, there are more deviations (Figure 2b) from
the stoichiometric composition, leading to the formation of intrinsic point defects in the compound [3].
Figure 5 shows that the carrier concentrations are in the order of 10’7 cm~3 in all the annealed thin
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films in accordance with previous reports [9,10,45], except for 17 W of sputtering power, which is in the
order of 10'® cm=3. The carrier concentration also slightly increased with an increase in the sputtering
power for Sb, while a higher carrier concentration at higher Sb sputtering power is inferred from the
higher point defect density [46]. Under Se-poor, Cu-rich, and Sb-rich conditions, which were observed
in the as-deposited thin films with Sb powers of 15, 17, 19, and 21 W, the V¢, acceptors and Cu; donors
are the most easily formed defects and are thus considered to be the dominant defects, leading to
high carrier concentration as Sb power increases [14]. On the other hand, the population of other
point defects has much higher formation energies for contribution to the carrier concentration than the
dominant defects. An excess of Sb with an increase in the Sb sputtering power increases the population
of V¢, and thus causes the carrier concentration to show an upward tendency. The carrier mobility is
in the range 1.89-5.77 cm?/V's, as shown in Figure 5, which is less than previously reported values for
CuSbSe;, due to the impurity phases of SbySes and CuySe with lower mobility values than CuSbSe; in
thin films [45,47]. The carrier mobility at 21 W of sputtering power shows a sudden decrease correlated
not only to large gaps interfering with carriers to move from grain to neighboring grain but also to the
slight surface oxidation producing a potential barrier [48,49], as shown in Figures 1e and 3. As shown
in Figure 5, the resistivity shows a decreasing trend in the range 10°~10! Q-cm with an increase in
Sb sputtering power. The resistivity of thin films mainly depends on the carrier concentration and
mobility with the relationship p = 1/ngu, where 1, q, and u represent the carrier concentration, the unit
carrier charge, and the carrier mobility, respectively. At the condition of 21 W, a slight increase in
resistivity is observed, which is correlated to the lower carrier mobility.
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Figure 5. Carrier concentration, resistivity, and carrier mobility in annealed CuSbSe; thin films as a
function of sputtering power for Sb.

