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A B S T R A C T   

The performance of a superstrate TiO2/Sb2Se3 solar cell, fabricated by close-spaced sublimation technique (CSS), 
was improved after the deployment of a seed layer. The seed layer caused columnar Sb2Se3 film growth with 
texture coefficient analysis (TC) showing increased presence of crystal planes, which are inclined towards the 
[001] crystal direction. Given the highly anisotropic properties of Sb2Se3, preferential growth of (Sb4Se6)n rib
bons along the [001] direction is best suited for effective charge collection. Hence, grain orientation of Sb2Se3 
films was studied more closely via measurement of pole figures by XRD and orientation distribution maps by 
electron backscatter diffraction (EBSD). Although the measurements did not reveal strong preferred orientation, 
it was observed that the columnar Sb2Se3 growth enhanced texture along the [001] direction. Temperature- 
dependent admittance spectroscopy (TAS) and capacitance–voltage (CV) profiling were performed on the 
seed-assisted TiO2/Sb2Se3 solar cell to evaluate carrier density and deep defects in the Sb2Se3 absorber. TAS 
study revealed a deep defect with activation energy of 0.39 eV. CV profiles indicated that the density of defects 
could be as high as 1017 cm− 3, which needs to be addressed by post-deposition treatments.   

1. Introduction 

Antimony selenide (Sb2Se3) has emerged as a potential photovoltaic 
absorber. Sb2Se3 has excellent optoelectronic properties: a high ab
sorption coefficient (>105 cm− 1 at shorter wavelengths) (Zhou et al., 
2014) and suitable band-gap of 1.1–1.3 eV (Li et al., 2019c; Wen et al., 
2018). Single phase binary structure and low evaporation point have 
made Sb2Se3 compatible with CdTe solar cell fabrication processes 
(Spalatu et al., 2017), also partly explaining the rapid growth in Sb2Se3 
solar cell efficiency. While deposition techniques, such as magnetron 
sputtering (Liang et al., 2020) and rapid thermal evaporation (RTE) 
(Chen et al., 2017b) have allowed fabrication of Sb2Se3 devices with 
>6% efficiency, close-spaced sublimation (CSS) and vapor transport 
deposition (VTD) techniques have enabled to produce champion Sb2Se3 
solar cells with efficiencies 9.2% (Li et al., 2019c) and 7.6% (Wen et al., 
2018), respectively. Recently, Spalatu et al., reported on the optimiza
tion of growth conditions for depositing Sb2Se3 absorber layers by CSS, 
in which the Sb2Se3 layers deposited at 450 ◦C onto the TiO2 buffer layer 

saw optimal performance (Spalatu et al., 2021). This involved use of a 
seed layer, which significantly improved the microstructure of the 
Sb2Se3 absorber. In order to better understand the current limitations of 
CSS-deposited Sb2Se3 devices, the microstructure and defect properties 
are investigated in more detail in this work. This paper aims to give a 
significantly more accurate account on the orientations of poly
crystalline Sb2Se3 films and shed light on the physical origin and role of 
one of the deep defects prevalent in the Sb2Se3 absorber. 

