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Abstract

Lead halide perovskites (LHPs) have shown great potential for optoelectronic applications,
including solar cells, photodetectors and light-emitting diodes, but face challenges due to the
toxicity of the lead and the limited stability of these materials. These concerns motivate the
search for lead-free and more stable alternatives with similar optoelectronic properties to LHPs,
and these materials are collectively referred to as ‘perovskite-inspired materials (PIMs)’.
Among the studied PIMs, chalcogenide semiconductors based on heavy pnictogen cations
(Sb** and Bi**) have gained increasing attention due to the similar electronic structure of Sb>*
and Bi*" to that of Pb**, which is believed to be important for the defect tolerance found in
LHPs. Chalcogenides also generally have improved stability compared to halide compounds.
However, a limitation of pnictogen-based halide and chalcogenide semiconductors is the
prevalence of charge-carrier localisation, which severely reduces mobilities and diffusion
lengths. Therefore, the discovery of pnictogen-based semiconductors with delocalised charge-
carriers, and understanding the principles behind how band-like transport could be found, are

important for the future development of these PIMs.

In my first project, through optical pump terahertz probe spectroscopy and temperature-
dependent mobility measurements, the pnictogen-based semiconductor CuSbSe, was
discovered to have delocalised free charge-carriers, which is different to many other Sb- and
Bi-based PIMs explored thus far. Charge-carrier localisation in this family of materials has

been so prevalently found that it is being referred to as a “hallmark™ of these materials, and
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fundamentally prevents these materials from reaching their optical limits in efficiency.
Therefore, the discovery of delocalised charge-carriers in CuSbSe> and the understanding of
the enabling factors can provide valuable suggestions on how the chemistry of heavy
pnictogen-based materials could be changed to avoid this limitation. Through theoretical and
experimental studies, I find that the critical factors enabling delocalised charge-carriers are: 1)
the presence of regular free volume in the layered structure that can relax the lattice distortions
caused by the propagation of acoustic waves in the interlayer gaps, such that bond lengths
negligibly change, leading to low deformation potentials; 2) higher electronic dimensionality
at band extrema due to quasi-bonding across these interlayer gaps; 3) a low ionic contribution
to the dielectric constant compared to the electronic contribution caused by relatively low Born
effective charges, as well as the small bandgap (<1.2 eV), thus leading to weak Frohlich

coupling. These findings could be generalisable to other pnictogen-based semiconductors.

As CuSbSe; has been shown to exhibit delocalised charge-carriers, I next investigate two
techniques to deposit CuSbSe> thin films: solution processing and chemical vapour deposition,
with the aim of developing these materials into photovoltaics. The novel thiol-amine-based
solution processing method is safer than the previously-reported method employing hydrazine
as the solvent. Meanwhile, compared to the co-sputtering of metal selenides, which was
previously used to achieve the highest efficiency CuSbSe. solar cells thus far, solution
processing may be more cost-effective, since it does not require expensive equipment or
vacuum systems. The simpler operation of solution processing also allows the efficient

exploration of different parameters. After achieving phase-pure CuSbSe; thin films via the
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thiol-amine-based solution processing route, through morphological studies, I found that the
heat treatment and the underlayer (compact TiO2, meso-porous TiOz, SnO> or NiOy) can
influence the morphology of solution-processed CuSbSe: thin films, while the morphology of
chemical-vapour-deposited CuSbSe> thin films is mainly determined by the substrate
temperature. Solution-processed CuSbSe» thin film-based solar cells were all shunted, which
can be attributed to the high density of pinholes and small grains present in these films. Some
pixels based on CVD CuSbSe; thin films showed diode-like J-V curves, but exhibited
unmeasurable PCEs. This project found that moderate thermal energy input at the beginning
of the heat treatment could improve the microscopic morphology of the solution-processed
CuSbSe: thin films. The layer under CuSbSe: was also found to influence the morphology of
the solution-processed CuSbSe> thin films. To further improve the film morphology, future
studies can focus on the underlayers, different solvents (thiols and amines), and heat treatment

methods.

In the third section, I investigate Sb,S3, grown by chemical bath deposition (CBD). This has
been studied for photovoltaics well before the interest in LHPs grew, and has a bandgap (~1.7
eV) that is well-matched with the spectrum from indoor light sources (e.g., white light emitting
diodes (WLEDs)). We achieved 17.55%-efficient Sb,S; indoor photovoltaics (IPVs) under
1000 lux WLED illumination, which was the record value for this material at the time of
publication in 2024. However, one key challenge of Sb,S3 photovoltaics is the use of CdS as
the buffer layer. Cd is more toxic than Pb, and may impede the commercial development of

SbyS; photovoltaics. Therefore, in my third project, I focus on developing Cd-free electron
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transport layers (ETLs). As deposition on CBD-grown SnO:> resulted in discontinuous SbzS;3
films with pinholes, the morphology evolution of Sb2S3 thin films deposited on CdS and SnO»
are compared to understand the fundamental reasons. Microscopic analysis showed that
isolated spherical SbySs clusters tend to form on the SnO: surface. In-depth XPS analysis
further reveals that Sb primarily bonds with oxygen on the surface of SnO», forming Sb2Os3,
which hinders the heterogeneous nucleation of Sb2S3 on the surface of SnO», and results in the
discontinuous Sb,S3 films. Also, introducing CdS as an interfacial layer between SnO; and
Sb,S3 improved the Sb,S3 film morphology, while significantly reducing the overall Cd content
in the device. This suggests that alternative sulphide interfacial layers could optimise Sb,S3
film morphology and enable the development of Cd-free solar cells. Furthermore, our Sb.S3
solar cells exhibited excellent performance under 1-sun illumination, with open-circuit voltage
(Voc) values (0.748 V) comparable to the highest reported in the literature (0.796 V). Optical
loss analysis identifies device reflection and window layer parasitic absorption as key factors
limiting the short-circuit current density, suggesting anti-reflection coatings and more
transparent buffer layers as promising strategies for improvement. Overall, this work unravels
the mechanisms enabling CdS to outperform SnO; as the buffer layer for Sb,S3 solar cells, and

offers insight into designing more benign buffer layers to improve performance.

These three projects not only investigate the fundamental limitations of pnictogen-based
chalcogenide semiconductors, such as charge-carrier localisation, but also make contributions
to the practical applications and optimisation of these materials as solar absorbers. Based on

the understanding of mechanisms enabling delocalised charge-carriers in CuSbSe,, more
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perovskite-inspired materials with band-like transport can be discovered in the future.
Meanwhile, the novel methods to synthesize CuSbSe; are expected to promote the development
of more efficient solar cells with improved safety and cost-efficiency. Moreover, the
investigation on the buffer layers for SboS; solar cells highlights the critical properties
determining the quality of Sb,Ss films, providing guidance for designing more benign buffer
layers. As we have demonstrated the exceptional potential of Sb,S3 solar cells for indoor light
harvesting, replacing CdS with other environmentally friendly sulphide buffer layers is
expected to contribute to the commercial development of Sb.S3 solar cells for IPV. With more
efforts and understanding, it is believed that chalcogenide materials can be suitable for

sustainable, stable and high-efficiency photovoltaic devices.
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containing the dominant 4; mode is highlighted inred..................... 105
Fig. 4.5 | Optical absorption coefficient curves of CuSbSe>. The curves were determined by a,
experiments and b, calculations. ...........c.oiiiiiii i 108
Fig. 4.6 | Optical and electronic properties of CuSbSe». a, Comparison between the measured
optical absorbance curve (black solid line) and fit with the Elliott model (red dashed line). The
contributions from the exciton and continuum to the optical absorption spectrum are
represented by the areas shaded purple and pink, respectively. b, Electronic band structure of
CuSbSe; (left panel; the highest occupied state set to 0 eV), along with electronic density of
states curves (middle panel), and crystal orbital Hamilton population (COHP) diagram (right
panel). The bonding and anti-bonding interactions are represented by blue and orange,
LSy 0101 L] 109
Fig. 4.7 | TA measurements of CuSbSe». a, Short-time transient absorption (TA) signal colour
map of CuSbSe:; films excited by a 800 nm wavelength pump (150 fs pulse width, 41 mJ cm”
2 pulse! fluence, with 500 Hz repetition rate), along with b, short-time TA spectra for pump-
probe delays of 1, 2, 5 and 50 ps, and c, its normalized ground state bleach (GSB) signal kinetics.
The GSB kinetics were acquired by averaging the signals from 1.33 to 1.41 eV (pink shaded
area in b) and normalized to the maximum AT /T value. Data shown for parts b and c are the
average of 5 scans. d, Long-time TA signal colour map of CuSbSe; films excited by 355 nm
pump (800 ps pulse width, 21 pJ cm™ pulse™ fluence, 500 Hz repetition rate), along with e, TA
spectra for different pump-probe delays from 1 to 1000 ns, and f, its normalized PIA signal
kinetics. Please note that the signal in part f'is normalized and is therefore not shown as negative
values, as would be conventionally the case. The PIA kinetics were acquired by averaging the
signals from 1.28 to 1.32 eV (pink shaded area in e) and normalized to the maximum AT /T
1221 L 111-112

Fig. 4.8 | Optical pump terahertz probe (OPTP) measurements on CuSbSe>. a, Normalised
comparison between fluence-dependent OPTP transients measured for CuSbSe> thin films

following 400 nm wavelength pulsed excitation. b, Normalised comparison between OPTP
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transients measured from the back side (CuSbSe; film-quartz substrate interface, black) and
front side (CuSbSe: film surface, red) of CuSbSe, sample. The fluence is 65 wJ/cm? per pulse.
The origin point of pump-probe delay was adjusted to only show the photoconductivity decay
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Fig. 4.9 | Temperature-dependent Hall effect measurements on CuSbSe>. a, Temperature-
dependent mobility of CuSbSe: thin films determined using Hall effect measurements, along
with the power law fit, indicating u o< T2 The point at the lowest temperature (121 K) is
not included in the fit due to its higher standard deviation than the other data points. b,
Temperature-dependent resistivity (black circles, plotted to the left y-axis) and charge-carrier
density (red triangles, plotted to the right y-axis) of CuSbSe; thin films determined using Hall
effeCt MEASUTEMENTS. .. ...t 117
Fig. 4.10 | Computational analysis of CuSbSe>. a, Structure of CuSbSe>, with key atoms
labelled, and the interlayer distance defined as the perpendicular distance between Sb2 and Sb3.
b, Percentage changes in bond lengths and interlayer distance of CuSbSe> as a function of strain
along the c-axis. All calculated bond lengths shown are after relaxation of the atoms in the
structure after distortion, ie., calculations for equilibrated structures as shown. A
disproportionally large change in the interlayer distance is observed as compared to bond
lengths for a given strain. ¢, Calculated crystal orbital Hamilton population (COHP) per bond
of in-layer (dashed line) and interlayer (solid line) Sb-Se bonds. The bonding and anti-bonding
interactions are represented by blue and orange, respectively. d, Fermi iso-surface 0.1 eV below
the VBM (top figure) and above the CBM (bottom figures)............c.cooeiiiiiiiiiiiinn... 125
Fig. 4.11 | Calculated Born effective charge (BEC) of atoms in CuSbSe>. The BEC values
represent the induced polarization when atoms are displaced, in this case, along the principal
crystallographic axis directions. The net BEC values for displacements in the direction of each
axis (a, b or c¢) are shown below each tensor in square brackets..........................oe.l. 130
Fig. 5.1 | XPS analysis of the solution-processed CuSbSe: thin films. a, XPS survey spectrum.
The Se LMM, Cu LMM and Sb MNN signals are Se L3M4s5Ma4s, Cu L3M4sM4s and Sb
My sNa4 5Ny s, respectively; b, Cu 2p core levels with the fitting of the Cu 2p3,» peak; ¢, Sb 3d

core levels with the fitting; d, Se 3d core levels with the fitting................................. 141
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Fig. 5.2 | Top-view SEM images of the solution-processed CuSbSe, thin films on glass
substrates thermally treated with different parameters. The target heat treatment temperature is
250 °C for all samples. a, CuSbSe> thin film thermally treated on a preheated hotplate (250 °C)
for 10 min. b-d, CuSbSe: thin films heated together with a cool hotplate from room temperature
to 250 °C then kept for different durations. The duration is b, 10 min; ¢, 1 min; d, 50 min......145
Fig. 5.3 | Top-view SEM images of the solution-processed CuSbSe; thin films deposited on
different underlayers. All samples were thermally treated at 250 °C for 10 min. The layer under
CuSbSe; is a, compact TiO3 (c-TiO2); b meso-porous TiO (mp-TiO2); ¢, SnO; d, NiOx...... 148
Fig. 5.4 | Top-view SEM images of the solution-processed CuSbSe> thin films prepared with
multi-step heat treatment or antisolvent treatment. a-d, multi-step heat treatment. The durations
for the heat treatment at 60 °C and 100 °C are labelled in the figures. The final step for all
samples is heat treatment at 250 °C for 10 min. Samples are a, 0 0; b, 0 2;¢c,52;d, 5 5. ¢ and
f, antisolvent treatment. 75 pL antisolvent of e, methylbenzene or f, propan-2-ol is applied 20
seconds before the spin coating ends. Both samples are thermally treated at 250 °C for 10 min
after the SPIN COAtING. .. ...t 151
Fig. 5.5 | XRD patterns of the CVD CuSbSe; thin films deposited with different substrate
temperatures. Substrates at different positions exhibited different temperatures due to the
temperature gradient within the tube. Comparison between the CuSbSe, reference pattern
(black, ICSD database, coll. code 418754) and the XRD patterns of the samples in a, the right
zone, denoted as RX; b, the left zone, denoted as LX. Main peaks belonging to.CuSbSe; are
indicated by dashed lines, while peaks from CuszSbSe; are highlighted by blue dots............ 154

Fig. 5.6 | Temperature profiling of the tube furnace used for CVD of CuSbSe>. The temperature

of each zone is set identically as the deposition process (i.e., Tset for zone 1 and 2 is 530 °C

and 580 °C, respectively). The origin point of the distance is the edge of zone 1, and the Sb2Ses

precursor is positioned at 30 cm. The length of zone 1 (and 3) is 15 cm. The region where films
containing CuSbSe; phase are deposited is at a distance of 8-12 cm..................cceeee 157

Fig. 5.7 | Effects of the working pressure and evaporation time on the phase purity of the CVD
CuSbSe> thin films. a, XRD patterns of the samples deposited with the working pressure of

600 (pink), 317 (red) and 49 mTorr (purple), along with the CuSbSe; reference pattern (black,
21



ICSD database, coll. code 418754). All samples are positioned at L8 and employ the
evaporation time of 4 minutes; b, XRD patterns of the samples deposited with the evaporation
time of 4 (pink) and 5 minutes (red), along with the CuSbSe> reference pattern (black). Both
samples are positioned at R10 and employ the working pressure of 600 mTorr. In both figures,
main peaks belonging to CuSbSe» are indicated by dashed lines, while peaks from CusSbSe;s
and CuszSbSes4 are marked by blue dots and triangles, respectively..............cocoeviinnn.n 158

Fig. 5.8 | Top-view SEM images of the CVD CuSbSe; thin films deposited with different
substrate temperatures and underlayers. The film is deposited on glass (a and b) or glass/ZnO
(c and d) substrates at position R10 (aand c) or R11 (band d).........cceeenviiiiiiiin.n. 160
Fig. 5.9 | Comparison of the XRD patterns and preferred crystal orientation of the CVD
CuSbSe: thin films. a, comparison of the XRD patterns of the nearly phase-pure CVD CuSbSe>
thin films deposited at position R10 (pink) and R11 (red), along with the CuSbSe; reference
pattern (black). The crystal planes investigated for texture coefficients are indicated by dashed
lines with their Miller indices. Both samples were deposited on Si substrates. b, texture
coefficients of the crystal planes in the CVD CuSbSe: thin films deposited at position R10 (left)
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Fig. 5.10 | Device structure and IV curves of the solar cells based on solution-processed
CuSbSe; thin films. a, Schematic of the employed device structure. The pixel area is 0.045 cm?.
b, J-V curves of one pixel under dark (black) and illumination (red) conditions............... 164
Fig. 5.11 | Device structure and IV curves of the solar cells based on CVD CuSbSe; thin films.
a, Schematic of the employed device structure. The pixel area is 0.045 cm?. b, J-V curves of
two different pixels under illumination (AM 1.5G) condition...............coovviiieniiinninn.n. 165
Fig. 6.1 | Top-view SEM images of FTO substrate and different buffer layers. a, Surface
morphology of blank FTO substrate. b, Surface morphology of CBD SnO: after a 4-h reaction

(pH = 1). ¢, Surface morphology of CBD SnO; after a 6-h reaction (pH = 1.5). d, Surface
mMOrphology Of CdS. ... e 173
Fig. 6.2 | Macroscopic appearance and microscopic morphology of SboS3 thin films on different

buffer layers. Macroscopic appearance of Sb2S3 thin film on a, FTO/CdS substrate and b,
FTO/SnO> substrate. Microscopic morphology of Sb,S; thin film on ¢, FTO/CdS substrate and
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d, FTO/SnO; substrate. Microscopic morphology of Sb2S3 thin film on SnO,/CdS double buffer

layer with e, standard-thickness CdS (13-min reaction) or f, thinner CdS (7-min reaction).

Fig. 6.3 | Microscopic morphology evolution of SbaS3 thin film on different buffer layers as
deposition proceeds. The deposition lasts for a and d, 0.5 h; b and e, 1 h; c and f, 6 h. The
underlying buffer layers are a-c, CdS; d-f, SnOn.......ooooiiiiii 178
Fig. 6.4 | EDX analysis of Sb,S; thin films on different buffer layers after 0.5-h Sb,S3
deposition. a and d, SEM images; b and e, Sb element mapping; ¢ and f, S element mapping.
The underlying buffer layers are a-c, CdS; d-f, SnO». Colour bars are individually adjusted to
optimise contrast. Comparisons focus on spatial distribution rather than absolute
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Fig. 6.5 | XPS analysis of pristine CdS buffer layer and CdS/thin-Sb,S3 sample. The CdS/thin-
Sb,S3 sample was obtained by depositing SboS3 onto CdS for 0.5 h. Comparison of XPS spectra
of CdS (black lines) and CdS/thin-Sb,S; sample (red lines) includes a, survey spectra. The Cd
MNN, O KLL and Sb MNN signals are Cd M4sN4sNss, O KLo3Lo3 and Sb M4 sN4sNas,
respectively; b, low binding energy spectra. Spectra are normalised to the respective areas of
the Cd 4d peak; ¢, Cd 3d spectra. Spectra are normalised to the respective areas of the Cd 3ds.
peak; d, S 2p spectra with fitting. Spectra are normalised to the respective areas of the S 2p3,»
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Fig. 6.6 | XPS analysis of CdS/thin-Sb>S3 and SnO-/thin-Sb,S3 sample. The samples were both
obtained by depositing Sb,S3 onto CdS or SnO with a duration of 0.5 h. XPS spectra include
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Chapter 1: Introduction

Ensuring access to affordable, reliable and sustainable energy is the aim of United Nations
Sustainable Development Goal (UN-SDG) 7, which is also critical to addressing the challenges
posed by the continuous rise in global energy consumption2. Nowadays, the dominant energy
sources globally are still based on fossil fuels, whose combustion results in the harmful
emission of CO> and other greenhouse gases, accelerating the negative impact of climate
change. Furthermore, the finite nature of these reserves raises concerns about long-term energy
security. These challenges emphasise the pressing need for clean, sustainable, and reliable
energy alternatives. Among the various renewable energy technologies, photovoltaic (PV)
systems, which directly convert sunlight into electricity, are one of the most promising
solutions. It is estimated that the amount of solar energy reaching the Earth in a single year is
nearly two hundred times greater than the total energy stored in all known fossil fuel reserves>.
This extraordinary potential highlights the important role of solar energy in addressing global
energy demands sustainably. To further increase PV capacities, both reductions in capital
expenditures and increases in power conversion efficiency (PCE, the ratio between electrical
power produced and incident light power) will be required®. Currently, the PV market is
dominated by crystalline silicon (c-Si) solar cells (~ 97% of the global production®), but the
present PCE of ¢c-Si solar cells (27.30%) is approaching their Shockley—Queisser limit (29.4%°
%). Beyond this efficiency concern, silicon solar cells face additional challenges, including the

high energy demands of their manufacturing and the requirement for relatively thick wafers to
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ensure sufficient light absorption. Furthermore, their opaqueness, rigidity and material
properties make them less suitable for emerging applications such as portable, building-
integrated, and indoor PVs. These limitations highlight the urgent need for the development of

novel solar absorber materials that can expand the scope of photovoltaic technologies.

Among all other solar absorber materials, lead-halide perovskites (LHPs) have shown the most
impressive performance. Perovskite solar cells (PSCs) have not only achieved a PCE
comparable to Si solar cells within a short research period, but also demonstrated promising
potentials for novel applications, such as flexible solar cells and indoor PVs. Nevertheless, the
concerns on the toxicity of lead and the limited stability of LHPs still impede the widespread
applications of PSCs. At the same time, these challenges drive the search for lead-free
alternatives capable of replicating the exceptional optoelectronic properties of LHPs, and are
referred to as perovskite-inspired materials (PIMs)’. Among the studied PIMs, chalcogenide
materials have gained increasing attention, owing to the successful development of solar cells
based on compounds such as CdTe and Cu(In, Ga)Se;, as well as their enhanced stability
compared to halides. Advancing the potential of chalcogenide materials for photovoltaic
applications requires a deeper understanding of both their fundamental properties and device-

level optimisations.

This thesis focuses on two promising chalcogenide materials, CuSbSe; and Sb,S3, investigating
the fundamental charge-carrier kinetics, deposition techniques and device development.

Chapter 2 will firstly introduce the basic mechanisms of solar cells, then review the progress
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and limitations of PIMs studied so far, and finally discuss different thin film deposition
techniques and summarize the overall aim of this thesis. In Chapter 3, the experimental details
used in the thesis will be given. Chapter 4 will focus on the investigation of charge-carrier-
phonon coupling in CuSbSe». Through both optical pump terahertz probe (OPTP) spectroscopy
and temperature-dependent Hall effect measurements, it was demonstrated that CuSbSe; could
avoid charge-carrier localisation, which is different from many other pnictogen-based
semiconductors. The conclusion was further supported by density functional theory (DFT)
calculations, which subsequently unravelled the critical properties of CuSbSe;, enabling its
delocalised charge-carriers. The analysis of the underlying mechanisms can provide important
guidance for the design of semiconductors with band-like transport. Chapter 5 investigated two
deposition techniques for CuSbSe», a thiol-amine-based solution processing method and a
chemical vapour deposition (CVD) method. It was found that heat treatment parameters and
underlayers could have significant effects on the solution-processed CuSbSe; films, while the
sharp temperature gradient was the key limitation of the CVD method. After establishing the
optimal conditions for both methods, CuSbSe> solar cells were fabricated. Due to the different
density of structural defects and grain boundaries, as well as different device structures, solar
cells based on solution-processed CuSbSe> films exhibited resistor-like J-V curves while those
based on CVD films showed diode-like J-V curves. Chapter 6 explored the use of SnO; as a
benign buffer layer for Sb,S; solar cells to replace CdS, but observed the discontinuous Sb2S3
films on the SnO; surface. Through EDX and XPS analysis, the effects of buffer layers on the
nucleation behaviour and growth mode of Sb2S3; were demonstrated, and the underlying reason
was revealed to be the preferential Sb-O bonding at the SnO2/Sb,S; interface. By inserting a
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CdS interfacial layer, the morphology of Sb,S; films was effectively improved. Finally, the
main mechanisms of optical loss for Sb,S3 solar cells were analysed. Chapter 7 will summarise
the key conclusions from these three projects and propose some future research directions for

CuSbSe; and Sb,S3, as well as the broader family of solar absorber materials.



Chapter 2: Background

2.1 Semiconductor physics

2.1.1 Fundamentals

For an isolated atom, the electrons can have discrete energy levels. When two identical atoms
are brought closer, one discrete energy level will split into two levels by the interactions
between the atoms. As a large number of atoms are brought together to form a solid, the discrete
energy levels will form an essentially continuous energy band. Fig. 2.1 shows the formation of
energy bands of a silicon crystal. At the equilibrium interatomic distance, the continuous energy
band will split again to form the lower and upper bands. At the temperature of absolute zero,
all states in the lower band (the valence band, VB) will be occupied by electrons, while all
states in the upper band (the conduction band, CB) will be empty. Electrons in the VB are
strongly constrained by the bonding, thereby not available for conduction. When a bond is
broken due to increased temperature or other energy input, an electron will be excited to the
CB and leave a hole in the VB. The energy required to create the electron-hole pair is called
the bandgap energy, Ej, and defined as

E, = Ec — Ey (2.1)
where E; and E) are the energy of the conduction band minimum (CBM) and valence band
maximum (VBM), respectively. For conductors, their CB may overlap with VB or be partially

filled'®. As for materials with a positive bandgap energy, those having E; >3 €V are usually
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regarded as insulators while semiconductors usually have a bandgap energy of 0.5-3 eV,

making it possible to excite an electron by visible light.
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Fig. 2.1 | Schematic of formation of energy bands of a silicon crystal. 543 A is the
equilibrium interatomic distance. Reproduced with permission from Ref. 10. Copyright 2011

McGraw-Hill.

The Bloch wavefunction can be used to describe the electrons in a periodic structure as
p(k,1) = u;(r)e™ (2.2)
where k is the electron wave vector and u;(r) is a periodic factor. By substituting a Bloch
wavefunction into Schrodinger’s equation, we can calculate the energy E in a specific k
direction as an eigenvalue of the equation. A 2D band diagram can be plotted based on such
E(k) relation with the most important directions in the lattice displayed along the x axis. The x
axis is usually labelled by Miller indices (hkl) or highly symmetric points in k-space such as

W, X or I'. The band structure diagram is displayed within the first Brillouin zone, which
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describes a primitive cell in the reciprocal lattice space. All wavevectors within a lattice can be
found in the first Brillouin zone. As shown in Fig. 2.2, if the VBM and CBM are positioned at
the same k position, the material exhibits a direct bandgap (such as GaAs), where the
absorption of light can directly create electron-hole pairs. By contrast, materials with the VBM
and CBM at different k positions have an indirect bandgap (such as Si), and an extra phonon
along with photon absorption is required for such materials to excite electrons. Therefore,
materials with indirect band gaps exhibit weaker optical absorption and thicker films are

needed for sufficient light absorption.

>k
Fig. 2.2 | The band structure of a semiconductor with a, a direct bandgap and b, an

indirect bandgap. Figure courtesy of Dr. Yi-Teng Huang.

The probability of finding an electron at an energy state with energy E follows the Fermi-Dirac

distribution,

1
14+ e kT

where k is the Boltzmann constant, T is the temperature in degrees Kelvin, while Ep is the
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energy of the Fermi level. The Fermi level is the energy level where the probability of being
occupied by an electron is exactly 1/2. It should also be noted that, at 0 K, no electrons can be
found in the states above Er. As temperature increases, more electrons will occupy higher
energy states (Fig. 2.3). In intrinsic semiconductors, Er is approximately positioned at the
middle of the bandgap, while Er will shift towards the CBM or VBM for n-type or p-type

semiconductors, respectively.
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Fig. 2.3 | Fermi-Dirac distribution versus (E — Ep) for different temperatures.

Reproduced with permission from Ref. 10. Copyright 2011 McGraw-Hill.

In the vicinity of the CBM, the energy can be described as

h? |k — keol?

