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A B S T R A C T   

In this work, we investigate the impact of grain structure and ribbon orientation on Sb2Se3 solar cells deposited by close space sublimation (CSS). Films of Sb2Se3 
were produced using either a single-stage low-temperature “seed-layer” deposition, a high-temperature “growth-layer” deposition, or a combined two-stage depo-
sition process combining both “seed” and “growth” layers. This study demonstrates the essential nature of the “seed” layer to achieve the required substrate coverage 
and ensure functioning Sb2Se3 solar cells by this technique. A photovoltaic efficiency of 5.07 % was obtained by fabricating solar cells with a two-stage Sb2Se3 growth 
process using the structure (FTO/TiO2/Sb2Se3/P3HT/Au) in superstrate configuration. Comparisons were made between device performance and ribbon orientation 
assessed by XRD measurements via a ribbon carrier transport (RCT) analysis method, as well as with surface coverage and grain size. The addition of a second growth 
stage was found to result in a more vertical ribbon orientation compared to a single low temperature deposition, however predominantly controls the overall surface 
coverage. We observe no obvious links between the orientation of ribbons and the cell performance. Instead we propose that the performance, and in particular the 
device VOC, is more strongly determined by the overall grain structure rather than simply by the ribbon orientation.   

1. Introduction 

Thin film solar cells including CdTe, Cu(In,Ga)Se2 (CIGS), and MAPI 
perovskite, have achieved relatively high levels of efficiency and in-
dustrial implementation. However each technology has it is own con-
cerns, the scarcity of Te, In, and Ga and the toxicity associated with Cd 
and Pb present limitations [1]. Cu2ZnSn(Se,S)4 has long been considered 
a promising material due to its low cost and non-toxic constituent ele-
ments [2]. Unfortunately, the presence of carrier trapping defects and 
the complex phase composition have limited efficiency progression [3, 
4]. Simple binary chalcogenides which can be more reliably produced 
appeal as alternative absorbers, particularly if they have lower toxicity, 
and good abundance [1]. A prime example of such a material is anti-
mony selenide (Sb2Se3) which has made significant strides. It exhibits 
desirable characteristics such as a near optimal band gap with a 
particularly high absorption coefficient [5–8]. The current champion 
device for Sb2Se3 thin-film solar cells stands at 10.57 % [9] but there is 
significant scope for further development given spectroscopy limited 
maximum efficiency (SLME) and radiative limit calculations suggest an 
upper limit of >30 % [10,11]. 

The structure of Sb2Se3 consists of a one-dimensional nanoribbon 
lattice, formed via (Sb4Se6)n units that are interconnected through van 
der Waals forces in the [010] and [100] directions. In contrast, the units 

are held together through strong covalent bonds in the [001] direction 
[12,13]. This anisotropic bonding has been proposed to result in 
direction-dependent carrier transport properties [13]. Theoretical cal-
culations indicate that (110) and (120) surfaces possess components 
which have lower formation energies and are terminated with 
non-dangling bonds [14]. Consequently, there is a propensity for Sb2Se3 
grains to grow with their c-axis parallel to the junction [15], although 
absorber layers comprising of vertically aligned Sb2Se3 ribbons 
perpendicular to the junction should, theoretically, exhibit favourable 
carrier extraction and thus device performance. This has previously been 
observed to an extent via a negative correlation between device effi-
ciency and (120) orientation in films which is attributed to a higher 
series resistance [14]. In this work we have used the space group #62 
Pbnm setting for the Miller indexing of planes in Sb2Se3 for which a =
11.648, b = 11.794 and c = 3.986 Å and the covalently bonded ribbons 
lie parallel to the c-vector, [001] [16]. 

Growth of Sb2Se3 thin films by high temperature physical vapor 
deposition (PVD) techniques such as close space sublimation (CSS) can 
be highly challenging. As well as typical requirements of a compact, 
dense, pinhole-free [17] film structure, there is also the perceived need 
to achieve a preferential ribbon orientation. A large focus of the research 
field to date has been to optimize the orientation of ribbons to maximize 
carrier transport and reduce grain boundary recombination [18,19]. 
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This has been shown to have links to deposition conditions [20,21] 
hence is often a key consideration when determining optimal growth 
parameters. Despite the potential of less problematic grain boundary 
behaviour [22], it may still be beneficial to achieve large grain sizes. 
Whilst grain boundaries in Sb2Se3 may be less harmful recombination 
centres they may still act to channel carriers [22], meaning grains which 
extend the full thickness of the film are required. 