Lately, a lot of attention has turned to the crystal anisotropy. Sb2Se3 
possesses orthorhombic crystal structure, where crystals form one- 
dimensional (1D) (Sb4Se6)n ribbons, in which atoms are covalently 
bonded (Ghosh, 1993; Liu et al., 2014). At the same time, ribbons 
adjacent to each other only bond via weak van der Waals’ forces. After 
proving that the carrier transport is more efficient along the covalently 
bonded (Sb4Se6)n ribbons than between them (Chen et al., 2017a), it 
became clear that carrier collection could be significantly improved 
provided that Sb2Se3 grains are preferentially grown along the c-axis, 
[001] crystal direction. To illustrate this, record Sb2Se3 solar cell 
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performance (η = 9.2%) was largely attributed to the nanoribbons 
exhibiting preferred orientation in the c-axis direction (Li et al., 2019c). 
Today, links between preferred orientation and device performance 
have been demonstrated in many studies, and are mainly proven 
through texture coefficient (TC) analysis derived from the XRD patterns 
(Li et al., 2019a, 2017; Liang et al., 2020; Wang et al., 2017; Zhang et al., 
2020; Zhou et al., 2020). By definition, TC value that is larger than 1 
indicates a preferred orientation of a hkl reflection compared with the 
random distribution of grains in a powder (Bérubé and L’Espérance, 
1989). Previously, it has been argued that the TC analysis might not be 
best suited for measuring texture in polycrystalline films with highly 
anisotropic crystallites, because the grain morphology could contribute 
to the overestimation of the actual texture (Ariosa et al., 2011). More 
recently, however, TC analysis was argued to be a trustable tool for 
evaluating preferred orientation in Sb2Se3 films, because the outcome 
was consistent with what was observed from pole figures measured by 
XRD (Pattini et al., 2020). Considering the above, pole figure mea
surements by XRD and orientation distribution maps by electron- 
backscatter diffraction (EBSD) were performed in addition to the TC 
analysis with the aim to provide more clarity regarding the grain 
orientation of the Sb2Se3 films. 

While favorable Sb2Se3 grain orientations enhance charge transport, 
numerous deep defects in Sb2Se3 trap and prevent carriers from being 
collected. A large VOC > 0.7 V deficit poses one of the many bottlenecks, 
explaining why Sb2Se3 devices are still far from the theoretical efficiency 
limit (Savory and Scanlon, 2019). For bandgaps of 1.1–1.3 eV, studies 
have reported VOC values between 0.36 and 0.43 V (Hobson et al., 2020; 
Li et al., 2019b, 2019c; Wang et al., 2017; Wen et al., 2018). Significant 
levels of recombination via deep traps can in large part explain the low 
VOC (Savory and Scanlon, 2019). Wen et al., were first to demonstrate 
multiple trap states deep in the band gap using deep-level transient 
spectroscopy (DLTS) (Wen et al., 2018). First-principles calculations by 
Huang et al., and Liu et al., also suggested that Sb2Se3 has large con
centrations of multiple defects, especially antisite defects, e.g. SbSe, SeSb 
and 2SeSb, that are located deep in the band gap (Huang et al., 2019; Liu 
et al., 2017). So far, there are only few admittance studies in the liter
ature exploring deep defects in Sb2Se3 devices. Chen et al., used 
temperature-dependent admittance spectroscopy (TAS) together with 
temperature-dependent conductivity measurements and found activa
tion energies of 96 meV and 111 meV, respectively (Chen et al., 2017a). 
These defect energy levels were ascribed to a SeSb antisite defect. Hu 
et al., has reported activation energies at 352 meV, 495 meV and 526 
meV, only ascribing the highest obtained energy to an interface defect 
(Hu et al., 2019, 2018b). Wang et al., demonstrated two defects with 
activation energies of 356 meV and 423 meV (Wang et al., 2020). Tang 
et al., reported two activation energies of 456 meV and 495 meV 
assigning these to VSe and SbSe, respectively (Tang et al., 2019). Com
parison of these studies shows significant discrepancies between the 
reported activation energies and the assignments to certain types of 
defects. Thus, further work is needed to elucidate the defect structure of 
Sb2Se3. 

This study presents a close analysis of grain orientation and defects in 
Sb2Se3 solar cells fabricated by close-spaced sublimation. XRD mea
surements were combined with advanced pole figure and electron 
backscatter diffraction measurements to study the grain growth and 
orientation in the absorber. The role of seed layer on the Sb2Se3 film 
structure and orientation is also discussed. Furthermore, TAS and CV 
profiling are performed to estimate the carrier density and potential 
deep defects. Better understanding of the Sb2Se3 film growth and defects 
helps to refine processing steps for tackling the dominant recombination 
processes, which are vital for improving Sb2Se3 device performance. 