Ec(k) = E, + 2m:

(2.4)
with parabolic approximation, where E., = E.(k.,) is the energy at the CBM with a
wavevector k.. my isthe effective mass of the electron, and £ is the reduced Planck constant.

Due to the periodic potential of the nuclei, the effective mass of the electron m; is different

from the free mass m,. Thus, the effective mass m; can be defined as
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Similarly, the energy near the VBM E,, (k) can be given by

W2k — k,o|?
E,(k) = E, — T;UO, (2.6)
and the effective mass of the hole as
) 1 02E,\ ™"
m, = <_ﬁ ak? > . (27)

. . . 0%E . .
Therefore, a more dispersive band edge with a larger FTe) value results in a smaller effective

mass.

2.1.2 Charge-carrier generation and recombination

The charge-carrier density in a semiconductor can be changed via the generation and
recombination processes. Generation refers to the creation of excess charge-carriers through an
energy input. The sources of energy input can be the vibrational energies of the lattice (phonons)
or the light illumination (photons). As mentioned in the previous section, a semiconductor can
absorb photons with energy exceeding its bandgap, generating additional charge-carriers. The
photo-generation process is the primary source of excess charge-carriers in solar cells. To
describe the absorption of light, the absorption coefficient a is introduced and the light
intensity at a distance x below the semiconductor surface is given by:

1(x) = Ipebo @(x")ax’ (2.8)
where I is the incident light intensity at the surface. If the absorption coefficient is constant,
equation (2.8) can be simplified to the Beer-Lambert Law:
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I[(x) = Iye™ ™. (2.9)

On the contrary, free charge-carriers are eliminated via the recombination process. A
recombination process can be either radiative or non-radiative, while non-radiative
recombination includes Auger-Meitner and Shockley-Read-Hall (SRH) recombination

processes, as illustrated in Fig. 2.4.

b
b\
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Fig. 2.4 | Schematics of different recombination processes. a, radiative recombination; b,

Auger-Meitner recombination, and ¢, SRH recombination.

Radiative recombination is caused by band-to-band transition of charge-carriers. An electron
in the CB recombines with a hole in the VB and emits a photon with the energy equal to the
energy difference between the initial and final states (Fig. 2.4a). Since most radiative
recombination processes involve the charge-carriers near the band edges, the energy of emitted
photon is close to the bandgap energy. The radiative recombination rate U,,4 is given by
Uraa = Bnp (2.10)

where [ isthe proportionality constant while n and p are the density of electrons and holes,
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respectively. Since the CBM and VBM are located at different k positions, the radiative
recombination in semiconductors with an indirect bandgap requires extra phonons to be

absorbed or emitted, making the radiative recombination less likely to occur.

Fig. 2.4b describes Auger-Meitner recombination processes where the energy released by the
band-to-band transition is used to excite another charge-carrier to a higher energy state, then
the excited charge-carrier will thermalise to the band edge. In this case, the released energy
will be lost as heat. In this process, three charge-carriers (two electrons with one hole or two
holes with one electron) are involved. Thus, the Auger-Meitner recombination rate Uyy,g can
be given by

Ugug = An’p (2.11)

Upug = Ap*n (2.12)

depending on the involved charge-carriers, with A as a constant.

Shockley-Read-Hall (SRH) recombination, also known as trap-assisted recombination,
involves a defect state capturing free charge-carriers (Fig. 2.4c). If a defect state is located close
to the band edge or within the band, captured charge-carriers are easily re-emitted back to the
band due to thermal energy. Such defect state is regarded as a shallow defect and does not have
significant effects on charge-carrier recombination. On the other hand, a defect state located
near the middle of the bandgap is called a deep defect since its captured charge-carrier is more
likely to recombine with another opposite charge-carrier captured by this defect before re-

emitted. This process reduces the density of free charge-carriers and dissipates the energy of

11



recombined charge-carriers as heat. The SRH recombination rate Usgzy can be calculated by

np — n?
Tp(n + ny) + t,(p+ pe)

Usry = (2.13)

Where n; is the intrinsic charge-carrier density while 7, and 7, are the reciprocal of the
defect capture rate for electrons and holes, respectively. The defect capture rate depends on the

density and the capture cross section of the defect state. Meanwhile, n; and p; are defined

as
_(Ec_ Et)
ng = Nce kT (214)
_(Et_ Ev)
ps = Nye kT (2.15)

with N, and N, as the effective density of states for electrons and holes. E., E, and E;
correspond to the energy of the CBM, VBM and defect state, respectively. The largest Ugry

is obtained when E; = (E. + E,)/2 (i.e., defect state located at the middle of the bandgap).

Overall, the change rate of charge-carrier density can be derived by combining both the
generation and recombination process. For an intrinsic semiconductor (n ~ p), the rate can be

approximated as'!

dn

E =G — USRHn — Uradnz — UAugn3. (216)

If considering the current flow as well, the continuity equations for electrons and holes can be

derived:
on 14],
FTi aai‘ G, — R, (2.17)
0 10
9P _ ___]p+ G, — R, (2.18)

ot  q ox p

with g as the elementary charge, J, and J, as the electron and hole current density, G as the

generation rate and U as the recombination rate.
12



2.1.3 Charge-carrier transport

The current densities included in the continuity equations (2.17) and (2.18) are caused by
charge-carrier transport, which refers to the net movement of electrons or holes. The driving
force of charge-carrier transport can be either an external electric field (drift) or a concentration

gradient (diffusion).

When applying an external electric field E, the drift velocity of electrons (17,) or holes (v,) is
given by
vy = UnE (2.19)
Uy = UpE (2.20)
with p, and p, asthe mobility of electrons and holes, respectively. Mobility is an important
parameter because it describes how strongly the motion of an electron is influenced by an
applied electric field. Since the applied field results in the opposite movement of electrons and
holes, the total drift current density Jq,f can be obtained by
Jarg = a(npin + puip)E = oF (2.21)
with o = q(nyn + pyp) defined as the conductivity. The corresponding resistivity of the

semiconductor is given by p = 1/0.

Another current component, diffusion current, arises from the spatial variation of charge-carrier

. . . . . an d
concentration in a semiconductor. For the electron/hole concentration gradient o O d—z, the
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current density J,/J, is expressed as

Jn = ana (2-22)
dp
]p = —qua (2.23)

where D, or D, is the diffusion coefficient of electrons/holes. The diffusion coefficient is

related to the charge-carrier mobility via the Einstein relation

D= (k—T) . (2.24)

q
Another important parameter for the diffusion transport is the diffusion length, which is the
average length that charge-carriers can diffuse before recombination, defined as

L= Dt (2.25)

with 7 as the charge-carrier lifetime.
2.1.4 Charge-carrier-phonon interaction

In real semiconductors, charge-carriers are also influenced by the thermal vibrations of atoms
from their equilibrium positions, which are described by phonons. Phonons can be categorized
into optical or acoustic phonons, describing out-of-phase and in-phase atomic displacements,
respectively'?. Since lattices are deformable, introducing a charge-carrier leads to the ionic
lattice being distorted due to the interaction with the charge-carrier. As the charge-carrier moves,
the phonons will be coupled to it, resulting in the formation of a polaron'® (Fig. 2.5a).
Compared to free charge-carriers, polarons exhibit increased effective mass. According to the
coupling range, polarons can be classified as large and small polarons. Large polarons tend to

have long-range and weak interactions with phonons, while smaller polarons are strongly
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coupled to phonons, confining their wavefunctions to within a unit cell or smaller'*!”. Strong
charge-carrier-phonon coupling can severely reduce the carrier mobility, such that it is referred
to as being “self-trapped” or undergoing “charge-carrier localisation”!®. For ideal photovoltaic
materials, strong charge-carrier localisation should be avoided, while other properties such as
the bandgap, optical absorption coefficient and charge-carrier lifetime should also be

considered.

} < \m/ V
O-o— O# ‘) trap state

* /4 / ‘T\ ¥\ ,//#! ‘\
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‘ ‘ ~
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Fig. 2.5 | Schematics of charge-carrier-phonon interactions. a, Schematic of the interactions
between the lattice and an electron, which then forms a small electron polaron. Red and blue
arrows represent attractive and repulsive forces, respectively. Reproduced with permission
from Ref. 12. Copyright 2021 Springer Nature. b, Standard electronic band structure of a
semiconductor. ¢, Configuration coordinate diagram for a semiconductor exhibiting a self-
trapped exciton (STE). Q is the configuration coordinate. Fig. 2.5a and ¢ are adapted with
permission from Ref. 19. Copyright 2021 Author(s), licensed under a Creative Commons

Attribution (CC BY) license.

The formation of small polarons (or localised charge-carriers) can be caused by strong coupling

to either acoustic or longitudinal optical (LO) phonons. The strength of coupling between
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charge-carriers and acoustic phonons can be characterised by the acoustic coupling constant

Jac» given by

_ Eé m
gaC - Cao ) 3mh?

(2.26)
where E; is the acoustic deformation potential, C the elastic constant, m the mass of the
charge-carrier considered and A the reduced Planck’s constant. Based on the assumption that
the propagating acoustic wave has a wavelength larger than the size of the unit cell, the acoustic
wave can be regarded as a homogeneous strain to the unit cell. Therefore the acoustic

deformation potential E; can be described by this equation:

5Enk
8Sap

ENk = (2.27)

In this equation, € is the energy of band n at wavevector k, while S,z is the uniform
stress tensor. The schematic of determining the acoustic deformation potential is illustrated in
Fig. 2.6. According to equation 2.26, materials with a lower acoustic deformation potential are
more likely to exhibit lower g,. value, thereby weaker coupling to acoustic phonons.
Materials with the g,. value much lower than one are expected to avoid charge-carrier

localisation.
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Calculated Band Structures
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Fig. 2.6 | Schematic illustrating how the acoustic deformation potential of band n at point
k was calculated using a modified method of Wei and Zunger?. a, Plot of band energy €,
as a function of homogenous strain Sgg. The acoustic deformation potential is defined as the
change in &, with respect to Sqp b, Band edge energy of a simple parabolic band under
axial compression (red) and expansion (blue). ¢, Uniaxial compression (red) and expansion
(blue) of a BCC unit cell. Note, it is implicitly assumed in this schematic that the change in
energy of core levels is negligible, and that the band edges are in equivalent electrostatic

reference frames. Figure courtesy of Mr. Hugh Lohan.

On the other hand, coupling between charge-carriers and LO phonons (known as Frohlich
coupling) can also result in charge-carrier localisation if this is strong. To describe the coupling

strength, the Frohlich coupling constant, a, is expressed as:

q? (1 1 ) m*
a = —_——
41mel \€0v  Estat

ZwLoh?'

(2.28)

where €, is the vacuum permittivity while €, and €g,¢ are the optical and static dielectric
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constants, respectively. m”* is the effective mass of the free charge-carrier, while w;qg is the
effective longitudinal optical (LO) phonon frequency, and # is the reduced Planck’s constant.
In cases where multiple LO phonon modes are acting, the effective weighted average is taken?!.
The a value over 10 is usually regarded as the sign of strong coupling, while the value below
1 is the weak coupling limit?>2*. LHPs have been reported to exhibit an a value between 1.7
and 2.2?%, indicating intermediate Frohlich coupling strength, and resulting in the mobility of

~200 cm?-V!-s1 2% lower than the mobility of GaAs, of which a is only 0.06 to 0.07%.

Besides reducing the mobility value, charge-carrier localisation also influences the temperature
dependence of the mobilities. Large polarons tend to show decreased mobility as temperature
increases, because of more phonons that charge-carriers can be coupled to!>!%!7-2!_ However,
small polarons are transported via phonon-assisted hopping between lattice sites. Therefore,
higher temperatures lead to increases in thermal energy, which promotes the hopping of small
polarons, thus giving rise to higher mobilities'*!"*”?®, However, such mobilities still remain

smaller than materials without charge-carrier localisation.

Moreover, charge-carrier localisation can change the electronic band structure. Fig. 2.5b and ¢
compare the standard electronic band structure with the configuration coordinate diagram for
a material undergoing charge-carrier localisation. Due to the local lattice distortions (Q in Fig.
2.5¢) caused by the coupling between charge-carriers and LO or acoustic phonons, self-trapped

states appear. Q is defined as Q = ’ZimiAriz where m; and Ar; represent the mass and

the distance away from the equilibrium position of the atom, respectively. Q hence describes
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the atomic displacement in a certain vibrational mode, known as the configuration coordinate.
The curves in Fig. 2.5¢ therefore illustrate the energy of both the lattice and charge-carriers as
a function of lattice distortions. When a photon is absorbed, an electron will be excited from
the ground state to the excited state. Due to the charge-carrier-phonon interaction, a self-trapped
state (STE in Fig. 2.5¢) with an even lower energy, will be created. The energy difference
between the minimum of the excited state and the point where the energy of the excited state
and STE are equal depicts the energy barrier against the self-trapping. By overcoming this
barrier, excited charge-carriers can reach the minimum of STE, releasing excess energy and
becoming localised. Finally, self-trapped charge-carriers can relax to the ground state through

either a radiative or non-radiative recombination process.

In addition to electron-phonon coupling, there are also interactions between charge-carriers
themselves. In this thesis, I focus on the Coulomb attraction between photo-generated electrons
and holes, leading to the formation of excitons. Excitons can be classified into two types,
Frenkel and Wannier-Mott excitons. Frenkel excitons are strongly bound within a single unit
cell and are typically observed in organic materials with low dielectric constants, which are
unable to effectively screen the strong Coulomb attraction between charge-carriers. In contrast,
Wannier-Mott excitons are highly delocalised, spreading across multiple unit cells. These
excitons are commonly found in inorganic semiconductors, where a significant screening effect
arises from relatively high dielectric constants. Consequently, our focus will be on Wannier-

Mott excitons in the following discussion.
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The excitonic effects can be reflected in the optical absorption spectrum, and the most common
model was first established by Elliott*. For an excitonic system, the total optical absorption
coefficient can be expressed as

a(E) = ax(E) + ac(E) (2.29)

where ay(E) and a.(E) are the contributions from excitons and continuum, respectively.

2.2 Solar cells

2.2.1 Working mechanism

Solar cells can convert incident light into electricity. The primary component of a typical solar
cell is a p-n junction, forming near the interface between a p-type and an n-type semiconductor.
When the interface forms, due to the gradient of the charge-carrier density, the majority charge-
carriers in both semiconductors will diffuse across the interface, leading to positively-charged
donor atoms in the n region and negatively-charged acceptor atoms in the p region. The charge-
carriers arriving at the opposite region will recombine with the complementary charge-carriers,
resulting in a space charge region (also known as a depletion region) with no free charge-carrier,

as illustrated in Fig. 2.7.
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Fig. 2.7 | Schematic of a p-n junction. Reproduced with permission from Ref. 10. Copyright

2011 McGraw-Hill.

Meanwhile, the space charges will create a built-in electric field across the depletion region,
which will cause drift to occur in the opposite direction to diffusion. At thermal equilibrium,
these two forces will finally reach a balance. For the condition of zero current flow across the

. . . . d .
junction, the Fermi level must be constant (i.e., % = 0), so the energy band will be bent as

X

shown in Fig. 2.8. Due to the built-in electric field, an electric potential eV,; will be created,

preventing any charge-carrier diffusion at thermal equilibrium.
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Fig. 2.8 | The energy band diagram of a p-n junction. Reproduced with permission from Ref.

10. Copyright 2011 McGraw-Hill.

The key characteristic of p— junctions is their rectifying behaviour that they allow current to
flow easily in only one direction, as the typical current-voltage characteristics of a p—n junction
shown in Fig. 2.9. When a “forward bias” (positive voltage on the p-region) is applied, the
built-in electric potential, as well as the width of the depletion region, will be reduced, making
it easier for the majority charge-carriers in each region to diffuse across the junction. Therefore,
the current will increase exponentially as the forward bias increases. By contrast, when a
“reverse bias” is applied, the built-in electric potential will be increased and the depletion
region will be wider, further reducing the diffusion current until a critical voltage is reached to
break down the junction. At this point, the current will suddenly increase. For an ideal p—n
junction (or diode), the total current I, under the voltage V can be expressed as
qv
I, = I (eﬁ - 1) (2.30)

where [ is called the saturation current.
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Fig. 2.9 | Current-voltage characteristics of a typical p-n junction. Reproduced with

permission from Ref. 10. Copyright 2011 McGraw-Hill.

While the p-n junction has been widely used for Si solar cells, the n-i-p or p-i-n structure, where
an intrinsic semiconductor is sandwiched by a p-type and n-type semiconductor, is preferred in
thin-film solar cells, including the solar cells investigated in this thesis. The intrinsic
semiconductor will be the main region where incident light is absorbed and charge-carriers are
generated. In such a structure, the built-in electric field can extend throughout the whole
intrinsic semiconductor, thus driving the photo-generated charge-carriers towards the ends of
the junction more efficiently by drift. The n-type semiconductor is also known as the electron
transport layer (ETL, such as TiO», ZnO and CdS), while the p-type semiconductor is called as
hole transport layer (HTL, such as NiOx and polymers). These transport layers exhibit high

charge-carrier mobilities, promoting the collection of charge-carriers.

As Fig. 2.10 shows, when light illumination is applied to an ideal p-n junction solar cell, a

photocurrent I will be generated since excess charge-carriers are excited by solar radiation. If

23



an external load R is connected to the solar cell, a voltage difference will be created across
the load, applying a forward bias V on the p-n junction. Consequently, a current I opposite
to the photocurrent will flow across the junction. Therefore, the total current I, can be given
by
qv

Iy =1— Ip= Igc — I (eﬁ — 1) (2.31)
where 5. is the short-circuit current (i.e., the photocurrent with no external load), and Is is
the diode saturation current. It should be noted that both the short-circuit current (I5.) and the
short-circuit current density (Jg¢) can be used to characterise the current under short-circuit
conditions. Ig. refers to the total current that flows through the p-n junction under short-circuit
conditions, while Jg. is the current normalised by the active device area, which allows direct

comparison between devices of different sizes. In this work, I. isused consistently for clarity.

Fig. 2.10 | Schematic of an ideal p-n junction solar cell under light illumination.

Reproduced with permission from Ref. 10. Copyright 2011 McGraw-Hill.

According to equation (2.31), as the voltage V increases, I, will gradually decrease. When
24



I; reaches zero (i.e., open circuit condition), the corresponding voltage V. is referred to the
open-circuit voltage as:

kT  (lsc

q I
It should be noted that V. also stands for the largest voltage achieved by a solar cell, which
is determined by the quasi-Fermi level splitting. When excess charge-carriers are photo-
generated, the thermal equilibrium is shifted, and the Fermi level of an intrinsic semiconductor

Ep; is not meaningful anymore. Instead, the quasi-Fermi levels Ep, and Ep, are used to

express the electron and hole concentrations in a nonequilibrium state as:

Epn—EFji

n= ne KT (2.33)
Eri—Erp
p= nie kT . (2.34)

The open-circuit voltage V. is equal to the maximum potential difference built up by quasi-

Fermi level splitting in the p-n junction.

Equation (2.31) describes the current-voltage characteristics of a solar cell under illumination,
as plotted in Fig. 2.11. At certain point, the maximum power output Pyp can be achieved, and

the fill factor FF is defined as

Pyp
FF = , (2.35)
IscVoc
while the power conversion efficiency (PCE) is defined as
P, IscVocFF
PCE = £ = 35€°0¢ (2.36)

P; P,

with P;, as the incident light intensity. Two additional parameters commonly used to evaluate
solar cell performance are the internal and external quantum efficiency (IQE (4) and EQE (1)),

which can be calculated as functions of the wavelength A:
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JOECT) = total electrons collected from device at wavelength A (2.37)
QE() = total absorbed photons at wavelength A '

EQE(X) = total electrons collected from device at wavelength A (2.38)
@)= total incident photons at wavelength A ' '

FF

_

Pyp

Fig. 2.11 | Typical I-V curve of a solar cell. V,., Isc, Pyp and FF represent the open-
circuit voltage, short-circuit current, maximum power output and fill factor, respectively.

Reproduced with permission from pvdeucation.org.

For realistic solar cells, the ideal diode model needs modifications to consider the effects of
parasitic resistances. Fig. 2.12 displays the equivalent circuit of a non-ideal solar cell, where
the series resistance Rg and the shunt resistance R, are included. Rg can result from the
contact resistances between the electrodes and the semiconductor, while Ry, is commonly
caused by the connection between electrodes or transport layers, providing extra paths for
charge-carrier recombination and power loss. In this case, the [-V characteristics of a non-ideal

solar cell can be expressed as
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q(V+IRy) V+IR
- 1] - 2 (2.39)

Iy = Isc — Iy [e mkT R,

where m is the ideality factor.
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Fig. 2.12 | Equivalent circuit of a solar cell. R; and Ry, represent the series resistance and

the shunt resistance, respectively. Reproduced with permission from pvdeucation.org.

2.2.2 Efficiency limit

The Shockley-Queisser (SQ) limit gives the theoretical maximum PCE of a single junction

solar cell*. The model was established based on the following assumptions:

(1) The sun and the solar cell are both blackbodies with temperatures of 6000 K and 300 K,
respectively.

(2) All photons with energies exceeding the bandgap E; of the semiconductor can be
absorbed to generate an electron-hole pair, while no photons with an energy lower than E
can be absorbed. Namely, the optical absorption coefficient is a step function with the onset
at Eg.

(3) Radiative recombination is the only recombination mechanism.
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As a result, the theoretical PCEs can be expressed as a function of E,, reaching a maximum
value of 30% at 1.1 eV. When the blackbody radiation is substituted with the standard solar
spectrum (AM 1.5G), the maximum PCE increases to 33.7% at 1.34 eV>!. If replacing the
simple step function with an energy-dependent absorption spectrum a(E), spectroscopic
limited maximum efficiency (SLME) could be derived. By employing a(E) measured by

experiments, SLME can estimate the theoretical PCE limit more accurately??.

2.2.3 Development history

The development of solar cells started with the first observation of the photovoltaic effect in
1839, then the first solar cell was built by coating selenium with two metal thin layers in 1878,
A major breakthrough was the invention of the first practical silicon solar cell with a PCE of
6% 1n 1954, which has since dominated the solar cell market. By the late 20th century,
advancements in thin-film technologies, including cadmium telluride (CdTe) and copper
indium gallium selenide (CIGS), offered cost-effective alternatives. Therefore, c-Si and III-V
solar cells based on wafer technologies are regarded as the first-generation solar cells, while
those employing thin-film technologies have been defined as the second generation. The
invention of dye-sensitized solar cells (DSSCs) in 1991 further diversified the field**. In the
early 2000s, quantum dot solar cells were developed?>, while the first perovskite solar cell (PSC)
was demonstrated and achieved a PCE over 3% in 2009°. These novel technologies are
classified as third-generation solar cells. Over the past decade, the efficiency of PSCs has been

improved rapidly and recently reached 26.7%". The perovskite-Si tandem solar cell has even
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achieved the impressive PCE of 34.6%. However, even if PSC might be the most popular field
for research on solar cells, concerns such as the toxicity of lead element and the solvents used
in the production (e.g., N, N-dimethylformamide), as well as the limited stability of LHPs still

urge further material development.

Since solar cells were invented, various applications have emerged. In addition to the most
common outdoor solar energy conversion, novel applications such as flexible electronics®®4,
building-integrated photovoltaics (BIPV)*, and indoor PVs (IPV)*>*** have gained
increasing attention. In the third project of this thesis, the potentials for Sb,S3 solar cells for

IPV applications were investigated. The progress and challenges for IPV will be reviewed in

the next section.

2.2.4 Indoor photovoltaics (IPV)

Different from outdoor solar panels which convert solar radiation into electricity, indoor
photovoltaic devices harvest ambient light inside buildings to power electronics. To achieve
“smart life”, the Internet of Things (IoT) electronics are attracting increasing interest as they
enable daily objects and environments to acquire data connectivity and “intelligence”,
enhancing the quality and efficiency of daily lives***. Autonomous IoT nodes are commonly
powered by batteries, but their limited lifespan and the need for frequent replacement and
maintenance make long-term reliance on them unsustainable*®. On the other hand, IPV can

efficiently harvest energy from artificial lighting, commonly available inside buildings.
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Meanwhile, IPV devices can be fabricated from the sub-mm? to >100 cm? area to meet the
power requirement of various IoT electronics*’. Additionally, IPV provides a higher power
density than other indoor energy harvesting technologies, making it an ideal choice for
sustainably powering IoT devices. So far, IPVs have been successfully employed to power

44,4748

electronics such as environment- and bio-sensors , as well as machine learning on wireless

nodes*® and lithium batteries®.

Fig. 2.13 compares the AM1.5G solar spectrum with the spectra of two common indoor light
sources, WLEDs and fluorescent lamps (FL). Indoor lighting levels usually range from 50 to
500 lux illuminance in residential settings, and from 500 to 1500 lux in offices, commercial,
and industrial spaces. For common cold white light-emitting diodes (WLEDs), an illuminance
of 500-1000 lux (0.14-0.28 mW/cm?) is approximately 300—700 times lower than the intensity
of “1-sun” (AM1.5G, 100 mW/cm?)>’. As mentioned above, the Shockley-Queisser limit under
the AM 1.5G spectrum is obtained with a bandgap of 1.34 eV. On the contrary, due to the
different spectra, the optimal bandgap value for IPVs under white light illumination is 1.9-2.0
eV°!. Materials which have been demonstrated for IPVs include hydrogenated amorphous
silicon (a-Si:H)***, dye-sensitised solar cells**, organic photovoltaics®*>®, LHPs>’?, BiOI*?,
SbyS3** and so on. Due to their exceptional optoelectronic properties and easily tuneable
bandgap, LHPs have achieved the current record reported PCE for IPV (44.72%). However,
the toxicity of lead remains a significant barrier to the commercialisation of PSCs, particularly
for indoor applications. In contrast, Sb,S3 solar cells offer a more environmentally friendly

alternative. Following the initial study demonstrating an impressive PCE of 16.37% for Sb,S;
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solar cells under indoor lighting, we have recently enhanced the efficiency to 17.55% under

1000 lux WLED illumination, highlighting their strong potential.
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Fig. 2.13 | Comparison of the emission spectra of AM 1.5 G solar (red), 3000 K WLED at
1000 lux (blue), and 2700 K FL at 1000 lux (green). The spectral intensities of WLED and
FL are amplified by 50 and 5 times, respectively. Reproduced with permission from Ref. 44.

Copyright 2024 Springer Nature.

2.3 Perovskite-inspired materials (PIMs)

2.3.1 Introduction

The remarkable optoelectronic properties of LHPs have enabled their exceptional performance
as solar absorbers. However, their industrial application remains hindered by lead toxicity and

limited stability. To address these challenges while preserving the desirable properties of LHPs,

)60,61

lead-free alternatives, also referred to as perovskite-inspired materials (PIMs , have

garnered growing interest for photovoltaic applications.
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Research on PIMs has primarily focused on three common types: (i) structurally analogous
materials, which exhibit the perovskite crystal structure (e.g., Cs2AgBiBrs); (ii) chemically
analogous materials (e.g., caesium bismuth iodide); and (iii) electronically analogous materials.
The third category comprises compounds like bismuth oxyiodide (BiOI) that, despite being
structurally and chemically distinct from LHPs, exhibit similar electronic characteristics at
their band extrema®'®%2. These characteristics primarily arise from the hybridisation of the
metal cation valence s and p orbitals with the anion p orbitals, resulting in bonding—antibonding

states in the upper valence band and an antibonding state at the conduction band minimum®.