The evidence for strongly anisotropic electronic properties of Sb2Se3 
is conclusive, however it remains unclear the extent to which the grain 
orientation of films impacts the overall performance of solar cells. The 
anisotropic carrier mobility in particular is assumed to result in a 
significantly higher resistivity of films with a strong (hk0) orientation 
compared to those without. However, although the ratio of resistivity 
between the different crystallographic directions might be sizeable, the 
total absolute resistivity this adds to a device stack, and therefore it’s 
importance for Sb2Se3 solar cells (especially at this stage in their 
development) might not. Given the highest efficiency devices tend to be 
solution processed at relatively low temperature, and therefore comprise 
of a relatively large fraction of grains parallel to the substrate, the 
additional series resistance this imparts would be expected to most 
severely reduce short circuit current density. However, this does not 
appear to be the case, with 33.52 mA cm− 2 output from a device with 
large (hk0) diffraction peaks compared to a detailed balance limit of 
~40 mA cm− 2, despite parasitic absorption from the glass substrate, 
transparent electrode and a relatively thick CdS layer [9]. Indeed, there 
are numerous instances of devices with strong hk0 peaks which have 
current densities approaching the detailed balance limit, with the 
remaining deficit largely due to optical losses in other parts of the device 
stack [23]. This suggests Sb2Se3 solar cells can achieve very high current 
densities in spite of many hk0 orientated grains, which raises the 
question of whether the emphasis placed on grain orientation engi-
neering in literature is well founded. 

The primary limits to higher efficiency Sb2Se3 devices are unam-
biguously open circuit voltage (Voc) and fill factor (FF). Whilst carrier 
mobility (and by extension any anisotropy due to crystal structure) can 
influence Voc, this is not the argument put forward in most reports, and 
there is no evidence of a strong dependence in literature. Likewise, 
whilst the fill factor will be affected by series resistance, this does not 
seem to be the dominant restriction for Sb2Se3 solar cells. For example, 
we calculate the literature record CdTe device [24] (η = 20.8 %, FF =
79.8 %) to have a series resistance of ~2.02 Ω cm− 2 compared to 2.23 Ω 
cm− 2 for the record Sb2Se3 device [9] (η = 10.57 %, FF = 67.64 %) 
which has a strong hk0 orientation component. Clearly then, the series 
resistance does not appear to be the limiting factor to higher efficiencies 
at present. 

Our group has previously established a two-stage growth process 
including a “seed” layer followed by a main “growth” layer to achieve 
good film coverage and grain structure [13]. However, the relative 
benefits/limitations of seed and main layer growth have not been fully 
established. This work seeks to compare device series which separate the 
two stages and establish the level to which they control grain structure, 
ribbon orientation and device performance. We report a comparison of 
device performance with grain size, substrate coverage and the ribbon 
orientation of all samples determined using a simplified ribbon carrier 
transport (RCT) metric proposed by Pattini et al. [20]. Whilst the use of 
lower temperature deposition steps remains essential for coverage we 
find no discernible correlation between Sb2Se3 film orientation, growth 
conditions and photovoltaic device performance. We show that while 
good performance can be achieved using a single low temperature 
deposition step there is a minor performance benefit by the addition of a 
second higher temperature growth step. 

2. Experimental section 

2.1. Synthesis of Sb2Se3 thin-film solar cells 

A device structure of FTO/TiO2/Sb2Se3/P3HT/Au was used with 
TEC15 SnO2:F (FTO) coated soda-lime glass acting as both the substrate 
and transparent electrode. TiO2 precursor solutions were prepared in-
side a nitrogen-filled glovebox with two concentrations of 0.15 M and 
0.3 M, by the addition of 45 μl or 90 μl of titanium isopropoxide (TTIP) 
to 1 ml ethanol. 10 μl or 20 μl of an acetic acid catalyst was added for 
0.15 M and 0.3 M concentrations respectively before stirring at 400 rpm 
for 1 h. Finally, the TiO2 solutions were filtered into new bottles prior to 
deposition to remove particulates. TiO2 films with a thickness of ~50 nm 
were deposited on FTO glass substrate via spin coating. 200 μl of a the 
0.15 M TTIP solution was deposited at 1000 rpm for 10 s followed by 
3000 rpm for 30 s. After evaporating the residual solvent by placing the 
samples on a hotplate at 110 ◦C for 10min, the process was repeated for 
the 0.3 M TTIP solution. The TiO2 films were then annealed at 500 ◦C for 
30 min in air to recrystallize the films into an anatase phase [25]. 

The Sb2Se3 absorber layer was then deposited onto the TiO2 layers 
via either a one or two-stage close space sublimation process to separate 
the effect of each step on the cell performance. The lower temperature 
step we refer to as the “seed” layer with the higher temperature step 
referred to as the “growth” layer. Here we compare three separate 
samples sets: 

Set A - single “growth” layer: Sb2Se3 was deposited by pre-heating 
the source and substrate at 350 ◦C for 20 min under vacuum, with no 
deposition occurring at this temperature. The “growth” layer was the 
deposited with a 530 ◦C source temperature and 490 ◦C substrate tem-
perature, with deposition times ranging between 1 and 10 min, under a 
backfilled pressure of 10 Torr N2. 