2. Experimental 

2.1. Fabrication of Sb2Se3 thin film and solar cell 

Soda-lime glass substrates with a 200 nm thick 20 Ω sq− 1 fluorine- 
doped tin oxide (FTO) were used. TiO2 films with a thickness of 100 
nm were deposited onto FTO by ultrasonic spray pyrolysis at 340 ◦C 
(Eensalu et al., 2019). A precursor solution was used, where 0.1 M ti
tanium isopropoxide (TTIP) and acetylacetone (1:4 M ratio) were dis
solved in ethanol. Next, substrates were vacuum annealed at 120 ◦C and 
air-annealed at 450 ◦C for 30 min. Sb2Se3 absorber films were deposited 
from a Sb2Se3 powder (5 N, Sigma-Aldrich) using close-spaced subli
mation (CSS) setup under vacuum level of 10− 4 Pa. A 60 nm thick Sb2Se3 
seed layer was first deposited at 300 ◦C. Next, Sb2Se3 film with ~1.8 µm 
thickness was deposited at 450 ◦C. Au back contacts with square area of 
25 mm2 were vacuum evaporated through a Mica mask onto Sb2Se3 
absorber films. 

2.2. Sb2Se3 thin film characterization 

Sb2Se3 absorber films were imaged by Zeiss EVO-MA15 scanning 
electron microscope (SEM) equipped with a Zeiss HR FESEM Ultra 55 
system. X-ray diffraction (XRD) patterns were measured using a Rigaku 
Ultima IV diffractometer with Cu Kα radiation (λ = 1. 54 Å, 40 kV, 40 
mA). Texture analysis was performed by PANalytical MRD X-ray 
diffractometer equipped with Eulerian cradle employing two-axis scans 
along φ and χ in increments of 5◦ each. The intensity distribution was 
recorded along full circles (φ = 0◦ to 360◦) and at sample tilts χ ranging 
between 0◦ and 85◦. Electron backscatter diffraction (EBSD) orientation 
maps were acquired using a Zeiss UltraPlus scanning electron micro
scope equipped with an Oxford Instruments Symmetry EBSD detector. 
The measurements were conducted at a beam energy of 20 keV and a 
beam current of about 6nA, by use of the acquisition and evaluation 
software AZtec. 

2.3. Device characterization 

J-V curves were measured using an AUTOLAB PGSTAT 30 and an 
Oriel class A solar simulator 91159A (100 mW cm− 2, AM1.5) in ambient 
air at room temperature. The external quantum efficiency (EQE) spectra 
were measured using a monochromatized light source (Newport 300 W 
Xenon lamp, 69911 with a monochromator Newport Cornerstone 260), 
a Merlin digital lock-in detector and a factory-calibrated Si reference 
detector. Capacitance-voltage (CV) profiling was performed at room 
temperature with a HP 4284 LCR meter at frequencies ranging from 0.5 
kHz to 20 kHz and 30 mV ac voltage. DC bias was scanned from –0.3 V to 
0 V. Temperature dependent admittance measurements were made with 
a HP 4284 LCR meter in R–X (resistance–reactance) mode at 0 V bias 
and 30 mV ac voltage. Frequency was varied from 0.1 kHz to 1 MHz. 
Temperature was varied from 80 K to 320 K. 

3. Results and discussion 

3.1. Analysis of Sb2Se3 grain orientation 

The film structure of Sb2Se3 films was characterized by scanning 
electron microscopy (SEM). Under investigation were two structures: (1) 
Sb2Se3 with a seed layer (labelled as ‘Sb2Se3 + SL’; see Experimental 
section) between TiO2 buffer and Sb2Se3 absorber and (2) Sb2Se3 
without seed layer. Cross-sectional SEM images of these two structures 
are shown in Fig. 1. Sb2Se3 + SL film, as shown in Fig. 1b, possesses a 
more compact structure as compared to the Sb2Se3 without seed layer in 
Fig. 1a. When comparing the two absorber films, it is likely the seed 
layer laid the groundwork for producing columnar grains and increased 
compactness. 

Improved growth of Sb2Se3 has been explained by seed layer creating 
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ribbon-like seeds that start coalescing into columnar grains during the 
subsequent deposition process (Spalatu et al., 2021). Due to strong re- 
sublimation at 450 ◦C CSS processing, only a small number of seeds, 
from which grains evolve, remain active on the surface. This explains 
why the seed layer cannot be distinguished from Fig. 1b. 