One of the most outstanding properties of LHPs is their defect tolerance, which occurs when
the most common trap states are shallow and exhibit low capture cross sections, resulting in
low non-radiative recombination rates even in the presence of high defect densities®®. The
shallow trapping model shows that defect tolerance in LHPs is related to the 6s* lone electron
pair in Pb?* 4% motivating the development of materials with heavy cations that have stable
valence ns* electron pairs (In", Sn?', Sb’"and Bi**). By sharing similar electronic
characteristics with LHPs, these PIMs are also anticipated to exhibit defect tolerance. The
following sections will first explore the concept of defect tolerance in detail, then introduce a

specific family of PIMs: ABZ, materials.

2.3.2 Defect tolerance
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Herein, defect tolerance is defined as the semiconductor maintaining free charge carriers, low
non-radiative recombination rates and high mobilities, despite the presence of defects. This
capability enables long charge-carrier transport lengths, allowing the material to operate near
its optical performance limits®®7?. To analyse the defect tolerance of semiconductors, the defect

formation energy diagrams are commonly constructed via calculations based on the equation:
MMy g = (Exq = Eg) = ) mitts + GBp + Eeorr(@), (2.40)
i

where AHy, refers to the formation energy of certain defect state, while Ey, and Ey
represent the energy for a supercell with and without the investigated defect, respectively.
Y.in;i; accounts for the Gibbs free energy change when the defect is formed by adding or
removing n; atoms with a chemical potential p;. The term gEp stands for the energy cost to
change the charge state of the defect by adding q charges, while Ep is the Fermi level. Due
to the existence of this term, the defect formation energy can be described as a function of the
Fermi level. Finally, E.,-(q) is the correction term to reduce the spurious charge-charge

interaction between the finite-sized supercells.

The left panel of Fig. 2.14 depicts a typical defect formation energy diagram of a defect state
with two transition levels, €(+1/0) and €(0/—1), as a function of the Fermi level Eg. The
transition levels € represent the points where the formation energies of two charge states, g1
and g2, are equal (i.e., AHy,(ql) = AHy 4(q2)). These levels also correspond to the energy
positions of donor or acceptor defects. For instance, the transition level €(+1/0) denotes the
energy level of a donor defect, which is more stable (due to a lower defect formation energy)

when it loses one electron to form a +1 charge state at energy levels below &(+1/0). Therefore,
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the formation of this defect makes the material more n-type. Conversely, the transition level
€(0/—1) represents the energy level of an acceptor defect, which becomes more stable upon
capturing an electron (resulting in a -1 charge state) at energy levels above £(0/—1). These
two transition levels can also be interpreted as defect states located within the bandgap, as

illustrated in the right panel of Fig. 2.14.
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Fig. 2.14 | The two defect transition levels (¢(+1/0) and £(0/—1)) on a defect formation
energy diagram and an energy band diagram. Reproduced with permission from Ref. 9.

Open access, CC BY.

At room temperature (300 K), the thermal energy of charge-carriers kT is about 0.026 eV. In
this case, defect states located about 0.03 eV away from the band edges can be regarded as
shallow defects because the trapped charge-carriers can be thermally activated back to the CB
or VB. On the other hand, defect states with the formation energies AHy , higher than 1 eV

have relatively low concentration according to the equation:

AHX,q
N, = Ne kT (2.41)

where N; and N represent the concentration of defects and forming atoms, respectively.
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Therefore, defects with either energy levels close to band edges or high formation energies can

be treated as benign, as they will not significantly reduce the charge-carrier lifetime.

Defect tolerance has been found in compounds such as CusN’3, where the p-d orbital
interactions contribute to the bonding and antibonding states at the CBM and VBM,
respectively. These electronic characteristics at the band extrema make defect states located
within the bands or shallow to the band edges. On the contrary, semiconductors with anti-
bonding CBM and bonding VBM (e.g., Si or GaAs) tend to exhibit defects near the middle of
their band gaps. Such materials are less defect-tolerant and require reduced defect
concentrations to achieve high efficiencies. Fig. 2.15 compares the electronic structures of
defect-intolerant materials (Fig. 2.15a) and LHP (Fig. 2.15b), which is also defect-tolerant.
Similar to other defect-tolerant materials discussed earlier, the Pb 6s-I 5p hybridisation in LHP
leads to the anti-bonding states at the VBM, making defect states shallower. This highlights the
importance of the 6s* lone electron pair in Pb**. Also, due to the significant relativistic spin-
orbit coupling (SOC) resulting from the large nuclear charges, the CBM of LHPs exhibits high
dispersion. This high dispersion pushes the band edges closer to most defect states®’. Based on
these characteristics, the shallow trapping model has emerged as one of the most widely
accepted explanations for defect tolerance in LHPs®7*. However, deep states can still form,
and a wide range of models have been proposed, including dielectric screening®®%, defect self-

7678 and self-healing’®%’. The development of

compensation”, formation of large polarons
different theoretical models indicates that the defect tolerance in LHPs is complex and can be

related to various properties. Potential PIMs sharing similar features are expected to be able to
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tolerate defects.

a. Defect Intolerant b. Defect Tolerant: MAPbI,
a b
CB
anti-
bonding
" deep [ ! shallow ;

states / , states !

bonding 5 Pbi6S)

Fig. 2.15 | The electronic band structure of a, typical defect intolerant materials (e.g., I11-
V, 1I-VI, and group IV semiconductors) and b, typical defect tolerant materials (e.g.,
LHPs). Reproduced with permission from Ref. 81. Copyright 2017 American Chemical

Society.

2.3.3 ABZ; materials

As discussed in the previous section, the 6s* lone electron pair in Pb?* is critical for the defect
tolerance of LHPs. Therefore, lead-free PIMs containing cations with similar valence ns?
electrons (e.g., In*, Sn**, Sb>*, and Bi**) have gained increasing attention. More specifically,
the ABZ; family of materials (A = monovalent cation, B=Sb*" or Bi*", Z = chalcogen) is
promising solar absorber materials because Sb*" or Bi** avoids the scarcity of In®? and the self-
doping that is prevalent in Sn perovskites®* 6. Moreover, chalcogenides exhibit generally
improved stability than halides. In this section, I will review important research progress of

some representative ABZ; materials with the focus on CuSbSe>, which is the material
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investigated in Chapter 4 and 5 of this thesis.

Thanks to the high absorption coefficient (10%-10° cm™), the highest PCE of solar cells based
on ABZ, materials was achieved by AgBiS; solar cells in 2024 (10.8%)%’. Early work employed
the SILAR (sequential ionic layer adsorption reaction) process®® or spray pyrolysis® to
synthesize AgBiS,, while the hot-injection method has been widely used to grow AgBiS,
nanocrystals (NCs) since 2016°%°, facilitating the increased PCE of AgBiS, solar cells.
However, OPTP measurements reported a low charge-carrier mobility (0.46 + 0.05 cm?-V!-s°
) and a short diffusion length (=~ 50 nm) for AgBiS, NC thin films**. Thus, the best
performance of AgBiS; solar cells was achieved by ultrathin (30 nm) films®. It has been further
demonstrated that the low charge-carrier mobility and diffusion length of AgBiS, NCs are
caused by charge-carrier localisation, which results from the Ag and Bi cation disorder.
Through heat treatment, the cation disorder in AgBiS, can be engineered from the cation-
segregated structure (middle panel of Fig. 2.16a) to the homogeneously cation-
disordered structure (bottom panel of Fig. 2.16a). With the engineered cation disorder, the
charge-carrier localisation in AgBiS» can be mitigated and the mobility is increased to 2.7 + 0.1

cm?- V157! enabling efficient charge-carrier transport®,
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Fig. 2.16 | Cation disorder and optical absorption coefficients of AgBiS: and NaBiS:. a,
Schematic of AgBiS; crystal structures with different types of cation ordering. Top: perfectly
cation-ordered; middle: cation-segregated; bottom: fully homogeneous cation-
disordered structures. Reproduced with permission from Ref. 94. Open access, CC BY. b,
Optical absorption coefficient (a) spectrum of AgBiS; and NaBiS; NC films compared with

other PV absorbers. Reproduced with permission from Ref. 96. Open access, CC BY.

NaBiS; is another ABZ, material exhibiting a high optical absorption coefficient (Fig. 2.16b),
thus attracting attention for its photovoltaic applications. However, since NaBiS; has a similar
rock salt crystal structure to AgBiS,, where the Na* and Bi** cations randomly occupy the same
lattice sites, cation disorder has also been reported for NaBiS, NCs. The formation of Na'-rich
clusters leads to charge-carrier localisation in NaBiS;, thereby reducing the charge-carrier
mobility and diffusion length®®. The cation disorder in NaBiS; has not yet been as effectively
engineered as in AgBiS,, resulting in the suboptimal performance of NaBiS; solar cells, with a

highest-reported PCE reaching only 0.74%°’. Beyond these two materials, charge-carrier
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localisation has been prevalently observed in the family of bismuth-halide and bismuth-
chalcogenide semiconductors, so that it is being regarded as a hallmark of these
materials?>”?%9%%_ The limited performance of these Bi-based materials suggests that future
development of PIMs should prioritise materials which do not undergo charge-carrier
localisation. Thus, it is critical to better understand how to design PIMs with delocalised
charge-carriers.

Recent studies on BiOI revealed its band-like transport!%%1°!

, unlike many other Bi-based
semiconductors. The change-carrier mobility of BiOI can reach up to 83 cm?-V !'s!, far
exceeding the mobilities of localised charge-carriers (typically =10cm?V !s!or

18,27.28.96,102 1t is supposed that this is related to both the layered structure of BiOI and

lower)!*
its large layer thickness. Considering that the charge-carrier localisation of Sb-based

compounds is not as well established as Bi-based compounds, I investigate a related layered

Sb-based ABZ; material, CuSbSe;.

CuSbSe> 1s a ptibramite, which is the Se analogue to the chalcostibite CuSbS», having an
orthorhombic unit cell (Pnma space group). The crystal structure of CuSbSe> is shown in Fig.
2.17a, where each Sb atom 1s bonded to three Se atoms forming a trigonal pyramidal geometry,
while each Cu atom is bonded with four Se atoms in a tetrahedral arrangement. The CuSbSe»
layers are held together by van der Waals interactions. The 5s* lone electron pairs of Sb** are
projected towards the interlayer space, as shown at the lower right corner of Fig. 2.17a. The

stereochemical activity of the 5s* lone electron pair has been reported for Sb** in both
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CuSbS,'%1%5 and Sb,Se;!%1%7, indicating that the orbital energy levels of the Sb 5s and Se
4p states are close enough to interact. The bandgap of CuSbSe; has been reported to range from
0.9 to 1.2 eV!%113 ‘making it suitable for harvesting the near-infrared portion of the solar
spectrum. Also, both CuSbS> and CuSbSe> exhibit optical absorption coefficients higher than
10* cm™ M214° a5 well as exceptional charge-carrier mobilities (64.6 cm?-V !s™! for
polycrystalline CuSbS,!'5; 87 cm?V~!-s7! for single crystal CuSbSe>'®). These properties
make both materials promising for photovoltaic applications. So far, a record PCE of 3.22%
(with a Voc 0of 0.47 V and a Jsc of 15.64 mA/cm?) and 4.7% (with a Voc of 0.34 V and a Jsc of

26 mA/cm?) have been achieved for CuSbS,''® and CuSbSex'! solar cells, respectively.
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Fig. 2.17 | Crystal structure and defect formation energy diagrams of CuSbSe:. a, Crystal
structure CuSbSe,. The interlayer gap and 5s* lone electron pair of Sb*" are displayed at the
bottom. The defect formation energy as a function of the Fermi level under b, Se-rich and c,
Se-poor condition. Reproduced with permission from Ref. 112. Copyright 2015 John Wiley

and Sons.

The defect properties of both materials have also been studied computationally. Fig. 2.17b and
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c show the defect formation energy diagram of CuSbSe; under Se-rich and Se-poor conditions,
respectively''?. Under the Se-rich condition (Fig. 2.17b), the acceptor defect Vcy has the lowest
formation energy, leading to the p-type conductivity and shifting the Fermi energy closer to the
VBM. However, the shift of the Fermi energy towards the VBM also results in the decreased
formation energy of the donor defect Cui. When the balance between Vcy and Cu; is reached,
the Fermi level is set at about 0.2 eV above VBM. On the other hand, under the Se-poor
condition, Vcy and Cu; are still the two dominant defects, but their formation energies are
changed. In this case, the competition between V¢, and Cu; determines the Fermi level near the
middle of the bandgap. This comparison indicates that the synthesis condition can influence
the conductivity of CuSbSe>. However, under both conditions, both V¢, (0.08 eV above the
VBM) and Cu; (0.15 eV below the CBM) have shallow transition energy levels, so they are
expected not to affect the charge-carrier lifetimes significantly. The acceptor defect Cusy is
located at 0.29 eV above the VBM, which is not very deep. Considering its relatively high
formation energy, its concentration should be low, and its negative effects on charge-carriers
should be negligible. The other defects Vse and Sbcu have deeper transition levels, but their
formation energies higher than 1 eV result in even lower concentrations, so they will not
dramatically assist the charge-carrier recombination. Given that all low-energy defects have
shallow transition levels, CuSbSe: is expected to be a defect-tolerant semiconductor, but this
needs more experimental examination in the future. Similar defect characteristics have also

been proposed for CuSbS,'*.

Due to its outstanding optoelectronic properties and promising photovoltaic applications,
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various techniques have been employed to grow CuSbSe:, such as sputter deposition!!’, close-
space sublimation'!®, fusion method'!®, selenization of metal precursors'?’ and hydrazine-based
solution processing!'>!?!. Among these methods, solution processing requires less capital-
intensive equipment and shorter reaction time'?2, but the highly dangerous hydrazine is another
concern to address, urging the development of more benign solvents to synthesize CuSbSe,. A
recently explored solvent system for solution processing of chalcogenides, a thiol-amine
solvent system, will be introduced later. Moreover, to overcome the limited scalability of
solution processing method, especially spin coating, other synthesis techniques such as CVD

are also worth studying.

2.4 Sb2Ss3-based solar cells

As c-Si solar cells are leading the photovoltaic market, the bulkiness of Si makes them
unsuitable for light-weight or flexible applications. Among alternative thin-film solar cells,

123 while CdTe contains the toxic Cd element.

CIGS technology is limited by the scarcity of In
Therefore, novel solar absorbers comprising earth-abundant, non-toxic constituents are needed.
Sb,S3, as an emerging photovoltaic material, consists of earth-abundant and benign elements
and has a high optical absorption coefficient (> 10* cm™)!?*. Moreover, Sb2S3 only presents
one single stable phase, avoiding the formation of undesired impurity phases. Also, the
relatively low melting point of SbaS; (=550 °C) makes it possible to synthesize crystalline
films at low temperatures (< 400 °C)'?>. These properties enable Sb,S; to be an attractive

material for thin-film solar cells. In particular, the bandgap value of Sb,S3 (1.7-1.8 eV) matches

42



well with the requirement for top cells of tandem solar cells, as well as indoor light harvesting
discussed in Section 2.2.4. The SLME of Sb,S;3 solar cell has been predicted to reach 47%

under 1000 lux WLED illumination*?.

Sb2S3 has an orthorhombic crystal structure (Pnma or Pbnm space group depending on axis
assignment), as shown in Fig. 2.18. The structure is composed of covalently bonded quasi-1D
[SbsXs]n ribbons, while the ribbons are stacked together by weak van der Waals interactions.
Such inter-ribbon free volumes may accommodate the lattice distortions caused by acoustic
wave propagation, thereby reducing the acoustic deformation potential. However, whether

Sb,S; undergoes charge-carrier localisation or not is still under debate!%”-126,

@ ..° I,
"v%g*va\*v)‘

Fig. 2.18 | Crystal structure of Sb2S3. Reproduced from Ref. 107 with permission from the

Royal Society of Chemistry.

Due to its exceptional properties, different techniques have been developed to synthesize Sb,Ss;

for solar cells. Chemical bath deposition (CBD) is the most common method used to deposit
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SbyS3 thin films because of its simple operations, low cost, and potentials for scalable
deposition. More details of CBD will be introduced in Section 2.5.3. The first attempt at
synthesizing Sb,S3 via the CBD method employed Na>S>03 and Sb2O3 as the sulphur and
antimony source, whereas 2,2',2".2"-(ethane-1,2-diyldinitrilo)tetraacetic acid (EDTA) was
used as a complexing agent!?’. A uniform and compact Sb,S; thin film with an amorphous
nature was obtained. Subsequently, Savadogo and Mandal used thioacetamide and potassium
antimony tartrate as sulphur and antimony source, and 2,2’,2"-nitrilotri(ethan-1-ol), ammonium
hydroxide, and silicotungstic acid (STA) as complexing agent. By adding a heat treatment step
at 300 °C, the amorphous film was converted into polycrystalline film'?®. In their following
studies, with identical methods and conditions, Sb>S3 solar cells with the PCE exceeding 5%
were achieved!?*!%0 indicating the high quality of Sb,S; thin films deposited by the CBD
method. Inspired by the success, the CBD method has been widely applied for Sb,S3 thin film
deposition, while different sulphur and antimony sources, complexing agents, as well as

additives have been explored to tune the properties of Sb,Ss.

In 2014, Choi et al. modified the surface of Sb,S; by thioacetamide-based sulfurization and
achieved a PCE of 7.5%, the record of Sb,S3 sensitized solar cells'*!. As for planar Sb,S3 solar
cells, by employing multiple sulphur sources (sodium thiosulfate and thioacetamide), the
processes of heterogeneous nucleation and S*” release were enhanced, and the PCE reached 8%.

This is the highest efficiency of all Sb,2Ss solar cells so far!*

. On the other hand, by introducing
Ce** into the precursor solution for Sb2S3 deposition, the nucleation and growth processes of

SbaS3 were modulated, which successfully reduced the grain boundary density. This grain
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engineering achieved the highest Voc of SbaS3 solar cells (796 meV) and an impressive PCE
of 7.66%'33. In our recent work, we showed that the addition of 2-aminoethanol (MEA) into
the precursor solution could also tune the nucleation and growth of SboS3 films, resulting in
increased grain size and a higher deposition rate. Our MEA-modulated Sb>S3 solar cell gave a
PCE of 7.22% under the AM1.5 G spectrum, and an I[PV PCE of 17.55% under a 1000 lux
WLED, which is the highest yet reported for Sb2S3 IPVs. We also constructed large-area SboS3
minimodules to power IoT wireless sensors, enabling long-term continuous monitoring of
environmental parameters under office lighting**. These achievements demonstrate the
abundant opportunities to optimise the deposition of SbyS3 films and underscore the

exceptional potential of Sb2S; solar cells for harvesting indoor light.

In addition to improving the efficiency of Sb.S3 solar cells, efforts have also been made to
develop more benign (i.e., cadmium-free) Sb,S3 solar cells recently. However, as shown in Fig.
2.19, the main challenge is the non-uniform island growth of Sb>S3 on the surface of oxide
ETLs (such as TiO2 and SnO»), which results in discontinuous Sb,S3 films, thus reducing
efficiencies'**!*. To overcome this limitation, either an interfacial layer (e.g., ZnS'3+136:138 and
InyS313%14%) or an Sb,S3 seed layer'’” has been inserted between Sb,Ss;and oxide ETLs,
facilitating the heterogeneous nucleation and compact growth of Sb,S3 films. On the one hand,
the underlying mechanisms by which CdS or interfacial layers outperform oxides as substrates
for SboS3 growth remain unclear. Identifying the critical properties of substrates that enable the
growth of uniform and compact Sb,S; films can facilitate the efficient development of Cd-free

Sb2S3 solar cells, a crucial step toward their widespread application.
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FTO/CAS/Sb,S;

Fig. 2.19 | Top-view FE-SEM images of thermally treated a, FTO/SnO2/Sb2S3; b,
FTO/TiO2/Sb2S3 and ¢, FTO/CdS/Sb2S3. Reproduced with permission from Ref. 138.

Copyright 2022 Elsevier.

2.5 Thin film deposition

Thin films can exhibit a wide range of properties, depending on their composition,
microstructure, thickness, and other influencing factors. These properties include
ferromagnetism, superconductivity, high wear resistance, and resistive switching.
Consequently, thin-film-based technologies play a vital role in the global economy, with
applications spanning memory storage, optoelectronic devices, and surface coatings that
protect structures from high-temperature oxidation. The properties of thin films are heavily
influenced by the growth techniques and processing conditions employed, which also
significantly impact their commercial viability. To accommodate varying demands for quality,
cost, and scale, several techniques have been developed for depositing thin films, including
solution processing, physical vapor deposition (PVD), and chemical vapor deposition (CVD),
among others. The following sections will provide a detailed discussion of these techniques,

with a particular focus on spin coating, CBD, and CVD.
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2.5.1 Solution processing

Compared to other thin film deposition techniques, solution processing does not require
vacuum systems or high processing temperatures, making it a cost- and energy-efficient choice,
and offers scalability and flexibility in substrate choice. Among various solution processing
methods, spin coating is the most common and simplest one used in the laboratory because it
can be used to grow a wide range of materials fast, not requiring expensive equipment or
vacuum systems. Spin coating can also grow some materials with complex structures that are
difficult for other techniques, for example, the growth of polymers by PVD. It is also easier to

explore the processing conditions of spin coating to quickly optimize thin film growth.

141,142 143-

Therefore, spin coating has been extensively used for organic and perovskite solar cells

145 146-148

, nanoplatelet light-emitting diodes , flexible thin film transistors'®, and other

applications!>%1°!,

Thin film growth starts with nucleation. During spin coating, nuclei can form within the solvent
(homogeneous nucleation) or on the surface of the substrate or other clusters in the solvent
(heterogeneous nucleation). Nucleation requires supersaturation, which can be obtained by
removing the solvent. Fig 2.20 shows three common methods to remove the solvent.
Evaporation of solvent can be accelerated by heating the substrate or using a burst of nitrogen
gas over the sample (gas-phase quenching). The antisolvent method involves dropping a

solvent that does not dissolve the precursors (i.e., “bad” solvent) to wash away the “good”
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solvent and help nucleation. The degassing method removes the solvent by reducing the
pressure (e.g., by holding the film in a low vacuum chamber). These three methods all achieve

supersaturation by removing the “good” solvent to increase the precursor concentration.

Evaporation Antisolvent Degassing

Fig. 2.20 | Schematic of homogeneous and heterogeneous nucleation during spin coating.
The blue region is the residual solvent. Three common methods to accelerate solvent removal
(evaporation, antisolvent and degassing) are also shown. Reproduced with permission from

Ref. 122. Copyright 2019 American Chemical Society.

Homogeneous nucleation occurs when units of the nucleating phase cluster within the solvent.
These “units” can be atoms, ions, molecules or formula-units, which are commonly referred to
as monomers. To make the homogeneous nucleation process thermodynamically favourable,
the change in Gibbs free energy (AGy,m,) should be negative, as given by this equation:
AGyom = —VAGy + AyyL (2.42)
where AGy as the Gibbs free energy per unit volume change in monomers, V as the volume
of the nucleus, A as the surface area of the nucleus and yy; as the energy associated with the

creation of the solid-liquid interface. Since the creation of a new solid-liquid interface would
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oppose nucleation, AG, must be negative to make the nucleation happen. AG, can be
described by:
RT
AGy = ——RTIn(Sp + 1). (2.43)
Vin
In this equation, R is the Universal gas constant (8.314 J mol! K), T the absolute
temperature of the solution, V,, the molar volume of the nucleus, and Sp the supersaturation.

As the nuclei are typically modelled as spheres, combining eq. (2.42) and (2.43) with the

volume and area of a sphere, AGy,,, as a function of the nucleus radius can be derived:

3

4ntr
AGyom = (— >RTln(SP + 1) + 4nriyy, (2.44)

3V
and plotted in Fig. 2.21. When the nucleus radius increases beyond a threshold value (%),
AGyom starts decreasing, and nucleation becomes thermodynamically favourable when
AGyom 1s negative. It can also be noted that the supersaturation Sp needs to be positive to

facilitate the nucleation process, which is defined as:

C— Cs
SP: CS

(2.45)
where C is the solution concentration in the precursor concentration, and Cs the equilibrium
solubility limit. Thus, supersaturation is necessary to make Sp > 0, which can be achieved by

the three strategies (i.e., evaporation, antisolvent and degassing) illustrated in Fig. 2.20.

49



AG(P)

4

Fig. 2.21 | Free energy change (AG), sum of surface (AGg), and volume (AGy) free energy
changes, as a function of nucleus radius (7r) for homogeneous nucleation (inset:
heterogeneous nucleation). Reproduced with permission from Ref. 122. Copyright 2019

American Chemical Society.

The key feature of heterogeneous nucleation is that the nuclei form on another surface, such as
the substrate, instead of within the solvent. In heterogeneous nucleation, new interfaces
between nucleus and liquid (NL), as well as nucleus and substrate (SN), are created, while the
liquid-substrate interface (SL) is removed. The total interfacial energy in heterogeneous
nucleation is lower than in homogeneous nucleation, so heterogeneous nucleation is more
common. The change is the Gibbs free energy in heterogeneous nucleation (AGy,;) can be

calculated by:

3
AGura = || = dmr RTln(S + 1) + 4mr? f(6) (2.46)
Het 3Vm p YnL : '

The parameter f(6) depends on the contact angle 6 of the nucleus on the substrates as
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f@) = %(2 + c0s8)(1 — cosB)?. The contact angle can be derived from Young’s equation:
Ys. = Ysnv + Ynrc0s0. (2.47)
It can be seen that AGy,; would reach the lowest value when 8 = 0 (i.e., full wetting). As 6

approaches m, AGy,.; gets closerto AGyom.

For thin films used in solar cells, larger grains are usually desired because grain boundaries can
be the sites of dangling bonds and traps, which can be centres of non-radiative recombination.
Grain boundaries can also scatter carriers and lower the mobility. Thus, larger grains are
preferred due to the lower density of grain boundaries. Also, the thin films should be as compact
as possible because pinholes penetrating the whole film can be the paths where other layers
connect and affect device performance. To ensure compact films, compatible solvents and
substrate should be used. For example, if the solvent is polar, the substrate should be treated
with oxygen plasma or UV-o0zone to remove organic residues on the surface. A high density of
nuclei is also important for a compact film. The three strategies shown in Fig. 2.20 can be used
to obtain a higher density of nuclei by increasing supersaturation. To promote the grain
coarsening, some post-treatment, such as heat treatment, may be applied after spin coating. The
morphology of thin films can be controlled by manipulating the density and uniformity of

nucleation and grain coarsening.

The key challenge in depositing CuSbSe> thin films through solution processing is selecting
appropriate solvents capable of effectively dissolving the chalcogenide precursors.

Unfortunately, chalcogenides are generally insoluble in most traditional solvents such as N, N-
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dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and N-methylpyrrolidone (NMP)'*2,
It has been reported that hydrazine can dissolve a wide range of chalcogenides and can be used
to fabricate the absorber materials of solar cells, including CuSbSe,!!%!2L153-155 However,
hydrazine is highly toxic and explosive, preventing the practical application of this hydrazine-
based solution processing method. In 2013, a binary solvent mixture of ethane-1,2-dithiol (EDT)
and ethane-1,2-diamine (en) was reported to dissolve nine bulk V> VI3 chalcogenide materials
at room temperature, ambient pressure, in air, and on the order of minutes!*¢. This thiol-amine
solvent system was applied to the dissolution of a wider range of chalcogenides, including
CuzSe!®71%0 and SbySes!*®1%!. This solvent system was also used to dissolve Cu2Se and InzSes
separately, then the two precursor solutions were mixed to spin coat CulnSe thin films'®. This

study inspired us to use CuxSe and SbzSes as precursors to spin-coat CuSbSe; thin films.