Set B - single “seed’’ layer: Sb2Se3 layers were deposited with the 
source temperatures varied between 440 ◦C and 400 ◦C, whilst the 
substrate temperature was between 390 ◦C and 350 ◦C. The growth 
times were modified to achieve comparable thickness of ~ 600 nm ± 50 
nm in each case, and depositions were carried out under vacuum. 

Set C - Fixed “seed’ with varied “growth” layers substrate tem-
peratures: Finally, a set of samples were produced where the seed layer 
was deposited with a source temperature of 440 ◦C and substrate tem-
perature of 350 ◦C under vacuum for 17 min. Then a second “growth” 
layer step was then deposited with a source temperature of 530 ◦C, 
substrate temperature of either 490 ◦C or 420 ◦C, and with deposition 
time between 1 and 10 min under 10 Torr N2. This allowed a wide range 
of growth conditions to be compared and the impact on device perfor-
mance and ribbon orientation to be assessed. 

All samples were processed into solar cells using identical back 
contact processing of a P3HT organic hole transport layer, followed by a 
metal Au contact. A 10 mg/ml P3HT solution in chlorobenzene was 
prepared in a nitrogen filled glovebox. 100 μl of this solution was spin 
coated onto the Sb2Se3 back surface in air at 1000 rpm for 10s followed 
by 3000 rpm for 30s. Finally, Au was deposited by thermal evaporation 
as the back contact at a thickness of 50 nm at room temperature. 

2.2. Characterization 

Surface morphologies and elemental analysis of the films were 
observed by scanning-electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS) using a JEOL JSM 7001F. The microstructure of 
films was investigated by calculating the average grain size and the 
coverage which were determined by manually tracing the grain 
boundary edges, which can be analysed using ImageJ to calculate the 
area of each individual grain [26]. 

X-ray diffraction (XRD) was carried out with monochromated Cu Kα 
radiation (λ = 1.5406 Å) to characterize the crystal structure of the 
samples using a Rigaku SmartLab system in parallel beam geometry. 
Current-voltage (JV) measurements were taken under AM1.5 
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illumination using a TS Space Systems solar simulator (class AAA). A 
Keithley 2400 source-measure unit recorded the output current for 
measurement for bias range of -1V to +1V for each scan at room tem-
perature. External quantum efficiency (EQE) measurements were taken 
using a Bentham PVE300 device calibrated with a silicon photodiode. A 
300–1100 nm range was used with no white light biasing applied. 

3. Result and discussion 

3.1. Deposition of Sb2Se3 on hot substrate with various “growth” layers 
conditions 

The overall focus of this study is to identify key CSS deposition 

conditions for Sb2Se3 thin-film absorbers and solar cells. The intention is 
to determine preferable processing conditions for grain growth and 
orientation, and to understand their relation with the device’s perfor-
mance. As a first stage of this a series of cells were produced which had a 
single high temperature deposition step. Such a high temperature 
“growth” layer step is often used during CSS deposition of Sb2Se3 to 
encourage a large grain structure by recrystalising material pre- 
deposited during a lower temperature growth stage [13]. Here we 
consider this layer in isolation however in order to gain an under-
standing of the quality of the layers produced, but in the expectation film 
structure was likely to be unsuitable. 

Sb2Se3 layers were deposited on TEC15/TiO2 underlayers using 
deposition conditions of TSource = 530 ◦C with TSub = 490 ◦C for 1, 2, 4 

Fig. 1. SEM image of “growth” layer films deposited at Tsource = 530 ◦C and Tsubstrate = 490 ◦C for a)1 min b) 2 min c) 4 min and d) 10 min, all under 10 
Torr nitrogen. 

Fig. 2. a) XRD patterns recorded for TiO2/Sb2Se3 structures using “growth” layer conditions with different deposition time and b) texture coefficient determined 
from XRD patterns for each sample. The main index surfaces for Sb2Se3 used for RCT analysis, any peaks not labelled are also from Sb2Se3. 
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and 10 min under 10 Torr of nitrogen. These films were observed to be 
semi-transparent to the naked eye implying poor substrate coverage. 
Fig. 1 shows a top down SEM image of the Sb2Se3 films deposited for the 

different deposition times. 
It is immediately clear that there is very poor coverage of the sub-

strate using this one stage deposition process. In Fig. 1a, films deposited 
for 1-min duration show a sparsely populated substrate, covered with 
elongated rod-like grains, which are characteristic of the Sb2Se3 due to 
its one-dimensional crystal structure. Increasing the deposition time 
leads to fewer grains, presumably as the material coalesces together, 
resulting in a slightly larger typical grain size as show in Fig. 1b and c, 
but the substrate coverage remains poor. Fig. 1d shows the film 
morphology after increasing the deposition time to 10 min. The sub-
strate coverage was significantly improved, and the film had a much 
larger grain size, but it is not compact and there are still distinct voids 
visible, therefore the film structure remains unsuitable for device 
fabrication. 