Figure 6 illustrates the optical properties of the as-deposited and annealed CuSbSe; thin films
with a change in Sb sputtering power over the spectral region from 200 to 2000 nm. The absorption
edge of the as-deposited thin films shifts toward longer wavelengths (red-shift), indicating that the
band gap becomes narrower as Sb sputtering power increases, which is due to the Burstein-Moss effect,
as shown in Figure 6a. The optical transmittance of the annealed thin films at 13 W shows a similar
trend for the as-deposited thin films, as shown in Figure 6a,b; however, the optical transmittance of
the annealed thin films converges into much lower values with an increase in Sb sputtering power
above 15 W. As shown in Figure 6b, in the visible spectral region 380-780 nm, the mean transmittance
of the annealed thin films is 5.19%, 0.64%, 0.52%, 0.24%, and 1.88% for Sb sputtering power of 13,
15,17, 19, and 21 W, respectively, and increases to 38.26%, 10.15%, 8.85%, 4.77%, and 3.28% for the
same powers in the visible and near-infrared (NIR) spectral region 380-1500 nm (inset of Figure 6b),
which means that the annealed CuSbSe; thin films show better optical transmittance as an absorber
layer and have similar absorbance capability to the as-deposited thin films in the visible to NIR range.
Figure 6¢c shows the absorbance of the annealed CuSbSe; thin films. Absorbance is the amount of
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light absorbed by the sample and can be calculated using the equation A = —logT = log(Io/), where T
is the optical transmittance, I is the intensity of the transmitted radiation, I is the intensity of the
incident radiation, and A is the absorbance. The inset of Figure 6¢ shows the mean values of the
absorbance over the 380-780 nm (visible) and the 380-1500 nm (visible to NIR) spectral ranges. In the
visible spectral region, the mean absorbance of the annealed thin films is 2.36, 2.84, 3.26, 3.04, and 1.73
for Sb sputtering power of 13, 15,17, 19, and 21 W, respectively. These values decrease to 1.01, 1.58,
1.63, 1.85, and 1.52 for the same powers in the visible to NIR spectral region. The absorbance of
the annealed thin films increases as Sb sputtering power increases, but starts decreasing when gaps
appear on the surface. The absorption coefficient («) was calculated using the Beer-Lambert law in
the high-absorption region a(v) = (2.303/d), where A is the absorbance, v is the frequency, and d is the
thickness of the thin film. Among all of the annealed thin films, the thin film at 15 W shows a stable
absorption coefficient of approximately 1.0 x 10° in the range 250~700 nm, which is in accordance
with previous reports [6,9,10]. Figure 6d shows the penetration depth (I'), a parameter measuring how
deep an incident photon penetrates below the surface of the thin films before the irradiance decreases
to 37% (i.e., 1/e) of its incident level [50]. All the penetration depths of the annealed thin films were
<194 nm throughout the entire visible spectral range of 380~780 nm, which corresponds to ~10° cm™?.
In the absorption coefficient plotted on the right axis of Figure 6d, a sharp absorption onset appears
just after the band gaps, which is usually observed for direct band gap semiconductors, implying a
direct band gap nature for the thin films. The band gaps of the annealed CuSbSe; thin films were
estimated using Tauc’s equation (ahv)" = B(hv — Eg), where « is the absorption coefficient, h is Planck’s
constant (4.135667 x 10715 eV's), v is the photon frequency, B is a constant, and 7 is the transition
probability using 2 for direct allowed transition and #n = 1/2 for indirect allowed transition. The Tauc
plot in Figure 6e illustrates the extrapolation of the straight line part of the curve to (ahv)" = 0. It was
observed that for the films with Sb sputtering powers of 13, 15,17, and 19 W, the best straight line is
obtained for a value of 1 equal to 2, which is typical of direct allowed transitions [51] and 7 equal to 1/2
applied for the thin film at 21 W of Sb sputtering power to obtain the best straight line, which indicates
indirectly allowed transitions. The extrapolated band gaps of the annealed CuSbSe; thin films with 13,
15,17,19, and 21 W were 1.93,1.75, 1.74, 1.62, and 3.45 eV, respectively, as shown in Figure 6f. CuSbSe;
has both direct and indirect band gaps, and the reported values are close to each other in the range
1.10-1.05 eV [9,10,52]. The reported band gaps of Cu,Se are in the range 1.2-2.3 eV [53]. CuzSbSe;
has an indirect band gap with reported band gaps from 0.5 to 1.7 eV, depending on the calculation
method [31]. The reported band gaps of Sb,Se; are in the range 1.1-1.8 eV [54]. The band gap values
obtained for the thin film with Sb sputtering power of 15-17 W were in the range 1.62-1.93 eV, which is
higher than the expected value for CuSbSe,, confirming the presence of other phases in the CuSbSe;
thin films. The band gap value obtained with 21 W was 3.45 eV, which confirms the existence of higher
band-gap Sb,O3 (3.6-3.9 eV) and sublimation of the lower band-gap phase of SbySe; (1.2-1.8 eV) in the
CuSbSe; thin film [15,55].
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Figure 6. Optical properties of the CuSbSe; thin films with increasing Sb power: optical transmittance
of (a) as-deposited and (b) annealed thin films. The inset of (b) shows the mean optical transmittance in
the visible spectral region. (c) Absorbance of the annealed thin films and mean absorbance in the visible
and near-infrared (NIR) spectral regions as inset. (d) Penetration depth and absorption coefficient of
annealed thin films in the visible spectral region. (e) Tauc plots for determination of the band gap (Eg)
of the annealed thin films using linear extrapolation of the leading edge in the direct band gap using
(ahv)? for 13-19 W and indirect using (ahv)2 band gap for 21 W as inset. (f) Band gap (E;) of the
annealed thin films.

4. Conclusions

Chalcostibite CuSbSe; thin films were deposited by RF magnetron cosputtering with CuSe, and
Sb targets with varying sputtering power for Sb and RTA treatment for application as the absorber
layer in thin-film solar cells. The carrier concentration and resistivity were in the order of 10'” cm=3
and in the range 10°~10! Q-cm in the annealed thin films, respectively. The annealed CuSbSe; thin
films showed the good optical properties as an absorber layer in the visible spectral region, such as
optical transmittance < 5.19%, penetration depth < 194 nm, absorption coefficient ~10°> cm~?!, and band
gaps of 1.62-1.93 eV. Adequate results were also obtained in the NIR spectral region. As the atomic
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percentage of Sb increased, the probability of forming volatile Sb;Se; (g) increased, leaving large gaps
on the surface. Impurity phases in the CuSbSe; thin films strongly depend on the growth conditions,
including the sputtering power for Sb, which determines the optoelectronic properties of CuSbSe,
thin films conclusively. The results of this study reveal the promising optoelectronic characteristics
with good morphology and controllable composition in a one-step cosputtering process for CuSbSe;
thin films as an absorber layer for thin-film solar cells in the future, given their Earth abundance
and nontoxicity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/12/1209/s1,
Figure S1: Photograph of radio frequency (RF) magnetron cosputtering system (IDT Engineering Co.), Figure S2:
Cross-sectional and surface field emission scanning electron microscope (FESEM) images of as-deposited thin
films with different sputtering powers for Sb: 13, 15, 17, 19, and 21 W, Table S1: Resistivity (p), carrier mobility (u),
and carrier concentration (1) of annealed CuSbSe; thin films as a function of Sb sputtering power.
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