The two structures were then characterized by XRD to determine the 
crystal structure of Sb2Se3 films. As seen from Fig. 2a, Sb2Se3 films 
exhibit crystal structure with orthorhombic Pbnm space group symmetry 
(JCPDS 15–0861); no secondary crystal phases were detected. To 
examine variation in crystal orientation, texture coefficient (TC) was 
calculated from Eq. (1): 

TC(hkl) =
I(hkl)
I0(hkl)

×

[
1
N

∑N

i=0

I(hikili)

I0(hikili)

]− 1

(1)  

where I(hkl) is the intensity obtained experimentally for a given 
reflection with hkl indices, I0(hkl) is the reference intensity for the cor
responding reflection acquired from the JCPDS Card No. 15–0861, and 
N is the number of reflections considered in the calculations (Bérubé and 
L’Espérance, 1989). 

Calculated TC values are presented in Fig. 2b, revealing that both 
Sb2Se3 films with and without seed layer have lower TC values for (hk0) 
planes than for (hk1) planes. When comparing the two films, it can be 
noted that the TC values for (hk0) planes are always lower in Sb2Se3 +

SL. Given that the 221 and 231 planes show higher TC values, this could 
imply more Sb2Se3 crystals are orienting along the c-axis direction, 
which is reportedly beneficial for charge transport (Li et al., 2019c). 
Noteworthy is also the difference between TC values found for the 002 
peak. While Sb2Se3 + SL reaches TC of 1.2 for the (002) plane, the 
corresponding value for Sb2Se3 without seed layer stands low at 0.2. 
Knowing that the 002 peak refers to vertical Sb2Se3 crystals, high TC 

values shared between the 221, 231, and 002 planes could indicate that 
the Sb2Se3 + SL might grow preferentially along the [001] direction. To 
further study the grain orientation, advanced texture measurements 
were subsequently conducted. 

Fig. 3 displays pole figures of the Sb2Se3 absorbers in 020 and 002 
projections measured by XRD. Each pole figure is provided with an in
tensity scale, where the intensity correlates directly to the multiple of 
random distribution (MORD). Larger is the multiple of random distri
bution, stronger is the texture (strong texture translates into preferred 
orientation) (Abou-Ras et al., 2018). It was noted that Sb2Se3 without 
seed layer showed stronger intensity for the 020 peak, while Sb2Se3 + SL 
recorded significantly stronger intensity for the 002 peak. The MORD of 
002 peak at χ = 0◦ for Sb2Se3 without seed is around 0.5, while it 
increased by a factor of 5 for the Sb2Se3 + SL. These results agree well 
with what was found from the TC analysis. Although pole figures 
showed a similar trend, the increase of intensity of the 002 plane was not 
as drastic for it to be considered a strongly preferred orientation. At this 
point, it is worth noting that pole figures for Sb2Se3 grown on TiO2 have 
not yet been reported. In a recent study by Pattini et al., pole figures 
were measured for Sb2Se3 films grown onto glass, molybdenum, CdS, 
FTO and ZnO. Among the substrates, strongest texture along the [001] 
direction was found for the Sb2Se3 grown on FTO, proven by strong pole 
intensity of the 061 peak (Pattini et al., 2020). Considering that, the 
present study offers an additional view, by means of pole figures, into 
the grain orientation of the Sb2Se3 absorber deployed in the TiO2/Sb2Se3 
superstrate configuration. 

Texture measurements were also made on individual grains of 
Sb2Se3 + SL film via EBSD. The cross-sectional EBSD map shown in 
Fig. 4 illustrates that the Sb2Se3 layer does not exhibit any preferential 
growth direction. The average Sb2Se3 grain size was found to be around 
300–400 nm. This means that not all grains start their growth from the 

Fig. 1. Cross-sectional SEM image of Sb2Se3/TiO2/FTO/glass structures where in (a) Sb2Se3 absorber was grown without seed layer and in (b) Sb2Se3 absorber was 
grown onto seed layer. 