The same samples were then analysed via XRD to determine the 
impact of the growth conditions on the [Sb4Se6]n nanoribbon orienta-
tion relative to the substrate. Fig. 2 shows XRD patterns of Sb2Se3 ab-
sorbers with reference patterns for Sb2Se3 and underlying SnO2. The 

Table 1 
TC and RCT values determined from XRD analysis for Sb2Se3 (hkl) orientations studied for samples prepared with “Growth” conditions for different deposition time.  

Deposition time  *020 *120 *130 *211 *221 *002 *301 *041 *141 *061 ΣTC(hk0) ΣTC(hkl) l∕=0 ΣRCT (%) 

1 min TC 2.6 0.9 1.9 0.6 1.1 0.0 1.2 0.0 1.1 0.7 5.5 4.5   
RCT 0.0 0.0 0.0 0.4 0.8 0.0 0.8 0.0 0.6 0.3   2.9 

2 min TC 6.3 1.0 0.7 0.2 0.5 0.0 0.2 0.0 0.6 0.5 8.0 2.0   
RCT 0.0 0.0 0.0 0.1 0.4 0.0 0.2 0.0 0.3 0.2   1.2 

4 min TC 5.7 1.5 1.1 0.1 0.3 0.0 0.2 0.0 0.8 0.3 8.3 1.7   
RCT 0.0 0.0 0.0 0.1 0.2 0.0 0.1 0.0 0.4 0.1   1.0 

10 min TC 1.9 0.5 0.7 0.9 1.6 0.0 0.8 0.0 2.3 1.2 3.1 6.9   
RCT 0.0 0.0 0.0 0.7 1.1 0.0 0.6 0.0 1.3 0.5   4.3  

Table 2 
Sb2Se3 crystallographic orientations, their associated ribbon angles relative to 
the surface normal, and the effective vertical component (EVC) of each ribbon 
direction.  

Crystallographic 
Orientation 

Ribbon angle relative to 
surface normal (◦) 

Effective Vertical 
Component (EVC) 

(002) 0 1 
(211) 37.3 0.79 
(221) 43.8 0.72 
(301) 45.7 0.70 
(041) 53.4 0.60 
(141) 54.2 0.58 
(061) 63.6 0.44 
(hk0) 90 0  

Fig. 3. SEM of Sb2Se3 films deposited at a) TSource = 400 ◦C with TSub = 350 ◦C, b) TSource = 440 ◦C with TSub = 350 ◦C and C) TSource = 440 ◦C with TSub = 390 ◦C.  

Fig. 4. a) XRD patterns recorded for TiO2/Sb2Se3 with various “seed” deposition conditions and b) texture coefficient analysis determined from XRD patterns.  
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pattern analysis was carried out with respect to orthorhombic structure 
with Pbnm space group symmetry. Analysis of Sb2Se3 patterns is 
complicated by the sheer number of peaks, however it is crucial to assess 
the impact of anisotropic carrier transport. It has been presumed that 
orientation with ribbons at normal, or as close to normal as possible, 
with respect to the junction is preferable for carrier transport. The 
presence of (hk0) reflections in diffraction patterns is therefore unde-
sirable since they correspond to grains where nanoribbons are oriented 
parallel to the junction, with (hkl)l∕=0 being targeted instead. However, 
recent theoretical analysis has contradicted this somewhat suggesting 
Sb2Se3 does in fact have quasi-2D carrier transport [10], and it is notable 
that the current champion device has a significant content of (hk0) 
texture [9]. A key target of this study was to track the ribbon orienta-
tions and relate it to device performance to see if any correlation could 
be determined. 

Firstly, in order to quantify the degree of orientation preference of 
crystalline planes, the texture coefficient (TC) was calculated according 
to the Harris’ formula [27]: 

TC(hkl)=
I(hkl)
I◦ (hkl)

/
1
N

∑N

i=1

I(hikili)

I◦ (hikili)

Where (hkl) are the Miller indices, I(hkl)/I0(hkl) is the ratio of diffrac-
tion intensity between a measured thin film and a randomly oriented 
Sb2Se3 powder for a specific peak, and N the number of diffraction peaks 
considered in the analysis (here N = 10). The presumed undesirably 
orientated crystal planes whereby the nanoribbons lie flat along the 
substrate can be identified as (hk0), which are (020), (120) and (130), 
while the (hkl)l∕=0 is represent the other orientations along c-axis di-
rection which are (211), (221), (002), (301), (041), (141) and (061). 
Fig. 2b shows the determined TC values for each of the four growth 
times. While there are noticeable changes between the samples, it re-
mains difficult to process the overall impact on the “preferable” ribbon 
orientations. To further simplify the analysis we have adopted the pro-
cess established by Pattini et al. [20] where by weighting each TC with 
an “Effective Vertical Component” (EVC), we can define a “Ribbon 

Table 3 
TC and RCT values for Sb2Se3 (hkl) orientations studied on “Seed”- layer samples grown at different temperature combinations.  