In 2017, Murria et al.'®* dissolved CuCl and CuCl: in the mixture of propane-1-thiol and butan-
I-amine, then investigated the dissolution mechanism of this solvent system using mass
spectrometry. The mechanism was reported to be initiated by proton transfer from the thiol to
amine, then the thiolate ion dissolves the copper salts by coordinating with the copper cations,
while the propylammonium cation coordinates with the chloride anions. So far, the thiol-amine
solvent system has successfully dissolved a wide range of precursors, including elemental
materials, oxides, chalcogenides and other metal salts, as listed in Fig. 2.22. Binary
combinations of thiols and amines have become a useful solvent system for the solution

processing of chalcogenide thin films.
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Periodic Table of Elements Soluble in Alkahests
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Fig. 2.22 | Periodic table of elements and their counterparts soluble in thiol-amine solvent

systems. Reproduced with permission from Ref. 163. Copyright 2021 Elsevier.
2.5.2 Chemical vapour deposition (CVD)

In chemical vapour deposition (CVD), thin films are formed on a substrate through the reaction
of gaseous precursors. Alternatively, some reactants can be pre-deposited on a substrate and
subsequently react with gaseous precursors. CVD is widely used in both laboratory and
industrial production because it can grow a wide range of materials with high purity and a rapid
growth rate. The properties of grown materials can also be tuned by adjusting CVD
conditions'®. To make a chemical reaction thermodynamically feasible, a reduction in the
Gibbs free energy is required, i.e., AG < 0. The AG of a reaction can be derived from:

AG = ) Gproauets = ) Greactants- (2.48)
However, for a non-closed system with gas transport in or out, the effects of gas transport and

kinetics need to be considered as well to determine whether a CVD reaction can happen.

A tube furnace is commonly used for CVD, where a quartz tube is held inside a horizontal
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furnace. By heating the precursors and substrates, the precursors are vaporised, and the
activation energy barrier for the chemical reaction is overcome. The gaseous precursor reacts
with other reactants and is transported to other zones containing substrates via a flowing carrier
gas (e.g., Ar), then the solid products deposit in thin film form. Byproducts and other waste
gases are carried out of the reactor. CVD typically involves five main steps. First, precursors
are delivered to the substrate zone within the reactor. Next, reactants move across the boundary
layer and adsorb onto the substrate. This is followed by surface diffusion and incorporation
into the lattice through nucleation and growth. Gaseous waste products are then removed from
the substrate via the boundary layer. Finally, the waste products are extracted from the reactor.
Properties of CVD thin films can be tuned and optimised through variation of the parameters

such as flow rates, pressure and growth temperatures!6>-167,

Reactive close-spaced sublimation (RCSS), a technique similar to CVD, has been employed to
deposit CuSbSe thin films''8, as shown in Fig. 2.23. The bottom heater was kept at 500 °C to
vaporise the SboSes powder, while the Cu substrate temperature was controlled by the top heater.
By using a constant pressure, it was found that substrate temperature and reaction duration
were the key factors influencing the phase purity and microscopic morphology of CuSbSe> thin
films. Meanwhile, it was demonstrated that heated Sb,Ses could be partially decomposed as:
Sh,Se; (s) & %Sb‘l (g) + SbSe(g) + Se,(g). (2.49)
Both released Se and SboSes vapour could react with the Cu substrates to form CuxSe and
CuSbSe;. Meanwhile, formed CuzSe could further react with Sb,Ses as:
Cu,Se(s) + Sh,Se; (s) © 2CuSbhSe,(s). (2.50)
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This work shed light on the CVD technique for CuSbSe; thin films and highlighted the key

parameters affecting the CVD film quality.
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Fig. 2.23 | Schematic of the RCSS chamber for CuSbSe: deposition. Reproduced with

permission from Ref. 118. Open access, CC BY.

2.5.3 Chemical bath deposition (CBD)

Chemical bath deposition (CBD) is a scalable solution processing method for thin film
deposition. As illustrated in Fig. 2.24, in CBD, the substrates are immersed in a solution
containing the precursors. The solution is heated to initiate reactions, which result in films
being deposited onto the substrates, while constant stirring may be applied to ensure uniform
deposition. Parameters such as ion concentrations, solution pH, temperature, and complexing
agents can be adjusted to regulate the deposition process'®®. In addition to its simplicity and
low cost, the CBD method offers several notable advantages. One significant benefit is the
ability to easily introduce additives to the chemical bath to fine-tune the properties of deposited

films. Moreover, during synthesis, the solution can penetrate porous structures, enabling
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conformal film deposition within them, which is a critical aspect for sensitised solar cells'?.

On the other hand, CBD tends to waste a considerable amount of precursor solutions, and all
available surface sites may be covered by films. In CBD, nuclei can form through either
homogeneous or heterogeneous nucleation processes. To promote the formation of uniform and
compact films on substrates, homogeneous nucleation within the precursor solution must be
suppressed. This can be achieved by optimising parameters such as the additives in the solution,
the selection and surface modification of substrates, and the incorporation of various

complexing agents.
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Fig. 2.24 | Schematic of chemical bath deposition. Reproduced with permission from Ref.

125. Copyright 2018 Elsevier.

The significant advancements of the CBD method for Sb2S; solar cells are discussed in Section
2.4. A related technique, the hydrothermal (HT) method, has also been utilised for fabricating
Sb,S; solar cells. Unlike the ambient pressure and moderate temperatures of the CBD method,
the HT method involves chemical reactions conducted in a sealed, high-pressure autoclave at

elevated temperatures. Despite these differences, both techniques utilise similar precursors and
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chemical reactions to synthesise SbaSs. To date, CBD!*!"132 and HT****!33 methods have
demonstrated comparable PCEs for Sb,S3 solar cells, suggesting that both methods can produce
Sb,S3 films with similar quality. In addition to Sb,S3, the CBD method has been widely used
for the deposition of other compounds, such as CdS'6%!"° and SnO,'”!, which are also important

for solar cells and involved in this thesis.

2.6 Overall aims of the thesis

Previous sections in this chapter discussed the fundamentals of semiconductors and solar cells,
and then reviewed the progress and limitations in the fields of PIMs, CuSbSe> film deposition
and SbyS3 solar cells. In this section, I will highlight the key challenges that this thesis aims to

address.

Chapter 4 focusses on understanding the ability of CuSbSe; to avoid charge-carrier localisation.
Pnictogen-based semiconductors are regarded as promising lead-free alternatives to LHPs
since Sb** and Bi’" have similar electronic structures to Pb**. However, charge-carrier
localisation has been prevalently observed in many Bi-based compounds, which severely
reduces the mobility and sets the intrinsic limits of optoelectronic devices based on these
materials. Inspired by the recent discovery of the band-like transport in BiOI, I investigated a
related layered material, CuSbSe,. This chapter aims to firstly examine the nature of charge-
carriers in CuSbSe; through OPTP and temperature-dependent Hall effect measurements. After

confirming the unusual large polarons in CuSbSe., detailed DFT calculations unravel the key
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enabling factors. These key factors can provide valuable insights into how the limitation of
charge-carrier localisation can be avoided by designing the structural and electronic features of
semiconductors. This can be critical for developing efficient solar cells based on

environmentally friendly PIMs.

Chapter 5 investigates two deposition techniques for CuSbSe: thin films, a thiol-amine-based
solution processing method and a CVD method. These techniques exhibit improved safety
compared to the reported hydrazine-based solution processing method and offer a scalable
choice. After achieving phase-pure CuSbSe; thin films through the thiol-amine route in Chapter
4, this chapter analyses the parameters influencing the film properties, such as phase purity and
microscopic morphology. Moreover, CuSbSe> solar cells based on these two techniques are
fabricated and compared, suggesting the importance of selecting suitable deposition methods
and device structures. This chapter aims to identify the main advancements and limitations of

these novel techniques, providing suggestions on the development of CuSbSe: solar cells.

Chapter 6 focuses on the effects of buffer layers on Sb,S3 deposition. To achieve Cd-free solar
cells, SbaS3 has been deposited on various benign buffer layers (e.g., TiO2 and SnO3). Even if
the morphology of Sb.S; thin films on different buffer layers has been compared, the
underlying mechanisms of CdS outperforming others are still unclear. This chapter firstly
reveals the effects of buffer layers on the nucleation and growth processes of Sb,Ss, then
investigates the chemical evolution of buffer layer/Sb,S; interfaces carefully. By identifying
the key properties of CdS enabling compact SboS; films, insights into the design of benign
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buffer layers for efficient Sb,S3 solar cells can be gained. This can contribute to the goal of Cd-
free SbyS; solar cells and promote their wide applications. Moreover, the optical loss analysis

of Sb»S; solar cells sheds light on their future optimisation directions.

Overall, this thesis explores two chalcogenide materials, CuSbSe; and Sb,S3, for their potential
in photovoltaic applications. By addressing fundamental charge-carrier properties, optimising
deposition techniques, and enhancing device fabrication, it aims to advance the development
of these materials. The findings provide valuable insights into designing materials with highly
mobile charge carriers, achieving high-quality films through cost-effective methods, and
promoting environmentally friendly solar cells. These contributions not only enhance the
photovoltaic potential of chalcogenide materials but also pave the way for more sustainable

and efficient solar energy technologies.
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Chapter 3: Experimental methods

3.1 CuSbSe: thin film deposition

A few techniques have been used to grow CuSbSe: thin films, including one-step

2

electrodeposition'’?, selenization of Sb-Cu precursors'?’, hydrazine-based solution spin

112,121 117

coating , co-sputtering with Sb2Ses and CuxSe!!’, and close-space sublimation''®. Spin
coating is the most common and simplest solution processing method used in the laboratory
because it can be used to grow a wide range of materials fast, not requiring expensive
equipment or vacuum systems. In my projects on CuSbSe; (Chapter 4 and Chapter 5), CuSbSe>
thin films were deposited via spin coating based on a novel thiol-amine route. Meanwhile,

inspired by the reported close-space sublimation method!'®, we also developed a CVD method

to deposit CuSbSe: thin films, which is discussed in Chapter 5 as well.

3.1.1 Solution Processing

To deposit CuSbSe» thin films, a novel thiol-amine route was developed. Typically, 0.1585 g
SbaSes (99.99% trace metals basis, Merck) and 0.0680 g CuzSe (99.5% metals basis, Alfa Aesar)
were mixed in an empty vial, then 1 mL ethane-1,2-diamine (en, for synthesis, Merck) and 0.1
mL ethane-1,2-dithiol (EDT, for synthesis, Merck) were added to the vial in a N»-filled
glovebox. The solution was firstly stirred at 70 °C for 10 min, then stirred at 30 °C overnight

to fully dissolve precursors. Before spin coating, the solution was filtered with a 0.2 um PTFE
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filter, and a 1.2 cm X 1.2 cm substrate was cleaned by sonication in acetone and propan-2-ol
for 15 min, respectively. After the sonication cleaning, the substrate was blown dry with N»
then UV-ozone treated for 20 min. Then 40 pL solution was spread onto the substrate. Initially,
a droplet of the solution was dispensed at the centre of the substrate and spread across the
surface using the pipette tip, while the remaining solution was gradually applied to ensure full
coverage. The substrate was then spin-coated at 2000 rpm for 60 seconds. Only one layer was
spin-coated for each sample. After spin coating, the sample was thermally treated on a hot plate
at 100 °C for 10 min (ramp rate 30 °C min™! as indicated by the hotplate reading). The sample
was subsequently cooled down naturally together with the hot plate. The cooling rate was
estimated to be 5 °C min!. All of the above processes, except substrate cleaning, were
performed in a N»-filled glovebox, where the H>O and O levels were monitored and kept low
(H20 < 0.1 ppm; Oz <5 ppm). When the thermal treatment was completed, the sample was
taken out of the glovebox and placed into a quartz tube for heat treatment. The tube was first
pumped to a pressure of =~ 50 mTorr, then filled with Ar to reach a pressure of =~ 1200 mTorr.
Then the sample was heated to 400 °C (ramp rate 60 °C min™') and kept for 2 min, then cooled
down naturally (estimated cooling rate: 10 °C min™') to obtain phase-pure CuSbSe; thin films.

The process of spin coating is illustrated in Fig. 3.1.
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Fig. 3.1 | Schematic of the solution processing method to deposit CuSbSe: thin films.

3.1.2 Chemical Vapour Deposition

As it has been reported that the pre-sputtered Cu layer can react with evaporated Sb2Ses to form
CuSbSe; thin films using the traditional close-spaced sublimation method!'®, we employed a
conventional CVD setup to deposit CuSbSe: thin films based on the similar reactions. The
setup is illustrated in Fig. 3.2. Firstly, the 1.2 x 1.2 cm? substrates (single crystal silicon or
glass) were coated with 100 nm Cu films, then the substrates were mounted on glass slides
using Ag paint (RS PRO Conductive Lacquer) with a 2-cm interval between neighbouring
substrates. The CVD was carried out in a three-zone Carbolite Gero TG3 Gradient Tube
Furnace, with the glass slides placed in the side zone 1 and 3 of the quartz tube. An alumina
crucible loaded with 0.2 g SbaSes precursor (99.99% trace metals basis, Merck) was placed in
the centre zone 2 of the tube. Then the tube was sealed and pumped to a pressure of =50
mTorr, and filled with Ar as the carrier gas. When the target working pressure was reached, the
centre zone and side zones were heated to 580 °C and 530 °C, respectively (ramp rate 30 °C
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min’! for all zones). When the target temperature of the centre zone was reached, the
temperatures were kept for 4 to 5 min to investigate the effects of dwelling time. Afterwards,
the heating was stopped and the samples were cooled down naturally to room temperature, then

taken out of the tube for characterization (estimated cooling rate: 10 °C min™).
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Fig. 3.2 | Schematic of the chemical vapour deposition (CVD) method to deposit CuSbSe2

thin films. The temperature profiling of zones is illustrated in Fig. 5.5.

3.2 Sb:S; thin film deposition

Different thin film deposition techniques have been developed to fabricate Sb>S; solar
absorbers, including hydrothermal®**!*3, chemical bath deposition (CBD)"!!%2 vapour

173,174 rapid thermal evapouration!’, closed space sublimation'’® and so

transport deposition
on. Among them, the CBD method has been widely used due to its simple operation, low cost
and high production capacity'”’. So far, the highest power conversion efficiency (PCE) of Sb2Ss
solar cells is achieved using the CBD method (8%)!32. Therefore, CBD is recognized as the

most feasible and successful method for Sb.S; thin film deposition, and was employed in my

project (Chapter 6).
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To prepare the precursor solution, 1.2523 g antimony potassium tartrate trihydrate
(CsH4K>012Sb2-3H20, ACS, 99.0-103.0%, Thermo Scientific Chemicals) were firstly added to
50 mL deionized (DI) water in the reaction container and stirred until completely dissolved,
then 2.4819 g sodium thiosulfate pentahydrate (Na2S203-5H20, 99.5+%, ACS reagent, Thermo
Scientific Chemicals) were added to the solution as the S source. After the S source was fully
dissolved and the mixture solution turned yellow, two 3 x 3 cm? substrates (FTO/CdS or
FTO/SnO; or FTO/SnO,/CdS) were immersed in the solution with the CdS surface facing down
inside the container, and the edges of substrates covered with Kapton tapes. The substrates were
tilted at an angle of =~75° with respect to the horizontal plane. Then the container was sealed
and kept at 95 °C for 6 h in a water bath. When the reaction finished and the contents cooled
down, the substrates were taken out and rinsed with DI water then dried with N> flow. After
removing the Kapton tapes, the as-deposited films were thermally treated at 380 °C for 10 min

in a No-filled glovebox then cooled down naturally to room temperature.

3.3 Material characterisation

3.3.1 X-ray diffraction (XRD)

XRD measurements are based on Bragg’s law:
nAd = 2dsin® (3.1)
where n is an integer and A is the X-ray source wavelength; d represents the distance

between a set of crystal planes while 0 is the angle between the incident X-ray and the crystal
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plane. When Bragg’s law is satisfied, the scattered X-ray will have constructive interference.
In my projects, the XRD measurements were performed in air at room temperature on a Bruker
D2 Phaser at Imperial College London, London, UK, or D8 Advance Eco instrument
diffractometer at the University of Oxford, Oxford, UK. The beam path was optically aligned
to the centre of the sample holder using the instrument’s standard alignment routine, and the
holder was secured in place using the stage’s locking mechanism. A copper K, X-ray source
(MKar) = 1.5406 A; MKaz) = 1.5444 A) was utilized. The CuSbSe, XRD samples were
prepared via solution processing or chemical vapour deposition on 1.2 x 1.2 cm? single
crystal silicon substrates, while SboS; XRD samples were prepared via chemical bath
deposition on 3 x 3 cm? substrates. Prior to measurement, each sample was mounted on a
piece of plasticine positioned at the centre of the sample holder. The sample surface was then
levelled with the holder surface using a glass microscope slide, and visually checked to ensure
alignment with the edge of the holder. No additional height, tilt, or rotational alignment was

applied. No sample spinning was used during measurements.

3.3.2 X-ray photoelectron spectroscopy (XPS)

XPS is a technique to analyse the surface chemistry of samples. When irradiating the sample
surface with an X-ray beam, if the energy of the beam, hv, exceeds the binding energy of the
electrons in the material, Egg, then photoelectrons with the kinetic energy Eyxy can be excited

from core levels to the vacuum level, whose relationship can be described using the equation:
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Exp = hv — Epg — ¢ (3.2)
where ¢ is the work function of the Concentric Hemispherical Analyser (CHA). As XPS
detects photoelectrons emitted from 1- 10 nm below the sample surface, it is a surface-sensitive
technique. By analysing the XPS spectra, the information on both surface compositions of the
sample and chemical states of surface atoms can be obtained, because the bonding

environments of atoms can affect the electron core levels.

The probing depth of XPS is determined by how deep an electron can be generated and still
escape without inelastically scattering. According to Beer’s law, the intensity of electrons (1)
emitted from depths deeper than d can be calculated by:

I = Iyexp(—d/A7), (3.3)
where [ is the total number of generated electrons and the term A is the attenuation length
of the electron. The attenuation length is similar to the inelastic mean free path (IMFP) of the
electrons, which is defined as the average length an electron with a certain kinetic energy can
travel before inelastically scattering. Therefore, IMFP depends on the kinetic energy of the
electron and the material through which it is traveling. To estimate IMFPs for different
materials, the TPP-2M predictive equation has been developed!’!8!. The equation shows that
IMFPs can be influenced by the number of valence electrons, the density, the atomic or
molecular weight, the bandgap energy, as well as the electron energy. According to equation
(3.2), when excited by the identical X-ray beam, core levels with different binding energies can

have different kinetic energies, thus different IMFPs.
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In my projects, the XPS data were acquired using a Kratos Axis SUPRA at Harwell, UK, with
monochromated Al K, (1486.69 eV) X-rays at 15 mA emission and 12 kV HT (180 W), and a
spot size/analysis area of 700 x 300 pm?. The instrument was calibrated to the Au 4f core level
of'a metal foil (83.95 eV), and dispersion adjusted to give a binding energy of 932.6 eV for the
Cu 2p32 line of metallic copper. The Ag 3ds/2 line FWHM at 10 eV pass energy was 0.544 eV.
The source resolution for monochromatic Al K, X-rays is ~0.3 eV. The instrumental resolution
was determined to be 0.29 eV at 10 eV pass energy using the Fermi edge of the valence band
for metallic silver. Resolution with the charge compensation system on was <1.33 eV FWHM
on PTFE. High resolution core line spectra were obtained using a pass energy of 40 eV, step
size of 0.1 eV and sweep time of 60s, and for Auger-Meitner spectra with a pass energy of 40
eV, step size of 0.25 eV and sweep time of 60s, resulting in a line width of 0.696 eV for Au
4f71. Survey spectra were obtained using a pass energy of 160 eV. The samples were electrically
grounded to the instrument using copper clips. A low-energy flood gun charge compensation
system was used during the measurements, and a thermocouple was used to monitor the
temperature on the sample stage at ~25 °C. All data were recorded at such a temperature and

a base pressure of below 9 x 10” Torr.

CasaXPS software was used to fit all the spectra. All peaks were fit with a Shirley
background'®? and the binding energies were calibrated relative to the adventitious C 1s at
284.8 eV. Peak fits were carried out for all 10 iterations to quantify the relative atomic
percentages and to determine the oxidation states and chemical species. The spin—orbit splitting

(SOS) constraints on the peak positions were based on the average published values from the
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NIST X-ray photoelectron spectroscopy database'®*. For the Cu 2p doublet, a spin—orbit
splitting of 19.8 eV was used!®*!%7; for the Se 3d doublet, a spin—orbit splitting of 0.9 eV was
used! 18184186187 Eor the S 2p doublet, a spin—orbit splitting of 1.2 eV was used'*!%; for the
Sb 3d doublet, a spin—orbit splitting of 9.4 eV was used''®!**!°!, The doublet peak area was
constrained as 1:2 for p core states and 2:3 for d core states, while the full width at half
maximum (FWHM) was constrained to be equal for doublet peaks. Sum Gaussian/Lorentzian
(SGL) line shape was used for peak fitting, and the Gaussian/Lorentzian ratio was adjusted to
optimise the peak fitting. Kratos relative sensitivity factor (RSF) values were used for the

quantification purpose.

3.3.3 Raman spectroscopy

Raman spectroscopy is an analytical technique that measures the vibrational energy modes of

samples based on Raman scattering'*>

. The sample is first excited to a higher vibrational energy
state by the incident laser, and then the absorbed light will be almost immediately re-emitted
as scattered light. If the sample gains energy during the scattering, the wavelength of the
scattered light will be longer than that of the incident light, and this process is called Stokes
Raman scattering. Inversely, the process where the scattered light gains energy during the
scattering and exhibits a shorter wavelength than the incident light is called anti-Stokes Raman
scattering. The comparison of the wavelengths of the incident and scattered light can provide

information about the vibrational modes of the sample, as each molecule or chemical structure

can have a unique spectral feature, which is shown as intensity peaks at certain Raman shift
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values. Raman shift A7 is defined as the difference of the wavenumbers of excitation laser

and the scattered light:

1 1
AD = - . (3.3)

Aexeitation Ascattered

In my projects, Raman spectra were obtained in air at room temperature with a Renishaw
Raman system at Imperial College London, London, UK, using a 532 nm wavelength
continuous wave (cw) laser source. Before taking the measurements on CuSbSe;, the
equipment was calibrated by adjusting the characteristic Raman peak of the built-in silicon
reference to 520 cm™!. The final spectrum for each CuSbSe> sample was obtained by averaging
10 scans, where each scan took 5 s to collect. The CuSbSe> films were spin-coated onto 1.2 x
1.2 cm? glass substrates. The optical microscope built into the Raman spectrometer was used

to focus the incident laser on the film surface before taking the Raman measurements.

3.3.4 Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy is another technique for chemical identification. A typical FTIR instrument
applies a broadband mid-infrared (mid-IR, usually around 10000 to 100 cm™) radiation to the
sample. As the radiation at certain wavenumbers can be absorbed by the sample and converted
into the vibrational energy of chemical structures, while other radiation passes through the
sample, the FTIR spectra can provide unique spectral fingerprints of different molecules or

chemical structures.
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In my projects, FTIR spectra were obtained in dry Nz at atmospheric pressure at room
temperature with a Bruker Vertex 80 FTIR Spectrometer at the University of Oxford, Oxford,
UK. The light source was a mid-infrared glowbar, which is emissive from about 13000 to 40
cm’!. The CuSbSe; films were deposited onto 7.5 x 2.5 cm? single crystal silicon substrates.
Before taking the measurements on CuSbSe;, the wavenumber was calibrated by the mirror
position, which was determined using the interference pattern of the HeNe laser, and the
absolute reflectivity was calibrated using the blank 7.5 x 2.5 cm? single crystal silicon
substrate. The final spectrum for the CuSbSe> sample was obtained by averaging 3 scans, where

each scan took 3176 s to collect.

3.3.5 Scanning electron microscopy (SEM) and energy-dispersive X-ray

spectroscopy (EDX)

SEM uses a focused electron beam to excite the secondary electrons for imaging. Since the
secondary electrons come from within a few nanometres of the sample surface, they are
sensitive to the surface structure and morphology. The SEM images shown in my projects were
acquired from Zeiss Auriga Cross Beam instrument (Imperial College London, London, UK),
LEO Gemini 1525 FEGSEM (Imperial College London, London, UK), or FEI Quanta 600 FEG
instrument (University of Oxford, Oxford, UK) with an acceleration voltage of 5-10 kV for the
focused electron beams. The chamber pressure was maintained at ~10* — 10° Pa during
measurements. The samples included spin-coated CuSbSe; thin films on different substrates

and chemical-vapour-deposited CuSbSe: thin films on glass or ZnO substrates, as well as
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chemical-bath-deposited SboS3 thin films on FTO/CdS or FTO/SnO2 or FTO/SnO,/CdS
substrates. A thin layer of Cr (~10 nm) was coated onto the sample surface to improve the
conductivity when necessary. Silver tapes were attached to the sample surface to avoid charge

accumulation.

EDX/EDS is an elemental and compositional analysis tool that SEM is commonly equipped
with. When an electron in the orbital of the inner shell is excited to a higher energy level by
the electron beam and a vacancy is created, another electron from the outer shell will be
transferred to the vacancy to stabilize the system and emit the X-ray with the corresponding
energy, called characteristic X-rays. Since each element has a unique energy difference
between the electron shells, the presence and fraction of each element can be analysed by
detecting the specific energy of each characteristic X-ray. Compared with XPS, EDX has a
larger detection volume since the X-rays can come from the bulk material, so EDX is more
suitable for bulk composition analysis. The EDX results shown in my projects were acquired
from the microscopes mentioned above with an acceleration voltage of 15-20 kV, depending
on the investigated elements. The samples included spin-coated CuSbSe> thin films and
chemical-bath-deposited Sb.S; thin films on FTO/CdS or FTO/SnO2 or FTO/SnO,/CdS
substrates. Prior to measurements, the system was calibrated using a cobalt (Co) standard
sample to ensure quantification accuracy. Spectral fitting and quantification were conducted

using Oxford Aztec software.

The quantification results presented in Section 5.2.1 include statistical errors derived from peak
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fitting and counting statistics. However, these errors do not represent the total experimental
uncertainty. Other sources of error include instrument calibration limitations, sample surface
roughness and inhomogeneity, interaction volume effects leading to signal from underlying
layers or adjacent phases, and potential spectral overlaps or background subtraction
inaccuracies. These factors may contribute to additional uncertainties not captured in the

tabulated error values.

3.3.6 Absorption coefficient (o) spectrum determination

The absorption coefficient o can be calculated from the equation:

In(L=R
o= 27) (3.4)
d
where R and T are the reflectance and transmittance, respectively and d is the film
thickness. To determine the absorption coefficient in both sub-bandgap and over-bandgap
regions, ultraviolet-visible spectrophotometry (UV-Vis) and photothermal deflection

spectroscopy (PDS) were combined, along with a Dektak® stylus profilometer to determine

d.

In my projects, a Bruker Vertex 80v Fourier-Transform IR spectrometer at the University of
Oxford with a reflection-transmission accessory was used to measure the absorption spectra. A
silver mirror was used as a reflection reference, and the blank sample holder was used as a 100%

transmission reference.
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Compared to UV-vis, PDS can detect the absorbance in the sub-bandgap region more precisely.
In PDS measurements, the sample is immersed in a fluid whose refractive index changes as
temperature increases. When the incident pump beam is absorbed by the sample, the following
non-radiative recombination processes will convert the energy of absorbed light into heat, then
lead to a higher temperature on the sample surface. In this case, the fluid surrounding the
sample will exhibit a refractive index gradient, which will cause the deflection of another probe
beam grazing above the sample surface. Therefore, the relative absorbance spectrum of the

sample can be obtained according to the deflected angle.