Fig. 2. (a) XRD patterns of FTO/TiO2/Sb2Se3 structures. (b) Texture coefficient values for respective crystal planes in Sb2Se3 films.  
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seed layer up to the top and there is still room for improvement. This also 
relates to achieving favorable grain orientation. Although neither pole 
figures by XRD nor orientation distribution mapping by EBSD found 
proof for preferred orientation, clear increase of beneficial 002 peak in 
Sb2Se3 + SL was still detected, which could stem from the increased 
columnar growth. Hence, it can be argued that further enabling 
columnar growth would not only increase grain size, but would also 
enhance texture along the [001] direction. As to the grain orientation, it 
is now clear the TC analysis is not a trustable tool to determine preferred 
orientation in the orthorhombic Sb2Se3. Instead, careful texture analyses 
are required to draw strong conclusions on the preferred orientation. 

3.2. Device performance and characterization 

PV parameters of the solar cells employing Sb2Se3 + SL and Sb2Se3 
without seed layer are listed in Table 1. The schematic of two solar cell 
configurations is presented in Fig. 5a. The dark and illuminated current 
density-voltage (J-V) curves are shown in Fig. 5b. The curves reveal that 
the Sb2Se3 + SL solar cell shows superior performance compared to the 
device without seed layer. Improved performance is also reflected from 
the increase in JSC, VOC, and FF parameters. As has been shown above, 
the seed layer helped to form columnar compact grains with (hk1) 
planes, which then seems to correlate with the improvement of PV 

parameters and device efficiency. In contrast, Sb2Se3 without seed layer 
had dispersed grains with increased presence of (hk0) planes and infe
rior device performance. 

External quantum efficiency (EQE) curves, as shown in Fig. 6a, 
support the above findings. Throughout the wavelength region from 350 
to 1050 nm, Sb2Se3 + SL device showed a higher spectral response. This 
suggests that the columnar microstructure allows more efficient 
collection of charge carriers, because the density of grain boundaries 
along the [001] direction is reduced. From the modified EQE plot, the 
value of the band-gap energy Eg was derived for the 3.7%-efficient 
Sb2Se3 device, shown in Fig. 6b. The band-gap of ~1.25 eV complies 
well with previous reports (Chen et al., 2015; Grossberg et al., 2020; 
Hobson et al., 2020). 

Despite seed layer deployment allowing notable improvement of the 
PCE, the 3.7% efficiency is still low compared with the best reported 
TiO2/Sb2Se3 solar cells (Chen et al., 2017b; Hobson et al., 2020). This 
means there are still several issues that need to be addressed. Low 
acceptor density and deep defects in the absorber may possibly limit 
performance (Chen et al., 2017a; Savory and Scanlon, 2019; Wen et al., 
2018). 

To gain insight into the carrier density and deep defects in the Sb2Se3 
absorber, TAS measurement and CV profiling were conducted. As none 
of the Sb2Se3 solar cells grown without seed layer exhibited shunt re
sistances large enough to measure capacitance, C, the results below are 
presented only for the best seed-assisted device. Capacitance was 
measured using an equivalent circuit model that includes a capacitor, a 
series resistor r and a resistor in parallel. Series resistance r was first 
extracted from the real part of impedance Z (f, T) at high frequencies 
(Levcenko et al., 2016). This was used in the calculation of capacitance 
from the real and imaginary part of impedance Z (f, T) signal (Scofield, 
1995). The capacitance response entails the response not only from free 
carriers, but also from bulk and possibly interface defects (Li et al., 

Fig. 3. Pole figures in 020 and 002 projections derived from the XRD measurements of Sb2Se3 films grown without and with seed layer onto TiO2/FTO/ 
glass substrates. 

Fig. 4. EBSD map with orientation distribution of the Sb2Se3 + SL film (given by false colors, see legend) superimposed on the pattern-quality distribution of the FTO 
layer. The orientation distribution indicates no pronounced texture of the Sb2Se3 + SL layer. 