Temperature  020 120 130 211 221 002 301 041 141 061 ΣTC(hk0) ΣTC(hkl) l∕=0 ΣRCT (%) 

400◦C–350 ◦C TC 1.1 0.5 0.8 0.4 0.6 0.3 0.7 2.0 1.3 2.2 2.4 7.6   
RCT 0.0 0.0 0.0 0.4 0.5 0.3 0.5 1.2 0.8 1.0   4.5 

440◦C–350 ◦C TC 1.0 0.4 0.4 0.9 1.2 0.7 1.1 1.9 1.4 1.0 1.8 8.2   
RCT 0.0 0.0 0.0 0.7 0.9 0.7 0.7 1.2 0.8 0.4   5.4 

440◦C–390 ◦C TC 0.8 0.7 1.0 0.7 1.3 0.8 1.1 1.6 1.2 0.8 2.5 7.5   
RCT 0.0 0.0 0.0 0.6 0.9 0.8 0.8 1.0 0.7 0.3   5.1  

Fig. 5. Cell performance parameters for Sb2Se3 “seed” layer devices at various source-substrate temperature combinations a) Voc, b) Jsc, c) efficiency and d) FF.  
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Carrier Transport “(RCT) metric. Where; 

RCT =TC × EVC 

The EVC is calculated by taking the cosine for each orientation angle, 
the angle formed between the surface normal and the ribbon, e.g. 
0◦ represents vertical and 90◦ horizontal. The list of the crystallographic 
orientations, angles and EVC value for the chosen ribbon presented in 
Table 2. These values are used to calculate ΣRCT, where a larger value 
reflect a higher angle of orientation relative to the substrate and hence 
higher values are considered favourable. RCT values are calculated for 
each sample in Table 1. Comparing the four samples we see that the 
change in growth time has not had a systematic influence on the overall 
orientation. All samples compare have a significant (hk0) peaks and 
samples with the highest TC for these values translate into lower RCT 
values. RCT is a minimum of 1 at 4 min and 4.3 for the longest deposition 
time. There is also no presence of the ‘ideal’ ribbon orientation signified 
by the (002) texture there but are peaks for the favourable (211) and 
(221) textures. We note that for some films, in particular those shown in 
Fig. 1b and c, suggests the peak height from XRD measurements is likely 
to have large uncertainties associated with them due to limited sampling 
statistics, resulting from the large grain size combined with sparse 

Fig. 6. a) J-V and b) EQE curves for highest efficiency contacts for Sb2Se3 devices deposited using a single “seed” layer growth step.  

Table 4 
PV parameters performance for champion cells.  

Samples VOC 

[V] 
JSC [mA 
cm− 2] 

FF 
[%] 

η 
[%] 

RS 

[Ω] 
RSH 

[Ω] 

440 ◦C–390 ◦C 0.39 18.63 34.28 2.54 12.26 10.28 
440 ◦C–350 ◦C 0.39 23.62 47.81 4.45 4.87 309.89 
400 ◦C–350 ◦C 0.43 19.17 44.15 3.62 9.59 186.45  

Table 5 
Film thickness as a function of deposition time and substrate temperature.  

Time (min.) Film Thickness (nm) 

420 ◦C 490 ◦C 

1 751 731 
2 800 602 
4 848 740 
10 3100 925  

Fig. 7. SEM of films deposited with a growth layer at Tsubstrate 490 ◦C for a)1min, b) 2min, c) 4min, d)10 min and Tsubstrate = 420 ◦C for e)1min, f) 2min, g) 4min, h) 
10 min. 
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substrate coverage. Nonetheless, given the good agreement between 
SEM images showing nano-rods lying flat on the substrate, and the (hk0) 
reflections in the corresponding diffraction patterns, we can conclude 
that there are sufficient sampling statistics for the purpose of this study. 
Therefore, the film structure is clearly unsuitable for high performance 
devices, which highlights that the need for a seed layer step during CSS 
growth. 