PDS measurements in my projects were taken at room temperature on a home-made setup

detailed elsewhere!®?

. CuSbSe; films were spin-coated on 2 mm thick circular quartz substrates
with 1 cm diameter (Spectrosil® 2000). The samples were loaded into the sample holder
chamber, then immersed in an inert liquid FC-72 Fluorinert™ (3M Company), which has a
high thermo-optical coefficient. A monochromatic beam from a 250 W quartz tungsten halogen
lamp (Newport-Oriel) integrated with a 250 mm focal length monochromator (CVI DK240)
was illuminated perpendicularly to the sample surface, modulated with a mechanical chopper
at a frequency of 13 Hz. A 670 nm CW diode laser beam passing through the immersive
medium, parallel to the sample surface (the transverse configuration), changes its optical path
synchronously with the modulating pump excitation. The probe beam deflection is detected by
a quadrant photodiode, with the signal amplitude demodulated with a lock-in amplifier
(Stanford Research Systems SR830). The relative absorbance spectrum measured by PDS was

normalised to its highest signal value. We then mapped this maximum value of the absorbance,
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found at 1.3 eV photon energy, onto the absolute absorption coefficient value obtained from
UV-vis at the same photon energy. The whole absolute absorption coefficient spectrum could

then be acquired.

3.3.7 Transient absorption (TA) spectroscopy

TA spectroscopy is a pump-probe technique for analysing the photo-excited states (energies
and associated lifetimes) of materials. The sample is firstly irradiated by the pump pulse and
photo-generated charge-carriers are excited to higher energy states, then a broadband probe
pulse is applied to measure the absorption (or transmittance) change of the sample at a certain
time after the pump pulse is removed (pump-probe delay). Therefore, TA spectra can record
the TA signals as a function of wavelength and pump-probe delay. In my projects, TA signals

AT T, -7
were expressed as — = pumpon  pumpoff | where Tyumpon and Tpumposs represent the

Tpump of f

transmission with and without the pumping, respectively.

In a typical TA spectrum, three main types of signals can be observed'**:

1. Ground state bleaching (GSB, green in Fig. 3.3):

After the electrons in the ground state are excited to the first excited state by the pump pulse,
fewer probe pulses can be absorbed as fewer electrons are left in the ground state compared to
the case without the pump, which means Typymp on > Tpump off» SO @ positive AT/T signal can
be observed in the spectrum. The energy of the GSB signal is usually close to the bandgap

energy of the sample.

74



ii. Stimulated emission (SE, orange in Fig. 3.3):

In the case of the population of the excited state caused by the pump pulse, a photon from the
probe pulse passing through the sample can induce the emission of another photon as an excited
electron returns to the ground state. Since both the passing probe and the stimulated emission
can be detected, a positive AT/T signal can be monitored.

iii. Photo-induced absorption (PIA, blue in Fig. 3.3):

Some electrons excited to the first excited state can be further excited to higher excited states
by the pulse pump, which could not happen before the electrons in the ground state get excited
by the pump. Thus, a negative AT/T signal will be observed. The energies of PIA signals depend
on the energy difference between the first and higher excited states, so the PIA signals might
overlap with GSB signals if they have similar energies, making it challenging to distinguish
different signals and their mechanisms.

a +
AT)T CB1

CBM

VBM

Fig. 3.3 | Typical TA signals and mechanisms. a, Contributions to a TA spectrum: ground-
state bleach (green), stimulated emission (orange), and photo-induced absorption (blue). Figure

courtesy of Dr. Yi-Teng Huang. b, Corresponding transition mechanisms represented by the
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same colours. CB1 refers to the higher excited state.

In my projects, TA measurements were taken in air at room temperature at the University of
Cambridge, Cambridge, UK. CuSbSe: films were spin-coated onto 1.2 x 1.2 cm? glass
substrates. For long-time TA measurements, the third harmonic (355 nm) of an electronically
controlled, Q-switched Nd:Y VO laser (Innolas Picolo 25) provided ~800 ps pump pulses. For
short-time TA measurements, the fundamental Ti:Sapphire 800 nm wavelength laser provided
~150 fs pump pulses. Broad-band near-IR probe pulses ranging from 800 to 980 nm were
provided by a noncolinear optical parametric amplifier (NOPA) setup. Probe pulses were split
into two beams by a beamsplitter. The other reference beam can then be used to calibrate shot-
to-shot noise coming from the NOPA setup itself. This allows very weak signals to be measured.
Both the probe and reference beams were detected by a Si dual-line array detector read out by

a custom-built board from Stresing Entwicklungsbiiro.

3.3.8 Optical-pump-terahertz-probe (OPTP) spectroscopy

Similar to TA spectroscopy, OPTP spectroscopy also employs an optical pump to excite
electrons in the ground state to excited states in the sample. However, OPTP spectroscopy
utilises terahertz (THz) light instead of the visible-to-NIR light as the probe beam. THz light
has a frequency of 10! to 10'* Hz, which is close to the frequency of charge-carrier scattering
in semiconductors. Therefore, THz light is suitable for analysing the properties of mobile

charge-carriers. During OPTP measurements, the change in transmitted THz field amplitude
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— AT /T is monitored. The measured — AT /T signal is proportional to the photoconductivity

Ao of the sample according to the equation:

€oc(Ngyp +1) 1 AT
ho = T<_ T) 3.5

where €, is the vacuum permittivity, ng,; 1s the substrate refractive index and d is the
sample thickness. Since the photoconductivity is proportional to charge-carrier mobility, which

can be expressed as the following equation:

(3.6)

Ao = bqSuAn = w(_ A_T>

d T

with ¢ the photo-to-charge branching ratio, )u the effective sum mobility (sum of the
mobilities of electrons and holes) and An the photo-induced charge-carrier density. Based on
equation 3.6, the measured — AT /T signal can provide information about the charge-carrier

mobility, which is important for analysing the charge-carrier localisation.

In my first project, OPTP measurements were conducted at room temperature using a setup
described in detail elsewhere (located at the University of Oxford, Oxford, UK)?’. Briefly, an
amplified Ti-Saph laser system (Spectra-Physics, Spitfire) provides 800 nm wavelength pulses
of 35 fs pulse duration and 5 kHz repetition rate. Single-cycle THz radiation pulses were
generated via the inverse spin Hall effect upon photoexcitation of a spintronic emitter with the

fundamental laser output'®>

. THz detection was achieved by using a fraction of the fundamental
laser output to gate the THz signal by free-space electro-optic (EO) sampling with a 1 mm-
thick ZnTe (110) crystal. Here, a Wollaston prism was used to separate different circularly

polarized components of the gate, which were then measured by a pair of balanced photodiodes.

Samples were excited by frequency-doubled 400 nm pulses, obtained by second-harmonic
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generation in beta-barium-borate (BBO) crystal. During the OPTP measurements, the THz
emitter, EO crystal, and samples are kept under vacuum at pressures below 10! mbar. Samples
were spin-coated CuSbSe: thin films on 2 mm thick circular z-cut quartz substrates with a

diameter of 1.3 cm.

3.3.9 Hall effect measurements

When an electric current flows through a material where an external magnetic field exists, the
magnetic field will apply a force whose direction is perpendicular to that of the electric current
to the moving charge carriers (Lorentz force). Therefore, the charge-carriers will accumulate
on one side of the material and create a voltage which can balance the influence of the magnetic
field. The production of this measurable voltage is called the Hall effect, as it was discovered
by E. H. Hall'®®. The Hall voltage is given by

Vy = IB/ndq (3.3)
where [ is the current, B is the magnetic field, n is the charge-carrier density, d is the sample

thickness, and q is the elementary charge.

To determine the resistivity of uniform samples, the van der Pauw technique is widely used,
where thin film samples contain four very small ohmic contacts placed on the periphery!'®’.
After obtaining two characteristic resistances, R4 and Rp, by measuring the current and
voltage from different contacts of the sample, the sheet resistance Rg can be derived through

the van der Pauw equation:
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exp(—m R,/Rs) + exp(—m Rg/Rs) = 1. (3.4)
Then the bulk resistivity can be calculated by
p = Rqd, (3.5)
while the charge-carrier mobility can be derived from

u= |Vyl/IBRs. (3.6)

In my first project, samples for Hall effect measurements were prepared according to the van
der Pauw method. 100 nm thick gold was evaporated onto four corners of each solution-
processed CuSbSe; film sample as metal contacts (0.2 cm x 0.2 cm size). The substrate was
a 1.2 x 1.2 cm? glass substrate. Then the gold contacts were wired to the system for
measurements. Hall effect measurement at room temperature (300 K) was done in air with the
Lake Shore 8400 Series at Imperial College London under a 1 T magnetic field. Ohmic check
was run before the Hall effect measurements to make sure the quality of metal contacts and

electric connections was good.

For Hall effect measurements at lower temperatures, the same sample geometry was used. The
measurements were carried out at Université Grenoble Alpes, Grenoble, France, in a 16 T
superconducting magnet with a temperature ranging from 1.3 to 300 K in a helium gas
environment. The samples were mounted on the probe in the magnetic fields perpendicular to
the ab-plane and glued with a GE-varnish. A combination of silver pastes and silver wires was
used to make the electrical connection. After drying the pastes, it was confirmed that the contact

resistances were acceptable within the order of a few ohms. The longitudinal (p,,) and
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transverse resistivity (py,) were obtained using the van der Pauw technique with a current
amplitude of 0.1-1 mA, and an alternating frequency of 3-17 Hz with the help of SR830 digital
lock-in amplifier. The perpendicular magnetic fields were swept at a rate of 0.5 T/min at a given
temperature. All data were taken over a full range from -16 T to 16 T, averaged in positive and
negative fields to remove a small longitudinal resistance contribution to the measured voltage,
which may arise from the van der Pauw geometry, and retain only the antisymmetric voltage

component due to the Hall effect.

3.4 Photovoltaic device fabrication

For photovoltaic devices based on solution-processed CuSbSe,, the investigated device
structures included:

ITO/compact TiO2/CuSbSe2/Spiro-OMeTAD/Au;

ITO/compact TiOz/meso-porous TiO2/CuSbSe»/Spiro-OMeTAD/Au;
ITO/SnO,/CuSbSe,/Spiro-OMeTAD/Au;

ITO/N1Ox/CuSbSe,>/ZnO/Ag.

Before thin film deposition, the commercial 1.2 cm X 1.2 cm ITO substrates were cleaned by
sonication in propanone and propan-2-ol for 15 min, respectively. After the sonication cleaning,
the substrates were blown dry with N> then UV-ozone treated for 20 min. The procedure to
deposit CuSbSe: thin films is described in Section 3.1.1. The methods of depositing other
materials are listed below:
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Compact TiO2: 350 pL titanium(IV) isopropoxide (TTIP, 0.24 M, 99.999%, Merck) was first
dissolved in 2.5 mL ethanol, then 2.5 mL solution of chlorane in absolute ethanol (prepared by
adding 35 pL 2 M chlorane to 2.5 mL absolute ethanol) was added drop by drop into the TTIP
solution with constant stirring. Before spin coating, the solution was filtered with a 0.2 um
PTFE filter, then 30 pL solution was spread onto the substrate, followed by spinning at 1500
rpm for 45 s (1500 rpm/s acceleration) in the fume hood. After spin coating, the sample was
thermally treated on a hot plate at 150 °C for 10 min, then at 350 °C for 30 min, then at 540 °C

for 1 h, then cooled to 350 °C and kept for 30 min, then cooled down overnight.

Meso-porous TiO2: 100 pL 18NR-T Transparent Titania Paste (Greatcell Solar Materials) was
spread onto ITO/compact TiO> substrate, followed by spinning at 4000 rpm for 10 s (2000
rpm/s acceleration) in the fume hood. After spin coating, the sample was thermally treated on
a hot plate at 125 °C for 5 min, then at 325 °C for 5 min, then at 375 °C for 5 min, then at

450 °C for 30 min, then cooled down naturally.

SnO»: the SnO; ETL was deposited by spin coating commercial SnO> colloidal dispersion (15%
in H>O, Alfa Aesar) that was diluted to 2.67% with DI water before spin coating. 30 uL diluted
dispersion was spread onto the ITO substrate, followed by spinning at 3000 rpm for 30 s (3000
rpm/s acceleration) in the fume hood. After spin coating, the sample was thermally treated on

a hot plate at 150 °C for 30 min, then cooled down naturally.
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NiOx: 1454 mg nickel nitrate hexahydrate (99.999%, Merck) was first dissolved in the mixture
of 5 mL ethane-1,2-diol (anhydrous, 99.8%, Merck) and 334 uL ethane-1,2-diamine (for
synthesis, Merck). Before spin coating, the solution was filtered with a 0.2 um PTFE filter,
then 40 puL solution was spread onto the substrate, followed by spinning at 5000 rpm for 45 s
(5000 rpm/s acceleration) in the fume hood. After spin coating, the sample was thermally
treated on a hot plate at 100 °C for 30 min, then at 300 °C for 1 h, then cooled down naturally

and transferred into the glovebox.

Spiro-OMeTAD: the precursor solution was prepared by mixing 72 mg spiro-OMeTAD (Borun
New Material), 29.8 uL tert-butylpyridine (TBP, 98%, Merck), and 17.5 uL. 0.52 g/mL solution
of lithium bis(trifluoromethylsyfonyl)imide salt (>98.0%, TCI) dissolved in ethanenitrile
(>99.5%, ACS reagent, Merck) with 1 mL chlorobenzene (anhydrous, 99.8%, Merck). Before
spin coating, the solution was filtered with a 0.2 um PTFE filter, then 40 pL solution was spread
onto the substrate, followed by spinning at 3000 rpm for 30 s (500 rpm/s acceleration) in the
glovebox. After spin coating, the sample was stored in the dry cabinet (relative humidity < 1%)

overnight before further characterisation.

Au or Ag: 80 nm Au or 100 nm Ag was evaporated through a mask onto the surface of ETL or

HTL, which defined the device area of 4.5 mm?.

For photovoltaic devices based on chemical-vapour-deposited CuSbSe,, the investigated
device structure was ITO/ZnO/CuSbSe»/Au.
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The procedure to clean ITO substrates is described above. The procedure to deposit CuSbSe>
thin films is described in Section 3.1.2. The methods of depositing other materials are listed

below:

Zn0O: 1 g zinc acetate dihydrate (99.999%, Merck) was dissolved in 10 ml 2-methoxyethanol
(anhydrous, 99.8%, Merck) and 284 pL 2-aminoethanol (for synthesis, Merck) then 50 pL
solution was spread onto the substrate, followed by spinning at 3000 rpm for 60 s (500 rpm/s
acceleration) in the fume hood. After spin coating, the sample was thermally treated on a hot
plate at 200 °C for 30 min, then the spin coating and heat treatment were repeated once again

to deposit thicker films.

Au: 80 nm Au was evaporated through a mask onto the surface of ETL or HTL, which defined

the device area of 4.5 mm?>.

For photovoltaic devices based on Sb.S3, the investigated device structure was 1TO/CdS/

SbyS3/spiro-OMeTAD/Au.

Before CdS deposition, the commercial 3 cm X 3 cm FTO substrates were cleaned by
sonication in detergent, acetone and propan-2-ol, each for 15 min, respectively. After the
sonication cleaning, the substrates were blown dry with N> then UV-ozone treated for 20 min.

The procedure to deposit Sb2S; thin films is described in Section 3.2. The methods of
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depositing other materials are listed below:

CdS: CdS ETL was deposited via the CBD method. To prepare the precursor solution, 0.0925
g cadmium nitrate tetrahydrate (Cd(NO3)2:4H20, 99.9%, Thermo Scientific Chemicals) was
firstly dissolved in 20 mL DI water, then 25 mL ammonia solution (for analysis, 25%, Merck)
and 153 mL DI water were added to the solution, then 1.1711 g thiourea (ACS reagent, >99.0%,
Merck) was dissolved in the solution. FTO substrates were vertically immersed in the precursor
solution and heated in a water bath for 13 min with continuous stirring (temperature gradually
decreasing from 65 °C to 55 °C). Then the samples were taken out and rinsed with DI water
then blown dry with Na. The as-prepared CdS films were then treated by spin coating 200 pL
CdCl; solution in methanol (concentration = 20 mg/mL) with the spin speed of 3000 rpm and
the duration of 30 s. Afterwards, the treated CdS films were thermally treated at 400 °C for 10

min then cooled down naturally.

SnO»: SnO> was used as an alternative buffer layer to compare the nucleation process of SbaS;
on SnO and CdS. SnO, was deposited using the CBD method, which was adjusted based on
the method reported by Yoo et. al.!’!. Firstly, 330 mg SnCl,-2H,0 (>99.99%, Merck) was
dissolved in 120 mL DI water, followed by adding 1500 mg urea (ACS reagent, 99.0-100.5%,
Merck) and 30 pL sulfanylacetic acid (TGA, 98%, Merck) to the solution, then stirring for 5
minutes. Then 1500 pL chlorane (HCI, 37 wt.% in water, Merck) was added to the solution to
obtain the clear precursor solution. After another 10-minute stirring, FTO substrates were

vertically immersed in the precursor solution then heated in a water bath at 90 °C for 6 h, and
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the deposition was stopped when the pH of the solution reached 1.5. Then the samples were
taken out and rinsed with DI water then blown dry with N». The as-prepared SnO; films were

then thermally treated at 170 °C for 1 h then cooled down naturally.

Spiro-OMeTAD: the precursor solution was prepared by mixing 36.6 mg spiro-OMeTAD
(Borun New Material), 14.5 pL tert-butylpyridine (TBP, 98%, Merck), and 9.5 pL 0.52 g/mL
solution of lithium bis(trifluoromethylsyfonyl)imide salt (>98.0%, TCI) dissolved in
ethanenitrile (>99.5%, ACS reagent, Merck) with 1 mL chlorobenzene (anhydrous, 99.8%,
Merck). Before spin coating, the solution was filtered with a 0.2 pm PTFE filter, then 100 puL
solution was spin-coated onto the substrate by dynamic spin coating with the spin speed of
4000 rpm, the duration of 40 s, and the acceleration of 4000 rpm/s. The solution was applied
to the sample surface as fast as possible after the spin speed reached 4000 rpm. After spin
coating, the sample was stored in the dry cabinet (relative humidity < 1%) overnight before

further characterisation.

Au: 80 nm Au was evaporated through a mask onto the surface of ETL or HTL, which defined

the device area of 0.25 cm? or 1 cm?, depending on the mask geometry.

3.5 Photovoltaic device characterisation

3.5.1 J-V characterisation
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CuSbSe;-based photovoltaic devices:

Current density-voltage (J-V) and maximum power point measurements were conducted using
a Keithley 2623 A source measure unit (SMU) at Imperial College London at a scan rate of 50
mV/s in the ambient environment under AM1.5G spectrum and in the dark. The light source
was a 450 W Oriel xenon lamp equipped with a Schott-K 113 Tempax sunlight filter (Prézisions
Glas & Optik GmbH), which provided the standard AM1.5G spectrum. Before J-V

measurements, the spectrum was calibrated using a standard silicon photodiode.

Sb,S3-based photovoltaic devices:

Current density-voltage (J-V) and maximum power point measurements were conducted using
a Keithley 2400 source meter at the University of Oxford in the ambient environment under
AMI1.5G spectrum and in the dark. AM1.5G spectrum was generated by a class AAA
WaveLabs Sinus-220 solar simulator. The intensity of the solar simulator was set to produce
100 mW/cm? equivalent irradiance using a certified KG3-filtered Si reference photodiode
(Fraunhofer ISE). The J-V sweeps were firstly a reverse scan (i.e., from forward bias to reverse
bias), followed by a forward scan (i.e., from reverse bias to forward bias) at a scan rate of 10

mV/s. The bias ranged from -0.2 V to 0.8 V.

For indoor photovoltaic (IPV) characterisations, current-voltage (I-V) and maximum power
point measurements were conducted using a Keithley 2400 source meter in the ambient
environment under simulated indoor light and in the dark. The simulated indoor light was
generated by a LightBox XL indoor light simulator developed by Lightricity Ltd, which
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employed an 11 X 11 white LED array with the colour temperature of 3000 K as the light
source. The illuminance ranged from 50 to 20000 lux, and the light intensities at 200, 500,
1000, 2000, and 20000 lux were calibrated using a III-V reference solar cell. When the
illuminance was set as 1000 lux, the light intensity was 0.287 mW/cm?. The J-V sweeps were
first a forward scan, followed by a reverse scan at a scan rate of 10 mV/s. The bias ranged from

-0.1 Vto 0.8 V.

3.5.2 Optical loss analysis

To perform optical loss analysis on our Sb>S3 solar cells, external quantum efficiency (EQE)
was first acquired. EQE measurements were performed using a custom-built Fourier transform
photocurrent spectrometer based on a Bruker Vertex 80v Fourier Transform Interferometer. The
Sb2S3 solar cells were illuminated with a 250 W quartz-tungsten halogen lamp. The light first
passed through a monochromator (Princeton Instruments SP2150) with a filter wheel
(Princeton Instruments FA2448), then was chopped with a Thorlabs MC2000B optical chopper
at 280 Hz, and finally focused onto the sample with a smaller spot size than the pixel area (0.25
cm? defined by the metal aperture mask). The amplitude of the resulting AC current was
measured with a lock-in amplifier (Stanford Research Systems SR830) as the voltage drop
across a 50 Ohm resistor in series with the solar cell. Before measurements, the instrument was
calibrated to a Newport-calibrated silicon reference solar cell (Thorlabs FDS100-CAL) with

known external quantum efficiency.
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After obtaining the EQE as a function of wavelength, EQE (1), the short circuit current density
Jsc,eoe can be derived via the equation:

Jsczor = @ | EQEGSGAA, 3.7)
where q is the elementary charge and S(4) is the spectral response. The Jscgor value is
expected to be close to the short circuit current density Js;o measured by the J-V
characterisation. By replacing EQE (1) with other optical absorption curves, different

theoretical limits of the current density of Sb,S3 solar cells can be analysed as below:

If assuming all generated charge-carriers in SbzS; can be collected, the current density limit
Jsc,con 1s given by

Jsceon =4 [ AQS@)d2, 3.8)
where A(A) represents the absorptance of Sb,S3. Thus, the optical loss due to uncollected
charge-carriers after the photons are absorbed by Sb2S3, J,ncon> can be calculated by

Juncou = Jsc,cout — Jsc,eqE- (3.9)
If assuming all photons arriving at Sb,S3 can be absorbed and all generated charge-carriers can
be collected, the current density limit Jgc 455 1s given by

Jscavs = @ [ (0= Auinaow IS D2, (3.10)

where A, indow(4) represents the absorptance of the window layer (FTO/CdS). Thus, the
optical loss due to photons which reach Sb,S3 but are not absorbed, J,naps, can be calculated
by

Junabs = Jsc,abs = Jsc,coll- (3.11)

Furthermore, if the reflection of the glass side of the device is the only mechanism of optical
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loss, the theoretical limit of short circuit current density is given by

Jscr =4 f(l — Ryevice(1))S(D)dA, (3.12)
where R jqpice(4) is the reflection of the complete device. In this case, the optical loss caused
by the parasitic absorption of the window layer can be calculated by

Jwindow = ]SC,R - ]SC,absr (3-13)

while the loss due to device reflection is given by

]loss,R =q j Rdevice(/l)S(/Dd/l- (3.14)
3.6 Density functional theory (DFT) calculation

Density functional theory (DFT) is widely used for ab initio calculations of crystal structures,
electronic characteristics and charge-carrier-lattice interactions within lattices, and various
molecular or atomic systems. In a system containing N (valence) electrons, the many-body

Schrodinger’s equation is given by

N
Ho=[T+ 7+ Oo= Z(-

i=1

flz N N
T v2> + Z V() + Z U(rim)|e (3.15)
t i=1 i<j

~

where H, T, V and U is the operator of Hamiltonian, kinetic energy, external potential
energy, and electron-electron correlation energy, respectively. m; is the effective mass of the
i" electron. ¥ in a crystal system is often treated as a potential built up by the fixed and
positively charged nuclei, which is independent of the motion of surrounding electrons. When
N is large, the computational costs for solving the many-body Schrodinger’s equation will be
extremely high. According to the Hohenberg-Kohn theorems!”, ¢ can be regarded as a

functional of the position-dependent electron density n(r). In this case, the 6/N-dimensional
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wavefunction ¢ can be simplified to a 3-dimensional problem, so the computational costs are
significantly lower. With such simplification, solving DFT calculations will be used to search
for the minimum of the system energy E[n(r)] as

E[n(r)] = T[n(r)] + Uln(@)] + fd3rV(r)n(r) (3.16)
where V(r) is the potential distribution for the system, and the functional T[n(r)]+

U[n(r)] can be approximated by the Kohn-Sham equations'®’.

In Chapter 4, crystal, electronic, and phonon structures were computed within the Kohn-Sham
density functional theory (KS-DFT) framework!®’, employing the projector augmented wave
(PAW) method*® as implemented in the Vienna ab initio Simulation Package (VASP)>!.
Calculations of the structural relaxation and deformation potentials were performed using the
hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06)?%? hybrid functional using a
4 x 6 x 2 I'-centred grid and a plane wave cut-off of 300 eV. The band structure between high-
symmetry points was interpolated from a densely sampled, uniform band structure calculation
performed using the zero-weighted k-point method on a weighted 4 x 6 % 2 grid. The dielectric
function was computed within the single-particle approximation using the linear optics routine
developed by Gajdos et al., implemented in VASP (LOPTICS =.TRUE.)?%0:201:203.204
Convergence of the dielectric function to one decimal place was achieved by increasing the
number of bands (NBANDS) to 204. The projection from plane waves to an orbital basis, along
with subsequent COHP?* analysis, was performed using the postprocessing, analysis, and
plotting tools Lobster?®®2% and LobsterPy?”. Sumo?!’ was used to plot the DOS. Gaussian
broadening of 0.12eV was applied to both COHPs and DOS. Deformation potential
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calculations were performed using the method developed by Wei and Zunger?®*'212 with
deformed structures generated and analysed using the ab initio scattering and transport
(AMSET) package?'. The finite displacement method?!® within the harmonic approximation
was used to calculate the phonon band structure, as implemented in Phonopy using a
displacement of 0.15 A2!%2!15 where the ?'SCAN meta-GGA functional was employed?!®.
Before conducting supercell calculations, the r*'SCAN functional was employed for a structural
optimisation on a 6 x 8 x 2 I'-centred grid with a plane wave cut-off of 500 eV. Force constants
were calculated using 3 x 4 x 1 supercells over a commensurate 2 x 2 X 1 k-point grid. Phonon
band structure and DOS plots were generated using the ThermoParser?!” utility. The static
dielectric constants and Born effective charges (BECs) were determined through density
functional perturbation theory (DFPT) (IBRION = 8, LEPSILON = .TRUE.), using the
Perdew—Burke-Ernzerhof (PBE) functional?'®, with a plane wave cut-off of 300 eV and an 8 x

14 x 3 k-point grid at a single g-point (I').