Table 1 
Photovoltaic parameters of Sb2Se3 solar cells, where VOC is open circuit voltage, 
JSC is short circuit density, FF is field factor and η is the photoconversion effi
ciency. * Sb2Se3 + SL refers to device employing Sb2Se3 on seed layer.  

Sample VOC (V) JSC (mA cm¡2) FF (%) η (%) 

Sb2Se3 0.24 ± 0.1 21.1 ± 0.5 35 ± 3 1.6 ± 0.3 
Sb2Se3 + SL * 0.35 ± 0.1 24.9 ± 0.4 43 ± 2 3.8 ± 0.1  
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2019c). Fig. 7a presents the C–f curves measured in the temperature 
range from 80 K to 320 K. The derivatives of the capacitance curves were 
then taken to determine the relaxation frequencies ω0, found from the 
maxima of the –ωdC(ω)/dω plots, as shown in Fig. 7b. An Arrhenius plot 
of ω0 frequencies allows to determine activation energy EA and thermal 
emission prefactor ξ0 of a defect state by using Eq. (2) (Walter et al., 
1996): 

ω0 = 2πf0 = 2ξ0T2exp( − EA/kT) (2)  

where ξ0 is the thermal emission prefactor, k is Boltzmann constant, T is 
temperature and EA is activation energy. The Arrhenius plot in Fig. 8 
gives a single activation energy of EA = 0.39 eV with thermal emission 

prefactor ξ0 of 3 × 106 s− 1 K− 2. Hu et al., has found activation energies at 
0.3–0.4 eV and 0.2–0.6, assigning these to bulk defects (Hu et al., 2019, 
2018a, 2018b). Activation energies of 0.39–0.40 eV were also found in 
both CdS/Sb2Se3 and TiO2/Sb2Se3 solar cells (Spalatu et al., 2021). A 
defect level at 0.48 ± 0.07 eV has been reported in DLTS study, and 
attributed to a deep acceptor VSb (Wen et al., 2018). From first- 
principles calculations, transition energy levels were found for VSb1 
and VSb2 acceptor defects, which lay close to 0.39 eV (Huang et al., 
2019). DFT study calculated transition energy levels of 0.33 eV and 0.40 
eV for SbSe1 and SbSe2 antisite defects, which are deep acceptor defects 
(Stoliaroff et al., 2020). Also, hybrid DFT study located SbSe1, SbSe2 and 
SbSe3 antisite defects close to the 0.39 eV energy (Savory and Scanlon, 

Fig. 5. (a) Sb2Se3 + SL and Sb2Se3 device configurations and (b) current density–voltage (J-V) curves of the two respective devices.  

Fig. 6. (a) EQE curves of Sb2Se3 solar cells and (b) Band-gap energy of Sb2Se3 + SL derived from the modified EQE plot in the long wavelength region.  

Fig. 7. (a) C-f-T curves measured from 80 K to 320 K and (b) –ωdC(ω)/dω vs f curves of TiO2/Sb2Se3 solar cell.  
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2019). Given that the activation energies of 0.39–0.40 have been found 
in multiple devices, and the theoretical calculations predicted deep 
acceptor energy levels close to 0.39 eV, the activation energy obtained in 
the present study can be assigned to a deep acceptor defect. 

To estimate the density of this defect, CV profiles were measured at 
room temperature. Since the defect band is centered at 10 kHz at room 
temperature, CV profiles were taken at similar modulation frequencies. 
Fig. 9 reveals the CV profiles take U-shaped curves, something that is 
commonly seen in polycrystalline thin film PV devices, and which could 
be indicative of either deep defect states, back contact barriers or full 
depletion of the absorber layer caused by large reverse bias (Cabas- 
Vidani et al., 2018; Eisenbarth et al., 2010; Hadke et al., 2019; Teymur 
et al., 2021). While the minima of the CV profiles are used to estimate 
the carrier density, the decrease in the minima values from 4.8 × 1017 to 
2.0 × 1017 cm− 3 also gives a rough estimate over the defect density that 
could be in the order of 1017 cm− 3. The free carrier density is estimated 
to be lower due to the lower values at higher frequencies, but cannot be 
reliably estimated from this experiment. High resistivities of Sb2Se3 
absorber films that were determined to lie in the 105–106 Ω∙cm range 
(Spalatu et al., 2021) indicate that the free carrier density might be 
substantially lower than the charge densities obtained from CV profiling, 
which also includes contributions from the deep defects. 