3.2. Sb2Se3 “seed” layer films 

Here devices were produced using a single low temperature “seed” 
deposition step with three source-substrate temperature combinations 
compared: i) TSource = 440 ◦C with TSub = 390 ◦C, ii) TSource = 440 ◦C 
with TSub = 350 ◦C and iii) TSource = 400 ◦C with TSub = 350 ◦C. For each 
set of conditions, the growth was carried out under vacuum to achieve a 
workable growth rate and the growth time was modified to produce 
equivalent thickness of ~600 nm. This sample set was produced in 
attempt not only to gauge the ability of a single step lower temperature 
deposition to produce good quality films, but also to compare the 

respective impact of source and substrate temperature. 
Fig. 3 shows top-down SEM images of the three separate Sb2Se3 

deposition temperature conditions for films on top of FTO/TiO2. In 
Fig. 3a films deposited at TSource = 400 ◦C with TSub = 350 ◦C show a 
defined and reasonably large grain structure. Maintaining the same 
substrate temperature but increasing the source temperature to 440 ◦C 
leads to a reduction in grain size and even more open grain structure 
with some clear void areas (Fig. 3b). The reduced grain size follows 
broadly with expectations from the structure zone model and basic thin 
film nucleation theory [28]. We would anticipate a smaller critical nu-
cleus size due to the faster arrival rate and high adatom mobility for an 
increased source temperature, producing a film with smaller typical 
grains [29,30]. Maintaining this high source temperature, but increasing 
the substrate temperature to 390 ◦C, Fig. 3c, shows that these films again 
conform to expectations. The increased substrate temperature increases 
the adatom surface mobility, thereby increasing the critical radius as 
well as grain size. Whilst this is broadly in line with expectations from 
the structure zone model, there is also evidence from literature that the 
anisotropic growth rate of the crystallographic surfaces has a decisive 
role in grain size and morphology [31]. Because of the pseudo-1D crystal 
lattice of Sb2Se3 it may be that the material does not conform to the same 
growth mode patterns as 3D materials in all temperature regimes. 
Clearly further work is required to develop a complete understanding of 
the nucleation and growth mechanisms for these low dimensional 
materials. 

Samples in set B were then analysed via XRD in order to determine 
the influence of the “Seed” layer deposition conditions on the ribbon 
orientation relative to the substrate. Fig. 4a shows XRD patterns of 
Sb2Se3 absorbers with reference patterns for Sb2Se3 and SnO2. We again 
conducted analysis of the TC and RCT parameters shown in Fig. 4b and 

Fig. 8. XRD patterns (a,b) and texture analysis (c,d) of films with a seed layer deposited at Tsource 440 ◦C - Tsubstrate 350◦C- under vacuum, followed by a growth layer 
deposited with Tsource = 530 ◦C under 10 Torr N2, and a substrate temperature of either Tsubstrate 490 ◦C (top) or Tsubstrate 420 ◦C (bottom). 

Table 6 
Summary of ΣRCT value for two-stage grown films.  

Time (min.) ΣRCT (%) 

420 ◦C 490 ◦C 

1 min. 6.3 6.2 
2 min. 6.1 6.2 
4 min. 6.3 6.2 
10 min. 6.4 6.2  
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Table 3 for each of the three growth conditions. It is very difficult to 
judge the overall impact on the “preferable” ribbon orientations directly 
from the diffraction patterns, or even somewhat from TC values. The 
TSource = 400 ◦C, TSub = 350 ◦C device has the highest unfavourable 
(020) coefficient and lower TC for the favourable (002), (211) and (221) 
peaks. By calculating the RCT values we can simplify this analysis 
though. The 400 ◦C/350 ◦C device has a lower ΣRCT value of 4.5 
compared to the other samples of 5.1 and 5.4. It is notable that the 
highest ΣRCT (i.e. nanoribbons are more vertical) is attained not by 
increasing the substrate temperature, but by maintaining it at 350 ◦C 
and increasing the source temperature. This implies that higher depo-
sition rate, as achieved by increased source temperature, has more of a 
controlling factor than substrate temperature. 

The seed layer films were then processed into complete devices via 
addition of P3HT/Au contact grids. The cells performance parameters 
were measured via JV analysis and shown in Fig. 5. JV and EQE curves 
for the highest efficiency contacts from each device are given in Fig. 6, 
with associated peak performance parameters in Table 4. The higher 
substrate temperature sample at Tsub = 390 ◦C produced significantly 
poorer performance due to particularly low FF values as can be seen 
from the shape of the associated JV curve. The highest efficiency 

recorded was for the higher source temperature with lower substrate 
temperature (TSource = 440 ◦C with TSub = 350 ◦C) at 4.45 % but this 
sample showed a much greater degree of variance in device perfor-
mance. This is likely attributable to the void regions visible in Fig. 3b, 
meaning a number of shunted regions may be formed which impact 
performance of certain contacts the lower temperature combination 
sample (TSource = 400 ◦C with TSub = 350 ◦C) had much more consistent 
performance and also had a significantly improved Voc at 0.43 V 
compared to <0.41V for the other samples. The primary improvement 
for the peak performance device was due to an increased Jsc for the 
TSource = 440 ◦C with TSub = 350 ◦C device. From the EQE, it can be seen 
that there are losses across all optical spectrum rather than in a partic-
ular range, indicating that losses were due to poor optical absorption or 
interfacial reflection losses. 