The ShakeNBreak method and package®!?*?° were used to search for low-energy bulk polarons.
A 64-atom supercell was employed for spin-polarised calculations (ISPIN = 2) with an unpaired
electron or hole. Local distortions of £30% and 0% were applied to atomic sites, followed by
a stochastic rattle of all atoms in the cell with a standard deviation of 0.25 A. An undistorted
supercell was also evaluated. For holes, distortions were trialled centred on Cu, Sel, and Se2,
while for electrons, distortions centred on Sb were investigated. Distorted supercells were
relaxed using the I'-point approximation in the I'-only version of VASP. Energy data was

visualised using ShakeNBreak tools.
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Chapter 4: Rationalising band-like transport in CuSbSe;

Heavy pnictogen-based inorganic semiconductors have emerged as promising nontoxic and
stable alternatives to lead-halide perovskites for photovoltaic applications. However, a
common problem that has been prevalently found in these families of compounds is charge-
carrier localisation, which can significantly reduce the charge-carrier mobility and diffusion
length. In this study, CuSbSe; is demonstrated to exhibit delocalised charge-carriers,
experimentally proved by optical pump terahertz probe spectroscopy and temperature-
dependent mobility measurements. Through combined experimental and theoretical analysis,
three key factors enabling this behaviour are identified: (1) the layered structure, which
accommodates acoustic wave-induced distortions within interlayer gaps, minimizing changes
in bond length and reducing acoustic deformation potentials; (2) quasi-bonding interactions
across the interlayer gap, leading to the higher electronic dimensionality; and (3) Born effective
charges not being anomalously high, along with a small bandgap (<1.2 eV), which lower the
ionic contribution to the dielectric constant, thus reduce Frohlich coupling strength. These
findings provide valuable insights for the future exploration of perovskite-inspired materials

with delocalised charge-carriers.

This chapter is adapted from my published paper “Fu, Y., Lohan, H., Righetto, M. et
al. Structural and electronic features enabling delocalized charge-carriers in CuSbSez. Nat

Commun 16, 65 (2025)” with permission. Open access, CC-BY 4.0.
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The contributions from other researchers include:

Hugh Lohan performed the density functional theory calculations and collected the data. Mark
Isaacs performed the X-ray photoelectron spectroscopy and collected the data. Robert Jacobs
performed the Fourier transform infrared spectroscopy and collected the data. Marcello
Righetto performed the optical pump terahertz probe spectroscopy and UV-vis spectroscopy
measurements and Elliott model fit and collected the data. Yi-Teng Huang performed transient
absorption spectroscopy and collected the data. Chang-Woo Cho performed low-temperature
Hall effect measurements and collected the data. Szymon J. Zelewski performed photothermal
deflection spectroscopy measurements and collected the data. Yuchen Fu performed all other

synthesis and measurements and analysed all data included in the chapter.

4.1 Introduction

To overcome the toxicity and stability limitations of LHPs, as well as replicating their ability
to tolerate defects, heavy pnictogen-based (Sb’"- and Bi*'-based) semiconductors have
received increasing interest™¢!:#1:221223 However, even though early studies found some Bi-
based materials to exhibit even longer lifetimes than LHPs’%?2422% the performance of the PV
devices based on these materials was far below the expectation??’. Recently, it has been revealed
that the long lifetimes are caused by charge-carrier localisation, resulting in reduced mobilities
and diffusion lengths'*'®#%. The prevalent observation of charge-carrier localisation in Bi-
based semiconductors indicates that future exploration of pnictogen-based PIMs requires

understanding how to avoid this limitation in these materials. Inspired by the recently
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discovered band-like transport in BiOI'°“!% [ studied a similar layered Sb-based
semiconductor, CuSbSe;. Via a novel thiol-amine-based solution processing route, phase-pure
CuSbSe; thin films were achieved. The structural and vibrational properties were investigated
through XRD and Raman and infrared (IR) spectroscopy. Then the properties of photo
excitations in CuSbSe, were studied with spectroscopic tools (UV-vis, TA and OPTP
spectroscopy). Along with temperature-dependent mobility measurements, it was confirmed
that this material could avoid charge-carrier localisation. Furthermore, the strength of coupling
with different types of phonons, as well as the key properties influencing the strength, were
investigated through calculations to reveal the underlying mechanisms of the delocalised
charge-carriers in CuSbSe;. By understanding the factors leading to the absence of charge-
carrier localisation in CuSbSe,, the insights into designing novel heavy pnictogen-based
semiconductors with band-like transport can be gained, which is important for the future

development of promising lead-free solar absorbers.

4.2 Structural and vibrational properties of CuSbSe:

As shown in Fig. 4.1a, CuSbSe> has a layered crystal structure, similar to chalcostibites (Pnma
space group)?*®???. The CuSbSe; layers are held together by van der Waals interactions. The
bonding environments of the Sb and Cu atoms are illustrated in Fig. 4.1 as well. Each Sb atom
is bonded to three Se atoms, forming a trigonal pyramidal geometry, while each Cu atom is
bonded to four Se atoms as a tetrahedron. The CuSe4 tetrahedra and SbSes trigonal pyramids

share corners (of Se). The Sb and Se atoms separated by the interlayer gap (distance = 3.26 A)
95



are too far to form full covalent bonds. Previous studies on CuSbS; and Sb,Ses; have reported

103-107

the stereochemical activities of the 552 lone pair on Sb>" in these materials , indicating that

the orbital energy levels of the Sb 5s and chalcogen 3p or 4p states are close enough in energy
to interact. The crystal structure of CuSbSe; shows that the Sb 5s lone pair in this material is

also stereochemically active, leading to a second-order Jahn-Teller distortion'?,

a AN AN < ™ nwum O
—~| O o o ~ ~ (V]
nl o -~ O |o oN O
E
. Sample
o)
—
S
P
2
o Ref
[
- l ll “ Ll h'l l lﬂu 1 o o
10 20 30 40 50 60
20 (°)
c 2500 - Measured d
2000 Fit m
" — Background E —L_,«_,.M 400 °C
£1500 Sk
sl A . 250°C
©
>
10 20 30 5g oy 40 50 60 @ i } \ Cu,SbSe, Ref
=% 200] 20 () E Y u“iu °
IS 0fme ik P PO et . £ CuSbSe, Ref
_25-200] GOF = 1.18 , BRI W P i
10 20 30 40 50 60
26 (°)

Fig. 4.1 | Structural properties of CuSbSe:. a, Crystal structure of CuSbSe;, viewed along
the b axis, and with the dominant 4; Raman mode shown in red arrows. The bonding
environments of Cu and Sb are illustrated below the crystal structure. b, X-ray diffraction
(XRD) pattern of solution-processed thin films compared with the reference pattern of CuSbSe>
(ICSD database, ID 418754. The Miller indices of the dominant peaks are indicated. ¢, Pawley
fit of the XRD pattern shown in Fig. 4.1b. The goodness of fit (GOF) is given, along with the

residuals (blue), measured data points (red), fit (purple) and background (green). Please note
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that a profile fit was fit made to the measured pattern, and the silicon substrate peaks were
removed in order to understand how well the reference pattern matches with the diffraction
pattern from the thin film itself. Without removing these silicon substrate peaks, the GOF from
Pawley fitting is 1.58, and the residuals are dominated by the silicon substrate peaks not fit. d,
Comparison of the XRD patterns of films thermally treated at 400 °C for 2 min (red), 250 °C
for 10 min (purple) and 100 °C for 10 min (pink) with the CuSbSe; reference pattern (black,
ICSD database, coll. code 418754) and CuzSbSe;s reference pattern (blue, ICSD database, coll.

code 401095). The three XRD patterns were taken by the Bruker D2 Phaser system.

Since CuSbSe: is a promising solar absorber, different techniques have been employed to grow
this material. However, these techniques all have some limitations, such as requiring vacuum-
based equipment (e.g., sputter deposition!'!”, close-space sublimation!!®) or long reaction times
(e.g., fusion method'!® or selenization of metal precursors'??), or the use of toxic precursors
(e.g., hydrazine-based solution processing!!'>!?!). Among these methods, solution processing
requires less expensive equipment!?223%-23! byt the use of highly toxic hydrazine solvent is still
a concern?*2, Inspired by the recent success of a more benign solvent system than hydrazine, a
thiol-amine mixture, in dissolving chalcogenide precursors and depositing solar absorbers such
as Cu2ZnSn(S, Se)s'>7?3, Cu(In, Ga)Se>!**!1%” and Culn(S, Se).**4, I develop this novel thiol-
amine-based solution processing route to successfully deposit phase-pure CuSbSe: thin films
for the first time, as detailed in Section 3.1.1. As shown in Fig. 4.1b, the XRD pattern of my
CuSbSe> thin films matched with the reference pattern for CuSbSe; (ICSD database, coll. code
418754), indicating that phase-pure CuSbSe> thin films were obtained. The thickness of the

97



phase-pure CuSbSe; thin film was 520+ 10 nm, measured by a Dektak® stylus profilometer.
Details of Pawley fitting of the XRD pattern are shown in Fig. 4.1c. After excluding the two
silicon substrate peaks, all other measured peaks can match the reference pattern, and the
residuals are featureless. Along with a goodness of fit (GOF) of 1.18, the Pawley fitting further

confirms my CuSbSe; thin films to be phase-pure.

The effect of heat treatment temperature on the phase purity of solution-processed CuSbSe>
thin films was also investigated, as shown in Fig. 4.1d. After being thermally treated in a N»-
filled glovebox at 100 °C for 10 min, the spin-coated CuSbSe; thin films showed an XRD
pattern with no clear, sharp peaks, indicating amorphous films. When the heat treatment
temperature was increased to 250 °C (also for 10 min), the measure XRD pattern had sharp
peaks and most of them matched with the CuSbSe; reference pattern, but some minor peaks
belonging to Cu3SbSe; (ICSD database, coll. code 401095) also existed and marked by blue
dots (26 =16.70°,31.10° and 48.53°) in Fig. 4.1d. Finally, to remove the CusSbSes impurity
phase, the CuSbSe; thin films were firstly dried at 100 °C for 2 min in a N»-filled glovebox,
then thermally treated at 400 °C for 2 min in an Ar-filled tube furnace. The XRD patterns of
phase-pure CuSbSe> thin films measured by different X-ray diffractometers are shown in Fig.

4.1b and d, respectively.

To analyse the preferred orientation of the phase-pure CuSbSe; thin film, I calculated the
texture coefficients of the main peaks. The texture coefficient of crystal plane hkl (T'Cyy;) can

be calculated using the equation®*>:

98



I1(hkl)

I, (hkl)
lZN I(hik;l;)
N ==11y(hik;l;)

TChia = (4.1)

where I(h;k;l;) is the measured peak intensity of the h;k;l; plane while I,(hkl) represents
the standard peak intensity of the corresponding plane, and N is the number of peaks
considered. In my calculations, the standard peak intensity was obtained from the reference
pattern from the ICSD database, with crystal planes 002, 004, 013 and 015 analysed. As Table
4.1 shows, the texture coefficients of planes 002 and 004 are higher than 1, indicating that the
solution-processed CuSbSe; films preferred the orientation along the c-axis. As stated in
Section 3.3.1, while no additional tilt or height alignment was applied, the use of optical
alignment, surface levelling, and standard measurement routines ensures reproducibility of
peak positions and relative peak intensities. Texture coefficients reported here are intended for
comparative analysis between different crystal planes, rather than for absolute quantification

of preferred orientation.

Table 4.1 | Texture coefficients of crystal planes in solution-processed CuSbSe> thin film.

Crystal plane Texture coefficient
002 1.93+0.03
004 1.30+0.07
013 0.37+0.02
015 0.40+0.08

Moreover, I also investigated the structural and chemical stability of the CuSbSe> thin films

since it is important for solar absorbers to be stable in diverse environments. To examine the
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structural stability in the ambient environment, XRD patterns of the as-prepared (as described
in Section 3.1.1) and aged samples were obtained. As shown in Fig. 4.2a, after stored in the
ambient environment (room temperature and approximately 80% relative humidity) for 3
weeks, the XRD pattern of the CuSbSe: thin films remained unchanged, indicating the ideal
structural stability of CuSbSe. in the ambient environment. Another test of the structural
stability of CuSbSe; thin films was carried out under 1-sun illumination at 85 °C and 85%
relative humidity, as detailed in the reference®. After kept under such conditions for 3, 8 and
24 hours, the macroscopic appearance and XRD patterns of the CuSbSe:> thin films were
compared in Fig. 4.2b. The unchanged appearance and XRD patterns prove better structural
stability of CuSbSe> under these conditions than triple-cation perovskite thin films, which

began showing degradation products after only 8 h?®.
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Fig. 4.2 | Phase stability of CuSbSe: thin films in diverse environments. a, XRD patterns
of as-prepared (red) and aged CuSbSe; films (stored in ambient environment for 3 weeks,
purple) with the CuSbSe; reference pattern (black, ICSD database, coll. code 418754). Main
peaks are indicated by dashed lines along with the corresponding Miller indices. b, Evolution
of the appearance and XRD patterns of CuSbSe> thin films under 1-sun illumination, at 85 °C

and 85% relative humidity over 24 h. Main peaks are indicated by dashed lines along with the
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corresponding Miller indices.

Considering that CuSbSe; contains Cu in the +1 oxidation state, which is typically less
thermodynamically stable than the Cu +2 oxidation state under ambient conditions, it is worth
checking the chemical stability of the cation species in the CuSbSe: films. Therefore, XPS
measurements were conducted on the as-prepared and aged samples, and the results are
illustrated in Fig. 4.3. After ageing in the ambient environment for 3 weeks, some peaks in the
XPS survey spectra showed different intensities, but the peak positions and overall spectra were

not significantly changed (Fig. 4.3a and b).
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Fig. 4.3 | Chemical stability of CuSbSe: thin films in ambient environment. XPS survey
spectra of a, as-prepared CuSbSe; thin films and b, aged CuSbSe; thin films. ¢, Cu 2p core
levels and d, Cu L3Ma4sMa4s5 Auger-Meitner spectra of as-prepared (black line) and aged
CuSbSe> samples (red line). Spectra in Fig. 4.3c are normalised to the respective areas of the
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Cu 2ps3» peak of the aged sample. Sb 3d core levels spectra and fitting of e, as-prepared

CuSbSe: thin films and f, aged CuSbSe> thin films.

To analyse the oxidation states and bonding environments of the Cu” in CuSbSe» more precisely,
the Cu 2p core levels and Cu L3M4sM4 s Auger-Meitner spectra were obtained (Fig. 4.3¢c and
d). After 3-week ageing, no obvious difference in the Cu 2p core levels and Cu L3Ma4sMa s
Auger-Meitner spectra of the as-prepared and aged samples can be observed. Meanwhile, the
satellite signal in the Cu 2p spectra is usually used to distinguish different oxidation states of
Cu?72%_ As indicated in Fig. 4.3c, the spectra of both as-prepared and aged samples exhibit
weak satellite signals, which means that Cu remains in the +1 oxidation state after ageing. Also,
as Fig. 4.3d shows, the Cu L3M4sM4s Auger-Meitner spectra of both as-prepared and aged
samples were similar to the spectra of other Cu(I) species in different compounds?*!. The fitting
of the peak gave a kinetic energy of 917.7+0.2 eV, close to the reported kinetic energy of Cu
L3M4,sMas peaks in CuxSe (917.5 eV) and CuAgSe (917.6 eV)'®. These results prove that the
Cu(I) species in CuSbSe; can remain their oxidation states and bonding environments in the

ambient environment over time.

Fig. 4.3e and f show the Sb 3d core level spectra. A doublet with binding energies 538.5 eV
(3d3p, red line) and 529.1 eV (3ds., red line) can be observed in each spectrum. These binding
energies are consistent with the reported values of Sb(IIT)**?. Similar Sb 3d doublets were also

reported for CuSbSe, grown by close-space sublimation and hot injection!!$2%3,

103



Using the fitting methods stated in Section 3.3.2, we also found that the Sb 3d spectra for both
the fresh and aged samples could be deconvoluted into the peaks of Sb bonded to Se (main
peak, red line) and O (purple line). After aged in ambient air for 3 weeks, the Sb—O peak
exhibited increased size. A more intense O 1s peak also appeared in the Sb 3d spectra for the
aged samples, indicating the formation of Sb—O species at the surface of the CuSbSe; film. The
Sb-O species in the Sb 3d3» peak has a binding energy of 539.6 eV, which is closer to the Sb
3ds peak reported for SbaOs3 (539.8 eV) than for SboOs (540.4 eV)***. This comparison
confirms that the Sb species in the CuSbSe; films can remain in the +3 oxidation state in the

ambient environment, with SboO3 forming on the film surface.

Finally, Raman and Fourier transform infrared (FTIR) spectroscopy were employed to detect
the dominant optical phonon modes present in CuSbSe;. For the Pnma space group (Dap), there
are four Raman active mode symmetries (A4g, B1g, B2g, and B3g), along with three IR active mode
symmetries (B1u, Bau, and Bsy)!'%**. Three obvious peaks at 105.740.2 cm™ (4,), 141.740.6
cm’™! (B3g), and 213.740.2 cm™ (4,) can be observed in the Raman spectrum of spin-coated
CuSbSe: thin film (Fig. 4.4a), and all of them have been reported in previous studies assigning
them to the ptibramite phase of CuSbSe,'!7?4248_ Our calculated phonon spectrum for
CuSbSe> also found phonon modes at similar positions (Fig. 4.4d and Table 4.2). The measured
FTIR spectrum showed two relatively strong peaks positioned at 182.8+0.2 cm™ and
223.140.1 cm™ (Fig. 4.4b). While no FTIR spectrum of CuSbSe, has been reported yet,
according to our calculations, these two peaks can be assigned to the B>y and B3y modes based

on their energies, respectively. These Raman and FTIR measurements agree with the previous
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analysis of the phase purity of CuSbSe; thin films based on XRD measurements.
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Fig. 4.4 | Vibrational properties of solution-processed CuSbSe: thin films. a, Raman
spectrum (average of 10 scans) and b, FTIR spectrum of spin-coated CuSbSe; thin film with
phonon modes of the most intense peaks labelled. ¢, Phonon dispersion curve of CuSbSe». The

band containing the dominant 4z mode is highlighted in red.
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Table 4.2 | Calculated symmetry operations and wavenumbers of all phonon modes of
CuSbSe: excluding Biu, Boy, and Bsy translational modes. Phonon modes observed in Raman

and FTIR measurements are highlighted in bold.

Symmetry Wavenumber (cm™')
49.5 63.9 88.3 104.4
Ag
152.0 185.6 209.2 212.9
Raman Big 27.7 76.8 149.3 192.2
active 52.4 68.5 103.2 125.5
B2g
145.1 194.4 202.1 211.7
B3 31.9 71.8 137.8 192.6
41.2 108.9 123.2 143.4
Blu
191.4 201.6 215.9
IR active By 56.6 141.1 183.0
79.4 88.4 106.4 147.5
B3u
185.7 208.2 220.1
Inactive Ay 26.4 70.8 139.6 183.7

It should also be noted that a Raman peak with much higher intensity than other peaks can be
observed in the spectrum (Fig. 4.4a). Based on reported results and our calculations, this
dominant peak at =213 cm™ was found to be an 4, mode, of which the band is highlighted in
red in our calculated phonon dispersion curve (Fig. 4.4c). The calculated wavenumber was

213.740.2 cm’!, consistent with the measured result. Also, our calculations found this phonon
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mode to be an intra-layer breathing mode, and the vibrations associated with this mode are

illustrated by the red arrows in Fig. 4.1a.

4.3 Optoelectronic properties of CuSbSe>

4.3.1 Absorption coefficient measurement

For solar absorbers, a high absorption coefficient is a critical property. Meanwhile, by analysing
the absorption coefficient curve, insights into the nature of the excitations in materials can be
gained. By combining photothermal deflection spectroscopy (PDS) measurements for photon
energies below 1.3 eV, and UV-visible (UV-vis) spectrophotometry measurements for photon
energies above 1.3 eV, the absorption coefficient curve of CuSbSe; thin film was established
as shown in Fig. 4.5a (detailed methods in Section 3.3.6). Since PDS is more suitable for
detecting absorption at the sub-bandgap region, while UV-vis can provide the absolute
absorption coefficients, combining these two techniques can allow us to determine the absolute
absorption coefficients within both sub- and above-bandgap regions. It can be seen that
CuSbSe; exhibits the optical absorption coefficients around 8 x 10* cm™ at around 1.4 eV,
enabling it to absorb most of the AM 1.5G spectrum within a thin film, which is promising for

photovoltaic applications.
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Fig. 4.5 | Optical absorption coefficient curves of CuSbSez. The curves were determined by

a, experiments and b, calculations.

In literature, CuSbSe, has experimentally- and computationally-determined bandgaps in the
range of 0.9—1.2 eV!110112 \vhile our calculation indicates an indirect bandgap of 1.16 eV.
Meanwhile, it has been reported that the energy of the first direct transition of CuSbSe: is close
to its indirect bandgap (0.09 — 0.11 eV)!"13 which explains its high optical absorption
coefficient. Besides, it is worth noting that the absorption spectrum shows a shoulder at
approximately 1.4 eV, which can be caused by either the formation of excitons or the density
of states in CuSbSez. Since whether the excitons can form in these materials is important for
understanding the charge-carrier kinetics, it is necessary to confirm the cause of the shoulder
in the absorption spectrum. Therefore, we calculated the absorption coefficient curve of
CuSbSe; from the frequency-dependent dielectric tensor using hybrid DFT (HSEO06
functional)’®, as Fig. 4.5b shows. A similar shoulder is also observed in the calculated
absorption coefficient curve. Since our calculations were carried out in the independent particle

9

approximation®*’, phonon-assisted transitions and polaronic/excitonic effects were not
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considered. Thus, the shoulder observed in both absorption coefficient spectra is believed to

arise because of the electronic structure of CuSbSe;.

To better understand the nature of excitations in CuSbSe», the optical absorbance curve of
CuSbSe» was fitted based on Elliott’s theory?, following a previously-reported procedure?>°.
As the black solid and red dashed line in Fig. 4.6a show, the fit matches the measured spectrum
well, despite a significant lineshape broadening (I'~90 meV). Meanwhile, the deconvolution
of the excitonic and continuum contributions gives a weak and broad excitonic contribution
(purple area in Fig. 4.6a), along with a low exciton binding energy (£b) of 914 meV. This fit is
close to the value obtained from our DFT calculations using the Wannier-Mott hydrogenic
model®!, 8.7 meV. Given that these Ey values are well below k7T at room temperature (26 meV),
the excitations in CuSbSe; are expected to be predominantly free charge-carriers rather than

bound excitons.
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Fig. 4.6 | Optical and electronic properties of CuSbSe:. a, Comparison between the
measured optical absorbance curve (black solid line) and fit with the Elliott model (red dashed
line). The contributions from the exciton and continuum to the optical absorption spectrum are

represented by the areas shaded purple and pink, respectively. b, Electronic band structure of
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CuSbSe; (left panel; the highest occupied state set to 0 eV), along with electronic density of
states curves (middle panel), and crystal orbital Hamilton population (COHP) diagram (right
panel). The bonding and anti-bonding interactions are represented by blue and orange,

respectively.

The electronic structure of CuSbSe; is presented in Fig. 4.6b. From the electronic band diagram
(left panel), it can be seen that the lowest bandgap is indirect with a value of 1.17 eV, which is
consistent with the less steep absorption onsets in the optical absorbance spectra. The middle
panel of Fig. 4.6b illustrates the electronic density of states (DoS) curves of CuSbSe», with
contributions from different orbitals. It can be seen that VB mainly consists of Cu(d)-Se(p)

interactions, while CB is mainly from Sb(s, p)-Se(p) interactions.

4.3.2 Short-time and long-time TA measurements

Short-time and long-time transient absorption (TA) measurements were conducted to
understand the kinetics of the free charge-carriers in CuSbSe;. In short-time TA measurements,
an 800nm wavelength laser pulse was used to excite the sample. After excitation, a broadband
near-IR probe pulse was employed to detect the relative change in transmittance (A7/7) of the
sample with the pump-probe delays from 1 to 1000 ps. As introduced in Section 3.3.7, the
positive ground state bleach (GSB) signal describes the transition from ground state to the first
excited state. Therefore, the decay in the GSB signal can be used to analyse the depopulation
process near the band edges. Meanwhile, negative photo-induced absorption (PIA) signals may

also exist and interfere with the GSB signal if they have similar energies. The PIA signals can
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be caused by the transitions to different energy states rather than the first excited state, whose

origins can be self-trapping, defect-related energy states, or excitation to higher energy states.

As Fig. 4.7b shows, the short-time TA spectrum exhibited a broadband GSB signal centred at
approximately 1.36 eV. However, a strong PIA signal pulled down this GSB signal within 5-
10 ps. The interference between the GSB and PIA signals can also be observed in the
normalised TA signal kinetics (Fig. 4.7c). As for the long-time TA measurements (pump-probe
delays ranging from 1 to 1000 ns), as Fig. 4.7d-f shows, no GSB signal can be observed due to
the strong PIA signals. Thus, it is difficult to estimate the charge-carrier lifetime according to
the TA results, and different techniques are required to understand the charge-carrier kinetics
in CuSbSe;. Whereas the broad GSB signal observed in the short-time TA spectrum also

supports that the dominant species of charge-carriers in CuSbSe; are free carriers instead of

excitons.
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Fig. 4.7 | TA measurements of CuSbSe:. a, Short-time transient absorption (TA) signal colour
map of CuSbSe: films excited by a 800 nm wavelength pump (150 fs pulse width, 41 mJ cm”
2 pulse! fluence, with 500 Hz repetition rate), along with b, short-time TA spectra for pump-
probe delays of 1, 2, 5 and 50 ps, and ¢, its normalized ground state bleach (GSB) signal kinetics.
The GSB kinetics were acquired by averaging the signals from 1.33 to 1.41 eV (pink shaded
area in b) and normalized to the maximum AT /T value. Data shown for parts b and ¢ are the
average of 5 scans. d, Long-time TA signal colour map of CuSbSe: films excited by 355 nm
pump (800 ps pulse width, 21 puJ cm™ pulse™ fluence, 500 Hz repetition rate), along with e, TA
spectra for different pump-probe delays from 1 to 1000 ns, and f, its normalized PIA signal
kinetics. Please note that the signal in part f is normalized and is therefore not shown as negative
values, as would be conventionally the case. The PIA kinetics were acquired by averaging the
signals from 1.28 to 1.32 eV (pink shaded area in e) and normalized to the maximum AT /T

value.

4.4 Investigating charge-carrier-phonon coupling of CuSbSe>

4.4.1 OPTP measurements

As the strong PIA signals in TA spectra made it difficult to investigate the charge-carrier
kinetics in CuSbSe,, optical pump terahertz probe (OPTP) spectroscopy was employed to gain
more insights into the photo-generated charge-carriers in CuSbSe.. After the sample is excited
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by a 400-nm pump pulse, the fractional change in transmitted terahertz (THz) probe -AT/T is
detected. As introduced in Section 3.3.8, the measured -A7/T is proportional to the
photoconductivity of the sample, which can provide information on both population and
mobility of charge-carriers. The OPTP measurements on several Bi-based materials have
shown similar decays of the photoconductivity within a sub-picosecond timescale after the

excitation?”-2%:%

, caused by the reduced mobilities of localised charge-carriers. Compared to
charge-carrier localisation, defect-assisted trapping can also reduce the mobilities of charge-
carriers, but the photoconductivity decay is slower since charge-carriers have to diffuse to the
defect sites before getting trapped or recombining non-radiatively®®, while charge-carrier
localisation can happen immediately after generation, resulting in the faster photoconductivity
decay. Therefore, the photoconductivity decay timescale can provide insights into the
mechanisms of charge-carrier trapping in different materials. It should also be noted that the
formation of excitons can also influence the photoconductivity transients, so the nature of
excitations (i.e., free charge-carriers or excitons) should be considered when analysing the

OPTP spectrum. As discussed in Section 4.3.1, CuSbSe; exhibits free charge-carriers rather

than excitons.