From the fact that the admittance spectroscopy results are consistent 
with the results from CV profiling and that the hot-probe analysis has 
demonstrated poor, yet clear p-type conductivity for the Sb2Se3 absorber 
films on glass, it can be assumed that the free carrier density stems from 
this deep acceptor defect. Considering this, the free carrier density can 
be calculated by using Eq. (3) (Sze and Ng, 2006; Teymur et al., 2021): 

p = 1
/ ̅̅̅

2
√

× (NV NA)
1/2exp( − EA/2kT) (3)  

where NV is the effective density of states of valence band, taken to be 1 
× 1019 cm− 3, NA is 2.0 × 1017 cm− 3, which is the carrier density taken 
from CV analysis and EA is 0.39 eV, that was found in TAS analysis. 

The free carrier density calculated at room temperature gives ~5 ×
1014 cm− 3, which is significantly lower than the total charge densities 
estimated from the CV profiles. This is higher than the free carrier 
density of 1.8 × 1013 cm− 3 reported for the intrinsic Sb2Se3 films (Chen 
et al., 2017a). Nevertheless, the carrier density below 1015 explains the 
large Sb2Se3 resistivity (Spalatu et al., 2021) and the fact Sb2Se3 cannot 
be measured with Hall measurement technique (Chen et al., 2017a; 
Hobson et al., 2020). Overall, this finding illustrates that in addition to 
further optimization of the Sb2Se3 microstructure, extrinsic doping 
steps, such as with copper, tin or halogenides, must be introduced to 
address low free carrier density and high density of defects. 

4. Conclusion 

In the present study, we performed careful analysis on the grain 

orientation and deep defects in Sb2Se3 solar cells fabricated by close- 
spaced sublimation. Through the combination of pole figures 
measured by XRD and orientation distribution maps performed by 
EBSD, we refined the understanding of grain orientation in the emerging 
Sb2Se3 thin film solar cell absorber. The microstructures of two thin 
films were compared, i.e. Sb2Se3 grown on a TiO2 seed layer and plain 
Sb2Se3 without any seed layer. The seed-assisted Sb2Se3 film exhibited 
more compact, columnar grains and significantly stronger texture along 
the [001] direction, as compared with the plain Sb2Se3, which had 
dispersed grain structure and a measurable texture along the [010] di
rection. The seed-assisted Sb2Se3 devices performed clearly better, 
which was attributed to the improved absorber microstructure, 
enhancing charge transport across the absorber layer. Our results indi
cate that the seed layer deployment serves as one of the processing 
routes for attaining preferential Sb2Se3 growth along the [001] direc
tion. The present study also investigated the free carrier density and 
deep defects in the absorber by performing CV and TAS measurements 
on the seed-assisted Sb2Se3 device. TAS analysis revealed an activation 
energy of 0.39 eV that was assigned to a deep acceptor defect. From CV 
profiles, the sum of defect and the free carrier density were estimated to 
be at ~1017 cm− 3. Free carrier density that was calculated from the deep 
defect band revealed a significantly lower value of ~5 × 1014 cm− 3. This 
value is consistent with large resistivities shown by intrinsic Sb2Se3 
films. This in turn shows the defect density in the Sb2Se3 device could be 
in the order of 1017 cm− 3. Overall, the present study demonstrated that 
both, structural and optoelectronic properties, require additional pro
cessing routes, such as post deposition treatments and doping, to sub
stantially boost the Sb2Se3 solar cell efficiency. 
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Fig. 8. Arrhenius plot of the inflection frequencies of TiO2/Sb2Se3 device, from 
which activation energy and thermal emission prefactor were deduced. Fig. 9. CV profiles for TiO2/Sb2Se3 solar cell showing carrier density decrease 

with increasing frequency. 
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