Comparing device performance to our ΣRCT values we see that the 
device with the lowest ΣRCT has the highest VOC. High VOC is typically 
taken as a marker of overall material quality so clearly a poorer ribbon 
orientation has not overtly impacted performance. It may be that the 
relative orientations fall within a “tolerable” orientation range which is 
not sufficiently poor to compromise carrier transport. The improved Voc 
may instead relate to the significantly larger grain size of for this device. 
Whilst Sb2Se3 is believed to have a degree of grain boundary defect 
tolerance [22], one will still anticipate a reduction in presence of grain 
boundaries to be beneficial as observed for other materials such as CdTe 
[30]. For this device series increasing the grain size appears to have been 
beneficial for VOC. 

There are two takeaways from this initial device series. Firstly, it is 
possible to get respectable device efficiency, in particular Voc, using a 

Fig. 9. a) Voc, b) Jsc, c) Efficiency and d) FF for cells deposited with a fixed seed layer but varied substrate temperatures and deposition periods.  

Table 7 
PV parameters performance for champion cells.  

Samples VOC [V] JSC [mA cm− 2] FF [%] η [%] RS [Ω] RSH [Ω] 

490 ◦C 0.40 24.14 49.62 4.81 4.85 1050.30 
420 ◦C 0.40 25.47 49.53 5.07 4.89 1249.16  
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single lower temperature deposition step, something not possible from a 
single high temperature deposition step. Secondly, we see a large vari-
ance in Voc and no evidence that ribbon orientation is a controlling 
factor. Instead it appears that overall grain size may be more important. 

3.3. Two-step deposition process 

The prior sections established that a seed layer was essential for 
production of good quality films but also that single step seed layer films 
could produce functional devices. This section seeks to establish the 
degree of control that the second growth layer step has on ribbon 
orientation, grain structure and subsequent device performance. Here 
the seed layer condition was fixed was at Tsource = 440 ◦C and Tsubstrate =

350 ◦C deposited under vacuum for a duration of 17 min. For the second 
growth step a fixed source temperature of 530 ◦C was used with a ni-
trogen pressure of 10 Torr. A series of devices was then produced with 
substrate temperatures of either 420 ◦C and 490 ◦C each for deposition 
times of 1, 2, 4 and 10 min. The decision was taken to use comparable 
deposition times rather than absorber thicknesses due to the unpre-
dictable variation in measured film thickness for different substrate 
temperatures due to the rough surface of the Sb2Se3 films. This is 
exemplified by the measured absorber thicknesses presented in Table 5 
which do not show a linear progression with time one may expect. This 
may imply that there is a significant amount of recrystallisation and 
grain growth, or indeed some re-evaporation from the surface, occurring 
during the early stages of the higher temperature deposition step. 

Fig. 7 shows the SEM images of all films produced. The top row of 
Fig. 7 displays films deposited at the higher substrate temperature of 
490 ◦C. These films show an increase in grain size longer deposition 
time, but also progressively worse substrate coverage. By decreasing the 

substrate temperature to 420 ◦C (bottom row of Fig. 7), we do not 
observe as pronounced a reordering of the grain structure with increased 
deposition time with good coverage being maintained. There are also 
some pyramidal grains visible in both series, but particularly apparent in 
Fig. 7g, which can be attributed to oxide phases. 

Fig. 8 shows the XRD and TC for the sample series. Firstly, it is 
notable that in all 8 films the XRD result confirms the presence of some 
Sb2O3. This is attributable to the low vacuum conditions of the CSS 
process and the pyramidal grains observed in the SEM results are 
confirmed to be an oxide phase via the use of EDS analysis (Fig. S1). 
Despite the established benefits to contacting of oxygen incorporation at 
the Sb2Se3 back surface [32], large oxide regions are undesirable. 
However, no correlation between such phases and reduced device per-
formance was observed although their influence warrants further study. 

In contrast to prior samples the TC analysis demonstrates a complete 
absence of unfavourable (020) texture from all films in the series, 
although the (130) peak remains. Beyond this it is difficult to make a 
comparison to previous sample series from TC values alone so again RCT 
analysis provides a simplified comparison. This analysis was conducted 
for all samples with ΣRCT values summarized in Table 6. Comparing the 
determined values, we see that the addition of the second growth step 
has improved the overall film orientation. It is also notable that despite 
the large change in substrate temperature and deposition time the ΣRCT 
values remarkably consistent in the 6.1–6.4 range. The overall verti-
cality of ribbon orientation has therefore been improved compared to 
the single step lower temperature seed deposition, primarily due to the 
lack of certain (hk0) planes. 