As Fig. 4.8a shows, the original OPTP signal of the CuSbSe, sample decreased by 50% over a
period of 6.7 ps, while 92% of the original signal was lost over 50 ps. This decay is slower than
the decay of the GSB signal measured by short-time TA spectroscopy (Fig. 4.7¢c), which can be
attributed to the interference between GSB and PIA signals, obscuring the real depopulation

process of photogenerated charge-carriers in CuSbSe;. Compared to the photoconductivity
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decays reported for other Bi-based materials, the decay observed in the OPTP measurements
on CuSbSe:; shows a much slower timescale. As listed in Table 4.3, Cs2AgBiBrs, Cu2AgBils,
NaBiS: and as-prepared AgBiS; all lost 50% of their original OPTP signals after only 0.5-2
ps?7 396252 The charge-carrier kinetics of CuSbSe; obtained from OPTP measurements prove
that CuSbSe: can avoid charge-carrier localisation, while defect-assisted trapping is the main

trapping mechanism.

a 1.0 ——65 pJ-cm™pulse” b 1.0ps Smep, ° Exc?:a:!on ;rom ?acl:
—— 52 pJ-em>pulse”’ s, © Excitation from fron
—0.8 —— 36 pJ-cmZpulse™ —~0.8 ~%\
506 27 pd-cm™.pulse” 506
S h —— 20 pJecm?pulse” =
=04 W, — 16 uJ-cm®pulse™ ~ 0.4 .g
0.2 7 0.2
0.0 P , Wit 0.0+ . '
1 10 10 0.1 1 10 100
Pump-probe delay (ps) Pump-probe delay (ps)

Fig. 4.8 | Optical pump terahertz probe (OPTP) measurements on CuSbSe:. a, Normalised
comparison between fluence-dependent OPTP transients measured for CuSbSe> thin films
following 400 nm wavelength pulsed excitation. b, Normalised comparison between OPTP
transients measured from the back side (CuSbSe; film-quartz substrate interface, black) and
front side (CuSbSe; film surface, red) of CuSbSe> sample. The fluence is 65 wJ/cm? per pulse.
The origin point of the pump-probe delay was adjusted to only show the photoconductivity

decay process.

Table 4.3 | Comparison of key properties of CuSbSe: with other Sb- and Bi-based
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compounds. These are the charge-carrier mobility at room temperature, effective mass,
bandgap and dielectric constants, along with the time taken for the photoconductivity signals
to decay by 50% from the initial peak value. The charge-carrier mobilities shown are extracted
from the photoconductivity spectra measured by OPTP. #50 refers to the time taken for the

photoconductivity to decay to 50% of the initial peak value in OPTP measurements.

Material

OPTP Mobility
(cm2-V-1-s1)

Effective mass
(my,/mo;

mg/myg)

Bandgap
(eV)

Dielectric

constant (€.;

Estat)

tso (ps)

Polycrystalline
CuSbSe:2

4.7+0.2 (this
work)

1.60; 0.43 (this

work)

0.9-
1.2108-

110,114

11.3; 23.0 (this

work)

6.7 (this
work)

Single crystal
CuSbSe'0®

87 (measured
by Hall effect

measurements)

NaBiS2%

0.29
(delocalized);
0.03 (localized)

1.04; 0.24

1.4

€ =8.1;
€star = 43.7

AgBIS;%425%

As-prepared:
0.43+0.05
(delocalized),
0.11+0.05
(localized);
thermally
treated:
2.70+£0.10
(delocalized),
2.20+0.10

(localized)

0.51; 0.24

1.45

19.43(xly),
12.44(z2);
115.61(x/y),
35.08(z)

<1 (as-
prepared);
20-30 (heat-

treated)

Cs2AgSbBre?542
55

0.5
(delocalized);
0.1 (localized)

0.234-0.969;
0.289-0.431

1.64

4.82;13.69

1-2

Cs2AgBiBre:102

256-258

3 (delocalized);
1.3 (localized)

0.14; 0.37

2-2.25

4.60; 12.76

1-2

Polycrystalline
BiQ| 100,101

~3

0.26; 0.23

1.93

8.60; 43.33

200-300

Single crystal
BiOI'0!

26

(perpendicular),
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83 (parallel),
measured by
time of flight
measurements
Sb2S3%:107 0.9+0.1 0.64; 0.40 1.7-1.8 11.55(x), 10-20
10.97(y),
8.25(z);
98.94(x),
94.21(y),
13.14(2)
MA;Bi2lg259-261 Not reported 0.95; 0.54 2.1-2.2 5.43(x), 4.67 (z); | Not reported
39.89(x), 9.62(z)
Cs3Bi2lg?62:263 Not reported 0.94 1.95 5.38 Not reported
(perpendicular (perpendicular
to (100)), 2.14 to (100)), 4.09
(perpendicular (perpendicular
to (001)); 0.33 to (001)); 9.90
(perpendicular (perpendicular
to (100)), 3.22 to (100)), 7.85
(perpendicular (perpendicular
to (001)) to (001))
BiS|264-267 Not reported 0.95; 0.53 1.57 8.03; 37.81 Not reported
Bil3268-271 Not reported 2.01;0.68 1.8 7.1 (in plane), Not reported
6.4 (out of
plane); 54 (in
plane), 8.6 (out
of plane)

4.4.2 Temperature-dependent Hall effect measurements

Another effect of charge-carrier localisation is the different temperature dependence of the
mobilities of free and localised charge-carriers. For large polarons, as the temperature increases,
there will be more phonons that charge-carriers can be coupled to, thus leading to the lower

12,14,17,21

overall mobility . By comparison, since small polarons are transported by hopping

between lattice sites, the increased temperature can provide more thermal energy for the
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hopping of small polarons, therefore leading to higher mobility!>!7?728  Such different
temperature dependence can be another scope to examine the strength of charge-carrier
localisation in CuSbSe;. Through Hall effect measurements, the Drude mobilities of charge-
carriers in CuSbSe; were measured at temperatures ranging from 120 to 300 K. As Fig. 4.9a
shows, as the temperature increased, a clear decrease in mobility was observed, which indicates
the existence of large polarons in CuSbSe>. By performing a power law fit, the relationship
between the mobility and temperature was found to be u o T~12 which agreed with the
behaviour of large polarons. At room temperature (300 K), the mobility given by Hall effect
measurements was 1.01£0.01 cm?-V-!-s™! while the value found by OPTP measurements was
4.7£0.2 cm?-V!-s!. The different values of mobilities can be attributed to the measured length
scales of these two characterisation techniques. Hall effect measurement is a macroscopic
technique investigating the overall charge-carrier mobility throughout the whole film, while
the photoconductivity measured by OPTP spectroscopy describes the transport within a shorter

range, usually within one grain'*2797-227,

— 4 200
8 5 6- e Measured mobility| b 0 02
: Fit: g o< T2 =} =
T 5 - S0 1 { P s
o~ 4 g g
§3- £0.2{ } . —p [10Z
£2 301 . 5 %
-8 1' &J . > s " e q
E i & [ ] ~
0+— r r . r 0.0—*—— . . —0 %
120 160 200 240 280 320 100 150 200 250 300 (.»
Temperature (K) Temperature (K) -

Fig. 4.9 | Temperature-dependent Hall effect measurements on CuSbSez. a, Temperature-
dependent mobility of CuSbSe: thin films determined using Hall effect measurements, along
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with the power law fit, indicating u o< T2 The point at the lowest temperature (121 K) is
not included in the fit due to its higher standard deviation than the other data points. b,
Temperature-dependent resistivity (black circles, plotted to the left y-axis) and charge-carrier
density (red triangles, plotted to the right y-axis) of CuSbSe: thin films determined using Hall

effect measurements.

Importantly, the mobility values obtained from both measurements are higher than the typical
values of materials undergoing charge-carrier localisation. As listed in Table 4.3, OPTP
measurements on those materials (i.e., NaBiS2, Cs2AgSbBrs, Cs2AgBiBrs and as-prepared
AgBiS;) found the localised mobilities to range from 0.1 to 1.3 cm?- V™ '-s™!, which were all
lower than the OPTP mobility of CuSbSe», even though CuSbSe; showed a high effective mass.
Meanwhile, BiOI, another pnictogen-based semiconductor which has been proven to be able
to avoid charge-carrier localisation, exhibited a peak OPTP mobility of ~3 cm?-V!'-s™! at 295
K. The comparison between CuSbSe: and other pnictogen-based semiconductors also supports

that CuSbSe> can avoid charge-carrier localisation.

The temperature-dependent resistivity and charge-carrier density were also found through Hall
effect measurements. As shown in Fig. 4.9b, the increasing temperature resulted in higher
charge-carrier density as more charge-carriers were thermally excited to the conduction band.

The increase in the charge-carrier density also led to lower resistivity at higher temperatures.

4.4.3 Calculations of properties related to charge-carrier-phonon coupling
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After experimentally demonstrating the absence of charge-carrier localisation in CuSbSe:,
computational tools were also employed to further analyse the properties related to charge-
carrier-phonon coupling and understand the underlying factors enabling the band-like transport

in CuSbSe;.

To describe the strength of coupling of charge-carriers to acoustic phonons, a dimensionless

constant, known as the acoustic coupling constant (g,.), is given by the equation:

_ Eé m
gaC Cao ) 37Th2

(4.2)
where E; is the acoustic deformation potential, C the elastic constant, m the mass of the
charge-carrier considered and £ the reduced Planck’s constant. Materials with the value much
lower than one are expected to avoid charge-carrier localization. Firstly, in my project,
deformation potential theory?’> was used to analyse the acoustic deformation potential Ej.
This theory assumes that the propagating acoustic wave has the wavelength larger than the size
of the unit cell, therefore the acoustic wave can be regarded as a homogenous strain to the unit
cell. Based on this assumption, the deformation potential due to long-wavelength acoustic
phonons can be quantitatively analysed as the change in band edge position when a strain is

applied to the structure, as described by this equation:

5Enk
8Sag

Enk = (4.3)

In this equation, €, is the energy of band n at wavevector k, while Syp is the uniform

stress tensor’!. As shown in Table 4.4, our calculations gave the acoustic deformation potentials

of 1.73 eV and 6.51 eV for the VBM and CBM of CuSbSe:, respectively. For comparison,
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Cs2AgBiBrs, which undergoes charge-carrier localisation, was found to exhibit much higher
acoustic deformation potentials (13.7 eV for VBM; 14.7 eV for CBM), while CsPbBr3, which
can avoid charge-carrier localisation, has comparable values (2.2 eV for VBM; 6.3 eV for CBM)
to those of CuSbSe>*®. The calculations of acoustic deformation potential provide more
evidence on the absence of charge-carrier localisation in CuSbSe». To further verify this, the
acoustic coupling constants (g,.) of CuSbSe> were also calculated and listed in Table 4.4. The
average acoustic coupling constants on the order of 10~ are consistent with our experimental

findings that CuSbSe> does not undergo charge-carrier localisation.

Table 4.4 | Calculated properties related to carrier-phonon coupling in CuSbSe: along

different principal axes. a,: lattice parameter; E}®: acoustic deformation potential of the

valence band maximum; ESBM : acoustic deformation potential of the conduction band
minimum; g,.: acoustic coupling constant; C;;: Diagonal component of the elastic tensor;
€: dielectric constant at high frequency; €g,,: static dielectric constant; my,: effective mass
of holes (related to electronic conductivity); my,: effective mass of electrons (related to
electronic conductivity); aj: Frohlich coupling constant of holes; «,: Frohlich coupling
constant of electrons. Ej,: Wannier-Mott binding energies. Average: to arrive at the average
shown in Table 4.4, a tensor averaging scheme was employed for each tensor, and these values
were used in the relevant formula. For rank 2 tensors, each tensor was diagonalized, and the
average of their eigenvalues was taken. For elastic constants, the Reuss average scheme was

employed, calculated via the Elate web app?”®. Simple means were used for rank 1 tensors,

except for the effective masses, for which the harmonic mean was taken. Once a tensor average
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for each quantity in each formula was found, these were used in the relevant equations to find
the average values. More details of the data processing steps are available in the raw data file

of the published paper?’*.

a b c Average
a, (A) 6.457 4.034 14.929

EVBM(eV) | 1.16 1.93 2.11 1.73
ESBM (eV) | 6.60 6.32 6.62 6.51
Ciii (GPa) | 75.5 81.7 60.4 41.6
grEM 11073 3x1073 3x1073 2x107
gSBEM 7x1073 1.0x107 1.0x1072 9x1073
€oo 10.1 12.5 11.4 11.3
€stat 12.0 40.4 16.5 23.0
m;, 1.44 1.30 2.38 1.60
m 0.29 0.41 0.94 0.43
ap 0.55 1.77 1.17 1.59
a, 0.25 0.99 0.73 0.82
E, (meV) |223 2.6 33.6 8.7

Besides coupling to acoustic phonons, another possible cause of charge-carrier localisation is
strong coupling between charge-carriers and longitudinal optical (LO) phonons. To describe

the strength of such coupling, the Frohlich coupling constant, «, is derived from the equation:
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- 4me ; - Estat/ || 20 0R>
where €, is the vacuum permittivity while €,, and €g,; are the calculated optical and static
dielectric constants, respectively. m* is the effective mass of the free charge-carrier, while
wo 1s the effective longitudinal optical (LO) phonon frequency, and A 1is the reduced
Planck’s constant. wyo (138 cm™!) was determined by weight-averaging all T'-point phonon
modes according to their dipole moments since Frohlich coupling investigates the coupling
between charge-carriers and LO phonon modes, which can produce local dipoles®'. The
average Frohlich coupling constants of holes and electrons in CuSbSe» (a;, =1.59, a, =0.82)
both fall in the weak regime and are lower than the values of other ABZ, materials such as
NaBiS: (a, = 292, a, = 1.40)°, AgBiS; (a, = 1.63, a, = 1.09), as well as
methylammonium lead iodide perovskites (2-3)!®. The low Frohlich coupling constants of

CuSbSe: indicate the weak interactions between charge-carriers and LO phonons, enabling this

material to avoid charge-carrier localisation due to strong Frohlich coupling.

4.4.4 Understanding the mechanisms of weak charge-carrier-phonon

coupling of CuSbSe:

Having confirmed that CuSbSe> can avoid charge-carrier localisation through both
experimental and computational methods, which is quite unusual compared to many other
heavy pnictogen-based semiconductors, it is worth to further understanding the underlying

mechanisms of the weak charge-carrier-phonon coupling of CuSbSe; and reveal the critical
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factors enabling this behaviour.

As discussed in the previous section, the low acoustic deformation potential E; of CuSbSe»
is the main property resulting in the low acoustic coupling constants g,. since g,c 1s
proportional to the square of E;. Considering that E; describes the change in band edge
positions caused by lattice distortion, which is determined by the bonding interactions between
atoms, insights into the reason for low acoustic deformation potential can be gained by
analysing the change in bonding environments when the lattice is distorted. To understand the
bonding environments in CuSbSe>, the crystal orbital Hamilton population (COHP)
calculations were first performed, and the results are illustrated as the COHP diagram (right
panel of Fig. 4.6b). With —COHP set as the horizontal axis, positive values represent bonding
interactions, while negative values indicate anti-bonding interactions between atoms, and
values near the centre line indicate non-bonding interactions. For bonding interactions, Sb-Se
bonds show a more positive -COHP value per bond than Cu-Se bonds, indicating stronger
covalent bonds between Sb and Se atoms. It can also be seen from Fig. 4.6 that the VBM of
CuSbSe> mainly consists of Cu(d)-Se(p) anti-bonding states, with much weaker contributions
from Sb(s, p)-Se(p) interactions, which are approximately non-bonding. Such non-bonding
interactions are caused by the stereochemical activity of the lone electron pair of the Sb atom,
which is projected into the interlayer gap. The CBM has more contributions from Sb-Se

antibonding interactions, while having fewer from Cu-Se antibonding states.

After understanding the interactions contributing to the band edges, we simulated the lattice
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distortion by applying a strain along the c-axis (i.e., perpendicular to CuSbSe> layers), then
allowed the structure to relax to its local energy minimum and calculated the change in bond
lengths to examine the change in bonding environment of CuSbSe>. The bonds studied are
highlighted in Fig. 4.10a and represented with the corresponding colours in Fig. 4.10b. In Fig.
4.10b, the change in the lengths of studied bonds is illustrated as a function of the applied strain.
When the strain reached +5%, most bonds exhibited minor length changes (below 1%), while
the maximum bond length change, observed in Cul-Se3 bond, was also only about 2%. On the
contrary, a significant change around +20% under +5% c-axis strain was shown for the
interlayer distance, defined as the perpendicular distance between Sb2 and Sb3 atoms. The
phenomenon that Cu-Se bonds show more length changes than Sb-Se bonds is consistent with
the overall stronger covalent bonds between Sb and Se atoms found by our COHP calculations,
which can be attributed to the filled Cu-Se antibonding states near the VBM?"°. Our analysis
of the effects of c-axis strain on bonding environment reveals that most lattice strain can be
absorbed by modulating the interlayer distance, while the lengths of the in-layer bonds are not

changed significantly.
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Fig. 4.10 | Computational analysis of CuSbSe:. a, Structure of CuSbSe», with key atoms
labelled, and the interlayer distance defined as the perpendicular distance between Sb2 and Sb3.
b, Percentage changes in bond lengths and interlayer distance of CuSbSe: as a function of strain
along the c-axis. All calculated bond lengths shown are after relaxation of the atoms in the
structure after distortion, i.e., calculations for equilibrated structures as shown. A
disproportionally large change in the interlayer distance is observed as compared to bond
lengths for a given strain. ¢, Calculated crystal orbital Hamilton population (COHP) per bond
of in-layer (dashed line) and interlayer (solid line) Sb-Se bonds. The bonding and anti-bonding
interactions are represented by blue and orange, respectively. d, Fermi iso-surface 0.1 eV below

the VBM (top figure) and above the CBM (bottom figures).
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To better compare the in-layer and interlayer bonding interactions, we also performed COHP
calculation on the interlayer Sb-Se bond (highlighted in light blue in Fig. 4.10a) and derived
an integrated crystal orbital Hamilton population (ICOHP) value to compare the covalent
bonding strength with the in-layer Sb-Se bond. As Fig. 4.10c shows, in-layer Sb-Se bonds
exhibit much higher [ICOHP values than the interlayer case, indicating much weaker interlayer
Sb-Se bonding, so no formal covalent bonds can form between CuSbSe; layers, and this
material can be regarded as a layered material. Based on our computational analysis of the in-
layer and interlayer bonding environments under lattice distortion, the underlying mechanism
of the low acoustic deformation potential of CuSbSe; has been revealed. When the lattice is
distorted due to the propagation of an acoustic wave, most distortion can be absorbed by the
interlayer space (via changing the interlayer distance), while the lengths of in-layer bonds are
not affected significantly. Due to the much weaker interlayer bonding interactions, the obvious
change in the interlayer distance will not affect the overall bonding environment significantly.
Meanwhile, even though in-layer bonds exhibit stronger interactions, the minor change in the
bond lengths results in less significant influence on the bonding environment. Therefore, the
electronic structure of CuSbSe: can resist the effect of lattice distortion, leading to its low

acoustic deformation potential.

Besides acoustic deformation potential, electronic dimensionality can also influence charge-

carrier-phonon coupling. As described by the continuum model of Toyozawa, which considers

15,276

both acoustic and optical phonon fields , a 3D electronic structure exhibits an energy barrier

against charge-carrier localisation, which is an advantage over lower electronic dimensionality,
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but the energy barrier height should also be considered!®?’. For materials with a 2D electronic
structure, the acoustic coupling constant g,. determines their tendency to undergo charge-
carrier localisation or not. For g,. higher than 1, charge-carrier localisation is energetically
favourable with no energy barrier. However, when g,. <1, free charge-carriers tend to have
lower energy than localised charge-carriers, so charge-carrier localisation should not occur'®.
As for electronically 1D materials, charge-carrier localisation is predicted to occur
spontaneously. To investigate the electronic dimensionality of CuSbSe>, we calculated the
Fermi surfaces slightly above and below the CBM and VBM (0.1 eV energy difference), which
are represented by the states occupied by free charge-carriers with the same energies, as shown
in Fig. 4.10d. For Fermi surfaces, planar or columnar motifs indicate electronically 1D and 2D
structures, respectively, which exhibit weak dispersion along the flat planar/axial direction(s).
By comparison, motifs with closed surfaces show dispersion in all directions, therefore
represent 3D electronic structures'®”’. For the VBM of CuSbSe», the Fermi surface shows a
columnar feature with weak dispersion along the c-axis, indicating a 2D electronic structure,
while the CBM shows a number of ellipsoidal and rod-like structures with closed surfaces,
suggesting the electronic structure as 3D. The different dimensionalities of VBM and CBM can
be understood based on the main bonding interactions between atoms, which contribute to the
band edges, as shown in Fig. 4.6b. The VBM of CuSbSe> is dominated by Cu-Se interactions,
which mostly occur within each layer. On the contrary, the CBM mainly consists of interactions
between Sb and Se atoms. As discussed previously, besides the Sb-Se interactions within each
layer, the weak interactions between the Sb and Se species across the interlayer gaps also

contribute to the CBM, resulting in its higher electronic dimensionality. The electronic 3D
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CBM makes it more difficult for electrons to be localised. Meanwhile, even though the VBM
of CuSbSe; is 2D, due to its low g,. (Table 4.4), free charge-carriers are energetically
favourable. Both the relatively high electronic dimensionality and the low acoustic coupling

constant result in the band-like transport in CuSbSe;.

Our analysis also shows that the structural and electronic dimensionalities of CuSbSe; are
different. The electronic dimensionality of the VBM of CuSbSe, matches its quasi-2D crystal
structure, but its CBM shows 3D features. Actually, such deviation has also been observed in
other pnictogen-based semiconductors. For example, Cs2AgBiBres was found to exhibit an
electronic structure close to 0D, despite its 3D crystal structure?’’. The significantly lower
electronic dimensionality contributes to the charge-carrier localisation in this material.
Moreover, Sb2Ses; and Sb,S3 both have the same quasi-1D crystal structure. It has been reported
that they have a 2D and 3D VBM, respectively!?’. These observations emphasise the
importance of analysing the electronic dimensionality carefully instead of simply predicting it
according to the crystal structure of materials. Our study on CuSbSe2, along with those on
Cs2AgBiBrs and antimony chalcogenides, suggests that electronic dimensionality is an
important property influencing charge-carrier localisation and is worth considering with other
properties, such as the acoustic and Frohlich coupling constants, in order to properly understand

the nature of charge-carrier-phonon interactions.

In addition to the weak coupling between charge-carriers and acoustic phonons, the weak

Frohlich interaction of CuSbSe» also contributes to its band-like transport. According to Table
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4.4 and Eq. 4.4, the low Frohlich coupling constant of CuSbSe: is primarily determined by the
small difference between the electronic and static dielectric constants, €, and €gi,, Which
means the ionic dielectric contribution is low compared to electronic contributions. As shown
in Table 4.4, the electronic dielectric contribution is relatively high along all principal axes,
while close €, and €44 (low ionic contributions) can be observed, especially along the a-
and c-axes. The high electronic contribution can be attributed to the small bandgap and high
refractive index of CuSbSe», since the electronic dielectric constant €., is related to the
bandgap E; and refractive index n as €, X Eg 05 and €, o n%> 278 The high refractive
index can be understood by the high density of states near the band edges of CuSbSe>, which
leads to a stronger interaction between electrons and light, thus a higher refractive index. To
find the mechanism of the low ionic dielectric contribution, the Born effective charge (BEC)
tensors for the different atoms in CuSbSe; were calculated and listed in Fig. 4.11. The Born

effective charges (Z, ;;), also known as dynamical charges, describe the change in polarization

in direction i when the sublattice of atoms () is displaced along direction j27*?° as given by
this equation:
7, = 2H 4.5
a,ij — aua,j. ( ' )
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displacement direction displacement direction

a b ¢ a b ¢
0.87 0 —0.07 203 0 —0.62
Zéul(l) =< 0 1.23 0 ) Z§b1(111) =( 0 5.65 0 )
0.28 0 1.18 —1.50 0 2.06
= [1.14 1.23 1.12] XY= [1.03 565 1.44]
—1.06 0 —-0.21 —2.34 0 0.04
ZE iy = ( 0 -418 0 ) Zh i = ( 0 -271 0 )
—0.45 0 —1.08 0.67 0 —2.16
$=[-151 —418 —1.29] 5 =[-167 —271 —2.12]

Fig. 4.11 | Calculated Born effective charge (BEC) of atoms in CuSbSez. The BEC values
represent the induced polarization when atoms are displaced, in this case, along the principal
crystallographic axis directions. The net BEC values for displacements in the direction of each

axis (a, b or c¢) are shown below each tensor in square brackets.

The values of the Born effective charges can provide insights into the bonding interactions in
materials. For example, materials with strong ionic-covalent bonds tend to have the Born
effective charges of cations significantly larger than the formal oxidation states. As shown in
Fig. 4.11, the BECs for Cul in CuSbSe; are close to the formal oxidation state of the species.
However, BEC values higher than the formal oxidation states have been observed for Sb1 and
Sel atoms when they are displaced along the b direction, while the net BECs for displacements
along a and ¢ directions are lower than their oxidation states (first and third value in square
brackets). The low net BEC values of Sb1 and Sel atoms for a- and c-direction displacements
are consistent with their close €, and €g,; values along these directions, and contribute to

the low Frohlich coupling constants in these directions (Table 4.4). As for the anomalously
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large contributions of the Sb1 and Sel atoms along the b-axis, the possible cause can be either
a change in the polarization of the Sb1 and Sel atoms upon displacement, or a direct transfer
of charge between them, but further studies are required to distinguish these reasons®®’. It has
been reported that the lone electron pair of Sb atoms leads to a symmetry-breaking interaction
between hybridized Sb-s, p orbitals and Se p orbitals'®. In this case, the sub-lattice
displacement can influence the expression of the Sb lone electron pair and result in strong
deviations of the BEC from the oxidation state. Importantly, the Frohlich coupling constant of
CuSbSe; along the b-axis is still lower than 2, despite the relatively larger ionic dielectric

contributions along this direction.

Moreover, we also compare the BEC value of Sb atoms in CuSbSe; with those of other
pnictogen-based materials, as well as CH3NH3Pbls, as listed in Table 4.5. For Pb atoms in
CH3NH;3PbIs, where the 6s° lone electron pair is expressed, BEC values anomalously higher
than the oxidation state of Pb*" are observed, which lead to high ionic dielectric constants (€,
= 6.1; €gpar = 25.7%Y), thus stronger Frohlich interactions (o = 2-3 for CH3NH;3Pbl;!®) than
CuSbSe:. Also, nearly all Sb and Bi atoms in the materials shown in Table 4.5 have higher BEC
values than their formal oxidation states, indicating higher ionic dielectric contributions, even
though anisotropy does exist. Compared to these atoms, the Sb in CuSbSe, exhibits
significantly lower BEC values along the a and ¢ directions, resulting in low ionic dielectric

contributions, therefore weak Frohlich interaction.
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Table 4.5 | Born effective charge (BEC) of pnictogen atoms in Sb- and Bi-based
compounds, along with the BEC value of the Pb atom in CH3NH3Pbls. The labels a, b and
c refer to principal crystallographic axes, while xx, yy and zz refer to diagonal components of

the Born effective charge tensors.