Fig. 9 shows the JV parameters of Sb2Se3 solar cells fabricated under 
two different growth temperatures, with highest efficiency contacts 
parameters summarized in Table 7. There is little change in the peak 

Fig. 10. a), b) JV and c), d) EQE analysis with integrated Jsc of highest efficiency contacts from devices with absorber layers deposited for various deposition times 
and at substrate temperatures of either a),c) 420 ◦C or b), d) 490 ◦C. 
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performance due to changing the substrate temperature, with the lower 
substrate temperature performance being marginally higher due to a 
slight JSC increase. Some variation is seen as a function of deposition 
time particularly for the 490 ◦C. Highest efficiency is obtained for a 1 
min deposition time before a rapid decrease in performance. This is 
presumed to be the large amount of grain re-ordering observed and 
significant shunting due to void regions. Large losses in can be seen via 
the decrease in EQE and integrated Jsc (Fig. 10c) For the 420 ◦C device 
performance is more consistent as a function of deposition time, which 

correlates with less overall change to the grain structure. Both high and 
low substrate temperature devices do show increased Voc for longer 
deposition times. Again, there appears to be little obvious relation be-
tween device performance and RCT value. Despite showing an improved 
ΣRCT compared to the seed layer samples, and lack of (002) or (120) 
texture, we see only a minor increase in efficiency but for the peak 
performing devices the Voc has decreased from 0.43V to 0.40V. In 
contrast we see larger grain size devices (Figs. 3c and 7d) seem to have 
higher Voc. 

Fig. 11. Comparison of Voc (a,d,h), efficiency (b,e,h) and RS (c,f,i) versus ΣRCT (top), substrate coverage (middle) and average grain size (bottom) for all films 
analysed in this study. 
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To better determine any overall relationship between device per-
formance and film structure, the device efficiency, VOC and RS are 
plotted against ΣRCT, average grain size and level of substrate coverage 
for all devices measured in this work is given in Fig. 11. For the ΣRCT 
analysis (Fig. 11a–c) the findings show that despite the wide range of 
deposition conditions used throughout this study, the value of the ΣRCT 
falls within the mid-range of 4.5%–6.4 %. This indicates that irre-
spective of deposition temperatures chosen, CSS deposition appears to 
produce films of reasonably “good” ribbon orientation (i.e large vertical 
component). Whilst the addition of a second deposition step does 
improve orientation, increasing ΣRCT above 6 and improving efficiency, 
it is difficult to conclude there is a direct correlation between perfor-
mance and orientation as has been previously reported [14]. Likewise, 
the level of surface coverage appears to have no discernible trend on any 
of the parameters assessed. This is somewhat surprising but we would 
anticipate this to be a more dominant factor in the absence of the P3HT 
back contact layer which serves to block pinhole shunting [17]. For the 
grain size analysis there is some slight indication that smaller grain sizes 
may be more favourable for high efficiency, with all the highest effi-
ciency devices being of a grain size <0.2 μm. However, given the small 
number of samples with grain sizes larger than this, it is by no means 
conclusive. Instead these results suggest that rather than there being a 
decisive factor controlling efficiency such a ribbon orientation, it is the 
overall grain structure, including grain size, coverage and orientation, 
that determines device performance for CSS deposited Sb2Se3. 

4. Conclusions 

We have presented a comprehensive investigation into the influence 
of one and two stage growth approaches for CSS deposition of Sb2Se3. A 
low temperature “seed” layer was demonstrated to be essential to 
achieving the required level of substrate coverage to form functional 
devices. Whilst a seed layer in isolation was shown to be capable of 
producing devices of >4 % efficiency, addition of a second-high tem-
perature step improved the performance to >5 %. Comparisons were 
made between device performance, ribbon orientation, substrate 
coverage and grain size with no single factor found to be dominant. No 
specific ribbon orientations were found to be necessary to achieve high 
performance and instead overall grain structure may be a more domi-
nant factor. This study demonstrates that control over grain orientation 
in Sb2Se3 films is complex, and it is extremely difficult to control one 
variable (i.e. grain orientation) without affecting many other variables 
incidentally (as shown here for substrate coverage, thickness, grain size, 
crystallinity etc), which could account for some of the correlations be-
tween device performance and grain orientation found in literature. A 
large amount of focus within the research field has been devoted to 
control of ribbon orientation but we would suggest any performance 
changes that are identified must be carefully and thoroughly decoupled 
from the impact of other variables such as grain microstructure. This 
work suggests a more concerted effort on overall grain structure control, 
rather than simply ribbon orientation, would be worth pursuing. 
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