Material Born effective charge
CuSbSe> (this work) Sb: 1.03 (a), 5.65 (b), 1.44 (¢)
Cs,AgBiBre?®? Bi: 4.79 (average)

BiOI?* Bi: 5.87 (a); 5.87 (b); 3.08 (c)

Sb1: 2.89 (xx); 5.62 (yy); 7.36 (zz);

szS3284

Sb2: 3.33 (xx); 7.25 (yy); 4.50 (zz)
Cs3Biolo?® Bi: 3.9 (xx), 3.9 (zz)
BiSI*$ Bi: 6.42 (a); 3.04 (b); 4.01 (c)
Bil;>"! Bi: 5.2 (a); 5.2 (b), 2.8 (c)
CH3NH3PbI;% Pb: 5.22 (a), 3.54 (b), 4.86 (c)
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4.5 Conclusions

In conclusion, through experimental and computational investigations, I found that CuSbSe,
as a heavy pnictogen-based chalcogenide, can avoid charge-carrier localisation. A novel thiol-
amine-based solution processing method was developed to deposit phase-pure CuSbSe; thin
films. By analysing the optical absorption curves and calculated exciton binding energy, the
charge-carriers in CuSbSe, were found to be free charge-carriers instead of excitons. OPTP
measurements revealed that CuSbSe: lost 50% initial photoconductivity over 6.7 ps, much
slower than other materials undergoing charge-carrier localisation. The temperature
dependence of charge-carrier mobility found through temperature-dependent Hall effect
measurements further confirmed that large polarons are dominant in CuSbSe,. DFT
calculations revealing the low acoustic and Frohlich coupling constants of CuSbSe> also
supported that this material can avoid charge-carrier localisation. To understand the critical
enabling properties, detailed computational studies on the bonding/anti-bonding nature of the
crystal orbitals at the band extrema, and changes in bond lengths and interlayer spacing as a
function of distortions, as well as the Born effective charges of ions were performed. In
particular, CuSbSe; was found to be able to minimize the acoustic deformation potentials via
relaxing the lattice distortion by modulating the interlayer space while keeping the change in
bond lengths low. Another important factor was that having groups of atoms contributing to the
orbitals at band extrema (e.g., CuSes tetrahedra) oriented at an angle to the principal axes, such
that distortions are relaxed as changes in bond angles rather than bond length. Moreover, the

electronic coupling between species across the interlayer gaps results in higher electronic
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dimensionality, thus strong coupling to acoustic phonons is avoided. Meanwhile, both high
electronic contribution (mostly due to the small bandgap) and low ionic contribution to the
dielectric constants lead to the weak Frohlich coupling. The low ionic contribution can be
explained by the Born effective charges of Sb, Cu and Se not substantially deviating from their
formal oxidation states (in contrast to lead-halide perovskites)*®’. Overall, this work provides
valuable insights into the future design and screening of novel solar absorber materials with

band-like transport.

4.6 Future work

Based on these findings, I propose that free volumes in the structure can mitigate the impact of
structural distortions on the bonding environment and reduce the deformation potential. This
can be achieved by not only a layered structure but also motifs featuring regular soft layers of
species that do not contribute to orbitals at the band extrema. Simultaneously, quasi-bonding
across these regular gaps plays a crucial role in enhancing electronic dimensionality if the
quasi-bonding contributes to the band-edge density of states, thereby reducing the likelithood
of charge-carrier localisation. A family of materials exhibiting these properties is the bismuth-
and sulphide-based alternatives for CuSbSe; (e.g., CuSbS,''*, CuBiS,'™ and CuBiSe>*®) as
they have a similar crystal structure and the stereochemical activity of the pnictogen cation has
been predicted, allowing quasi-bonding across the interlayer gaps. Therefore, an important
future work will be to investigate the charge-carrier-phonon coupling in these materials, which

can help examine the wider generalizability of the proposed design rules for materials with
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delocalised charge-carriers. On the other hand, materials without free volumes in their
structures (e.g., CuzSbSes3) should also be studied to examine the criteria from the opposite
perspective. I have demonstrated that combined experimental (e.g., photoconductivity
transients and temperature-dependent mobility measurements) and computational studies can
give a comprehensive analysis of the charge-carrier localisation of materials. By further testing
and modifying the principles put forward from this work, simple descriptors for wider sets of
semiconductors with band-like transport can be finally established, which is believed to help

accelerate the screening of efficient solar absorbers.
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Chapter 5: Photovoltaic devices based on solution-

processed and chemical-vapour-deposited CuSbSe;

In the previous chapter, it was found that CuSbSe> avoids carrier localisation, which is critical
for achieving long diffusion lengths. In addition, CuSbSe> has high absorption coefficients
exceeding 8 x 10° cm™! at 1.4 eV or higher energies. As such, the absorption profile of CuSbSe:
is well matched to the solar spectrum. These factors, along with the composition of low-toxicity
elements, make CuSbSe> promising for development as photovoltaic devices. But in contrast
to preparing materials for the optical and in-plane electrical characterisation made in the
previous chapter, realising these materials in photovoltaic devices requires thin films without
pinholes. Ideally, the thin film processing method should be scalable and have low embedded

energy.

This chapter investigates the development of two approaches with the goal of achieving
pinhole-free CuSbSe» thin films for photovoltaic devices: 1) a novel solution processing
method using a thiol-amine alkahest solvent, and 2) a chemical vapour deposition (CVD)
approach. For solution processing, different heat treatment parameters and underlayers are
explored, leading to improvements in film morphology, which highlights the importance of
careful control of solvent removal and substrate selection. CVD, on the other hand, yields films
with better coverage, fewer structural defects and larger grain sizes. My work revealed that
substrate temperature, working pressure, and evaporation time are critical to the phase purity

of CVD-grown CuSbSe; thin films. Since the substrate temperature can influence the phase
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purity and morphology of CuSbSe; thin films significantly, a sharp temperature gradient (35 °
C cm) in the furnace results in a narrow region where phase-pure and compact films can be
achieved. Therefore, the sharp temperature gradient is identified as the main limitation of the
CVD setup. Moreover, solar cells based on solution-processed films showed resistor-like J-V
curves while some pixels based on CVD films exhibited diode-like J-V curves. However, no
photovoltaic devices with measurable PCE were achieved, which can be caused by structural
defects of CuSbSe: films or a sub-optimal device structure. Since devices fabricated using these
two techniques involve different CuSbSe; film thicknesses and device structures, a direct
comparison between the two techniques may not be appropriate. To more effectively evaluate
the quality of solution-processed and CVD CuSbSe: films and device performance, these
parameters should be more carefully controlled in future studies. This chapter demonstrates
that moderate thermal energy input at the beginning of the heat treatment can improve the
morphology of the solution-processed CuSbSe; thin films. Meanwhile, the layer under
CuSbSe> also has significant effects on the film morphology. For the CVD method, the
temperature gradient within the deposition region should be carefully controlled to grow phase-

pure CuSbSe: films effectively.

The contributions from other researchers include:
Hugh Lohan performed the chemical vapor deposition of CuSbSe,, mentored by Yuchen Fu,
and the sputtering of Cu, mentored by Daniel Darvill Price. Ben Bowers performed ALD to

deposit ZnO for CuSbSe; solar cells. Pengjun Liu evaporated metal contacts for all
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photovoltaic devices and performed the J-V characterisation. Yuchen Fu performed all other

synthesis and measurements and analysed all data included in the chapter.

5.1 Introduction

As concluded in Chapter 4, CuSbSe> can avoid charge-carrier localisation, which is the main
challenge of many other heavy-pnictogen-based semiconductors'*!#%_ Meanwhile, CuSbSe»
is regarded as a promising photovoltaic material due to its composition of elements which are

291

not restricted for use in commercial electronics™', high optical absorption coefficient, and

predicted defect tolerance. Therefore, various techniques have been employed to deposit

7 reactive close-space sublimation (RCSS)'%,

CuSbSe; films, such as sputter deposition'!
selenization of metal precursors'?’, and solution processing!'>!?!. Among these methods,
solution processing can be more cost-effective than vacuum-based approaches, and has the
advantage of allowing the processing parameter space to be explored faster on the lab-
scale'?>239-231 However, the previously-reported solution processing method for CuSbSe; is

t232

limited by the use of hazardous hydrazine as the solvent~~. On the other hand, a more benign

solvent system than hydrazine, a thiol-amine mixture, has successfully dissolved chalcogenide

158,1607 and

precursors and deposited thin films such as CuxZnSn(S, Se)+>**2%2, Cu(In, Ga)Se:
Culn(S, Se)»?**. Using this thiol-amine-based solution processing method, CuSbSe> thin films

were grown. To optimise the film morphology, the heat treatment parameters and the layer

under CuSbSe; were modulated.
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Besides the solution processing method, a CVD deposition method was also developed in this
chapter. To achieve phase-pure CuSbSe, thin films, the deposition parameters, including
substrate temperature, working pressure and reaction duration were investigated. After
establishing the optimal parameters, the effects of the underlayers (glass or ZnO) on the
morphology of CVD CuSbSe: thin films were studied. Moreover, I fabricated CuSbSe> solar
cells with both thiol-amine-based solution processing and CVD methods. This project
highlights the factors influencing the quality of CuSbSe> thin films grown by CVD, as well as

the more novel thiol-amine solution processing method..

5.2 Characterisation of solution-processed CuSbSe: thin film

5.2.1 Phase purity and composition of CuSbSe; thin films

The experimental methods to prepare phase-pure CuSbSe: thin films via spin coating are
detailed in Section 3.1.1, while the effect of heat treatment temperature on the phase purity of
solution-processed CuSbSe; thin films is shown in Fig. 4.1d. By increasing the heat treatment
temperature from 100 °C to 400 °C, crystallised CuSbSe; thin films without any impurity
phases are achieved. It should also be noted that the films thermally treated at 250 °C for 10
min show some peaks belonging to Cu3SbSe; (ICSD database, coll. code 401095) with only
minor intensities, as shown by blue dots in Fig. 4.1d. The low intensity of these peaks indicates
that the main phase of the films thermally treated at 250 °C is CuSbSe,, and with only a small

fraction of CuszSbSes impurity phase. Therefore, in the following Sections 5.2.2 and 5.4.1, all
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characterisation is performed on solution-processed CuSbSe: thin films thermally treated at
250 °C instead of 400 °C due to the simpler heat treatment procedure, which could be carried
out on a hotplate inside a glovebox, rather than requiring taking to a separate tube furnace. Also,
when the temperature exceeds 200 °C, the increasing resistivity of ITO as temperature increases
can be detrimental to the device performance®*®. Thus, a lower heat treatment temperature is

preferred for devices.

The surface and bulk compositions of solution-processed CuSbSe> thin films were measured
by XPS and EDX, respectively. XPS was also employed to determine the chemical species
present, their oxidation state and coordination environment. Fig. 5.1 shows the survey spectrum,
Cu 2p, Sb 3d and Se 3d core levels with the fitting of peaks. Due to the weak satellite signals
near the Cu 2p12 peak, only the Cu 2p3» peak was fitted for the quantification purpose. Also,
since the Sb 3ds» peak overlaps with the O 1s peak, the Sb 3d3» peak was used for
quantification. Table 5.1 shows the XPS peak positions and separations between split peaks of
Cu, Sb and Se, as well as the comparison with the reported values from literature!'®. In Ref.
118, CuSbSe> films were deposited via the reactive close-spaced sublimation method. The
similar values of the BE peak positions and separations of my solution-processed CuSbSe: thin
films to the reported values indicate similar chemical environments of the elements. Moreover,
as shown in Fig. 4.3¢ and d, and discussed in Section 4.2, the weak satellite signals in the Cu
2p spectra, as well as the kinetic energy of Cu L3M4sMas s Auger-Meitner peak, confirm the
oxidation state of Cu in the solution-processed CuSbSe: thin films to be +1. The deconvolution

of Sb 3d spectra also demonstrates the +3 oxidation state of Sb species in the CuSbSe; thin
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films.
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Fig. 5.1 | XPS analysis of the solution-processed CuSbSe: thin films. a, XPS survey
spectrum. The Se LMM, Cu LMM and Sb MNN signals are Se L3:Ma5My 5, Cu L3sMas sMa s and
Sb M4 5N4 5Ny s, respectively; b, Cu 2p core levels with the fitting of the Cu 2ps3.» peak; ¢, Sb

3d core levels with the fitting; d, Se 3d core levels with the fitting.
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Table 5.1 | XPS results of solution-processed CuSbSe: thin films. Measured binding energy

peak positions (BE) of each core level are listed on the left, and compared with reported results

(right).
Core level This work Reported results'!®
Cu 2p3» 932.2 932.0
Cu2pin 952.0 951.8
Sb 3dsn 529.1 528.8
Sb 3d3n 538.5 538.2
Se 3dsn 53.7 53.5
Se 3dsn 54.6 54.4

Table 5.2 compares the composition of the solution-processed CuSbSe; thin films measured by
XPS and EDX. XPS measurement shows an Sb-rich surface of the CuSbSe; films, which can
be attributed to the formation of the Sb2Os layer on the surface. Meanwhile, a possible reason
for the deficient Cu is the formation energy of the Cu vacancy in CuSbSe; being the lowest

among all defects!!?

, which may lead to the evaporation of Cu from the surface during the heat
treatment process. On the other hand, the bulk composition measured by EDX shows the

atomic ratio Cu:Sb:Se to be 1.34:1.00:2.60, which is closer to the stoichiometric value.

The error bars shown for atomic ratios represent the standard deviation across three separate
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EDX mapping regions on each sample, reflecting the degree of compositional variation across
the surface. Care was taken to select representative regions free of visible defects or
contamination. These values capture spatial inhomogeneity but do not account for other sources
of experimental uncertainty described in Section 3.3.5, such as instrumental calibration errors,
peak fitting uncertainty, or interaction volume effects. Therefore, the total quantification error
may be larger than the standard deviation reported. Considering the measurement precision and

uncertainty associated with EDX, the atomic ratio was rounded to 2 decimal places.

Table 5.2 | Composition of solution-processed CuSbSe: thin films measured by XPS and
EDX. The atomic ratios are calculated by setting the Sb fraction as 1.00. XPS quantification is
based on peak areas (Cu 2p3., Sb 3d32, Se 3d) and RSFs for Kratos system (Cu 2p32: 3.55, Sb

3dsn: 3.45, Se 3d: 0.85).

Elements | Atomic % (XPS) Cu:Sb:Se Atomic % (EDX) Cu:Sb:Se
Cu 16.39 27.13+£0.96
Sb 41.91 0.39:1.00:1.00 20.24 +0.63 1.34:1.00:2.60
Se 41.70 52.63 +0.38

5.2.2 CuSbSe; thin film morphology observation and optimisation

5.2.2.1 Effects of heat treatment parameters

Heat treatment is commonly applied after solution processing thin films, and is used to remove
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the remaining solvent to create supersaturation, promoting the nucleation and thin film growth
and coarsening the grains'??. Heat treatment can have significant effects on the morphology of

solution-processed thin films!'?!-?7

, which is critical to the performance of photovoltaic devices.
In my project, CuSbSe> samples were initially prepared by placing the spin-coated films on a
hotplate preheated at 250 °C, and keeping them on the hotplate for 10 min. As shown in Fig.
5.2a, a high density of pinholes and clusters of grains can be observed. This can be attributed
to the rapid removal of the remaining solvents from the film by directly placing these samples
on the hotplate immediately after spin coating. When a substantial amount of residual solvent
is present, solutes exhibit high mobility, enabling rapid diffusion across the substrate surface
during the initial stage of heat treatment. The fast diffusion of solutes can favour the formation
of distinct islands when these solutes bind more strongly to each other than to the substrate!?>>%,

This limitation could be addressed by removing more of the solvent before heat treatment or

decreasing the rate of solvent removal.
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Fig. 5.2 | Top-view SEM images of the solution-processed CuSbSe: thin films on glass
substrates thermally treated with different parameters. The target heat treatment
temperature is 250 °C for all samples. a, CuSbSe> thin film thermally treated on a preheated
hotplate (250 °C) for 10 min. b-d, CuSbSe; thin films heated together with a cool hotplate from
room temperature to 250 °C then kept for different durations. The duration is b, 10 min; ¢, 1

min; d, 50 min.

To pursue the latter strategy, I placed the samples on the hotplate at room temperature, before
ramping up the temperature to 250 °C (ramp rate 30 °C min! as indicated by the hotplate
reading), and keeping at this temperature for 10 min. The morphology of the samples treated
with such “mild” heat treatment is presented in Fig. 5.2b, where the pinhole density is
evidently lower than the original process (Fig. 5.2a). This comparison suggests that moderate

thermal energy input is more suitable for the heat treatment of the solution-processed CuSbSe;
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thin films, and this mild heat treatment was adopted for all subsequent films.

In addition to the initial temperature of the hotplate, another studied parameter is the duration
at the target temperature (250 °C). The morphology of CuSbSe; thin films thermally treated for
10, 1 and 50 minutes is illustrated in Fig. 5.2b-d, respectively. Compared to the sample
thermally treated for 10 minutes (Fig. 5.2b), the film thermally treated for 1 min (Fig. 5.2¢)
exhibits more grain clusters, indicating that more time is needed for diffusion, grain growth
and homogenisation of the film morphology. On the contrary, the 50-minute heat treatment
(Fig. 5.2d) results in the complete absence of clusters, as well as more pinholes, which can be
caused by the evaporation of the film during the long heat treatment period. Combining these
observations, it can be concluded that moderate thermal energy input at the beginning of heat
treatment and restriction of the heat treatment duration (10 min in my study) can lead to
CuSbSe: thin films with the lowest density of grain clusters and pinholes. These heat treatment

parameters are applied to all CuSbSe; thin films involved in the following studies.

5.2.2.2 Effects of underlayers

To fabricate solar cells, the absorber layer is usually deposited on electron or hole transport
layers. It has been reported that the substrates used, or any surface modifications made on the
substrates, can have a significant effect on the morphology and quality of spin-coated thin
films!'?22%%-3%! Therefore, it is important to examine the morphology of the solution-processed

CuSbSe; thin films on different underlayers. In this study, I compared the effects of three
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potential ETLs: compact TiO; (c-TiO2), mesoporous TiO> (mp-TiO2) and SnO> nanocrystal
thin films, as well as one HTL: NiOx made by solution processing. As displayed in Fig. 5.3a,
the CuSbSe; thin film on c-TiO> exhibits the highest density of pinholes and grain clusters. The
pinholes can be the paths where the ETL and HTL contact each other and shunt the devices.
Thus, the density of pinholes and other structural defects should be minimised to achieve better
device performance. mp-TiOz, as a common interlayer to improve the morphology of the
absorber layer in solar cells, can form a porous scaffold and act as a host matrix into which the
upper material can be embedded. For the mp-TiO2/CuSbSe; sample (Fig. 5.3b), a rougher
surface can be observed, which can be attributed to the structure of mp-TiO;. Its density of
pinholes is lower than the c-TiO2/CuSbSe; sample, but some pinholes penetrating through the
CuSbSe; layer could still be observed from scanning electron microscopy. On the other hand,
the CuSbSe: thin film on SnO; shows fewer pinholes than the c-TiO2/CuSbSe> sample and
more large flake grains. The flake grains reflect the quasi-2D crystal structure of CuSbSe», and
the overlap between these grains may prevent the contact of ETL and HTL through pinholes

penetrating the whole CuSbSe; film.
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Fig. 5.3 | Top-view SEM images of the solution-processed CuSbSe: thin films deposited on
different underlayers. All samples were thermally treated at 250 °C for 10 min. The layer

under CuSbSe; is a, compact TiO> (¢c-TiO2); b meso-porous TiO> (mp-TiO2); ¢, SnO2; d, NiOx.

Alternatively, a p-i-n device structure can also be utilized by depositing CuSbSe; films onto
HTLs, such as NiOx. The microscopic morphology of NiOx/CuSbSe: is illustrated in Fig. 5.3d.
Compared with the SnO,/CuSbSe; sample, the CuSbSe> film on NiOx has fewer pinholes,
indicating that devices with this structure may be less likely to be shunted. Therefore, the
structure of ITO/NiOx/CuSbSe2/ETL/metal contact is selected for the solar cells based on the
solution-processed CuSbSe thin films. To explore a suitable ETL, PCBM was first spin-coated
onto CuSbSe,. However, due to the rod-like CuSbSe; grains making a rough surface, PCBM
could not cover the whole surface. To deposit a compact ETL on the rough CuSbSe; surface,
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atomic layer deposition (ALD) was finally employed to deposit ZnO as the ETL of the p-i-n
structured CuSbSe; solar cells. ALD was chosen because it is able to meet the needs for atomic

layer control and conformal deposition on complex surfaces®*.

5.2.2.3 Other methods to optimise film morphology

After confirming the effects of heat treatment parameters and underlayers on the morphology
of the solution-processed CuSbSe; thin films, I explored other methods to optimise film
morphology. Firstly, as discussed in Section 5.2.1, the relatively moderate thermal energy input
at the beginning of the heat treatment process can improve the film morphology. To further
modulate the thermal energy input, two more heat treatment steps were added prior to the 250 °C
treatment: heat treatment at 60 °C for 0 or 5 min, followed by 100 °C for 0 or 2 or 5 min. The
final heat treatment step was still at 250 °C for 10 min for all samples. The morphology of the
films is compared in Fig. 5.4a-d. It can be noticed that all samples show similar morphology
despite the different durations of each heat treatment step. The density of pinholes and grain
size of these samples have no significant differences, reflecting that the even lower rate of the
thermal energy input cannot further optimise the morphology of the solution-processed

CuSbSe; thin films.

Moreover, the antisolvent method was utilized to improve the CuSbSe; film morphology.
Antisolvent treatment is a common method to optimise the morphology of solution-processed

thin films, as introduced in Section 2.5.1. By dripping a “bad” solvent onto the spinning sample,
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the “good” solvent is driven out much faster than simply through solvent evaporation during
spinning, and the precursor solubility in the remaining solution is reduced upon mixing the
antisolvent into it. In this case, rapid supersaturation can be achieved, hence forming a high
density of nuclei simultaneously'?>2%3%_ This can result in a uniform and dense film. In this
project, I dripped 75 pL methylbenzene onto the spinning film 20 s before the end, then placed
the sample on a hotplate at room temperature. The sample and the hotplate were heated together
to 250 °C, then kept for 10 min. As shown in Fig. 5.4e, the CuSbSe; film treated with
methylbenzene antisolvent exhibits a similar morphology to the sample displayed in Fig. 5.2a.
Since the latter was obtained by thermal treatment on a preheated hotplate after the spin coating,
the similar morphology of these two samples can be caused by the rapid removal of the
remaining solvent. Also, Fig. 5.4f shows the morphology of the CuSbSe; film on SnO; treated
with propan-2-ol as the antisolvent. The antisolvent volume and dripping time are the same as
the methylbenzene-treated sample. Compared to the untreated SnO»/CuSbSe> sample (Fig.
5.3c), using the propan-2-ol antisolvent results in some larger pinholes and grain clusters. Such
comparisons indicate that extremely fast removal of the remaining solvent is not favourable for

solution-processed CuSbSe: thin films based on our thiol-amine route.
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Fig. 5.4 | Top-view SEM images of the solution-processed CuSbSe: thin films prepared
with multi-step heat treatment or antisolvent treatment. a-d, multi-step heat treatment. The
durations for the heat treatment at 60 °C and 100 °C are labelled in the figures. The final step
for all samples is heat treatment at 250 °C for 10 min. Samples are a, 0 0; b, 0 2; ¢, 52;d, 5 5.
e and f, antisolvent treatment. 75 uL antisolvent of e, methylbenzene or f, propan-2-ol is
applied 20 seconds before the spin coating ends. Both samples are thermally treated at 250 °C

for 10 min after the spin coating.
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5.3 Characterisation of chemical-vapour-deposited CuSbSe: thin

film

5.3.1 Exploring the optimal CVD parameters

As discussed in the prior work on the RCSS of CuSbSe; films!!®, the parameters that can
influence the deposited films include the substrate temperature and the evaporation time of the
SbaSes precursor. For our CVD setup, by setting different temperatures for the centre and sides
zones, a downward temperature gradient from the centre to the edges of the tube can be created.
Thus, the substrates placed at different positions inside the tube exhibit different substrate
temperatures. Another difference between the reported RCSS method and our CVD method is
the use of carrier gas. The smaller RCSS chamber does not require any carrier gas, while our
setup needs Ar as the carrier gas to transfer the SboSes vapour to different positions in the tube.
Therefore, the working pressure during the deposition, which determines the flow rate of the

SboSes vapour, can also affect the quality of the CVD CuSbSe; films.
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Table 5.3 | Summary of parameters used for the CVD growth of CuSbSe: thin films.
Investigated parameters include the substrate temperature (controlled by the sample position),
the evaporation time and the working pressure. The temperatures of zones were set identically

for all samples (i.e., the centre zone at 580 °C; the side zones at 530 °C).

Batch ID | Sample position Evaporation time (min) Working pressure (mTorr)
R8
R10
R12
0713 5
3 600
L10
L12
0704 600
0721 L8 4 317
0727 50
0704 4
0713 R10 5 600

In this study, I explored the optimal experimental parameters by examining the phase purity of
CVD CuSbSe; thin films. The conditions of the investigated samples are summarized in Table
5.3. The first investigated parameter is the substrate temperature. As illustrated in Fig. 3.2, a
series of glass or silicon substrates coated with Cu were positioned at 2-16 cm away from the
edge of the side zones with a 2-cm interval between adjacent samples. The positions were
labelled as R2, R4 ... R16 for the right size zone, and L2, L4 ... L16 for the left side zone. All
samples for XRD measurements were deposited on Si substrates. To analyse the effect of
substrate temperature, the evaporation time of 5 min and the working pressure of 600 mTorr

were employed (batch ID 0713). The XRD patterns of the samples in the right zone containing
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CuSbSe, phase are compared in Fig. 5.5a, where the peaks belonging to impurity phase

CusSbSes are indicated by blue dots.
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Fig. 5.5 | XRD patterns of the CVD CuSbSe: thin films deposited with different substrate
temperatures. Substrates at different positions exhibited different temperatures due to the
temperature gradient within the tube. Comparison between the CuSbSe, reference pattern
(black, ICSD database, coll. code 418754) and the XRD patterns of the samples in a, the right
zone, denoted as RX; b, the left zone, denoted as LX. Main peaks belonging to.CuSbSe; are

indicated by dashed lines, while peaks from CuzSbSes are highlighted by blue dots.

For R12 (purple line), which is the closest to the centre, the peaks belonging to CuzSbSes have
high intensities, indicating its large amount. The other two strong peaks (26 = 12.23° and
24.34°) might come from CuzxSe polymorph or other impurity phases!!®. In comparison, most
peaks of sample R10 (red line), which is 2 cm further away from the centre than R12, better
match with the CuSbSe; reference pattern (black, ICSD database, coll. code 418754), with only
one peak coming from the Cu3SbSe; phase (26 = 40.14°). When moving another 2 cm away

from the centre, the sample R8 (pink line) exhibits the mixture of CuSbSe> and CusSbSe;s
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phases. The different XRD patterns of the samples with different substrate temperatures can be
explained by the evaporation process of SbxSes. As previously reported, SbaSes is partially

decomposed and releases Se vapour during the evaporation process''#3%

, which firstly reaches
and selenizes the nearest Cu film. Therefore, Cuz-xSe polymorph can be observed in the R12
sample. Meanwhile, since SbxSes and Se both have much higher vapour pressure than Sb, the
Sb reactant can only be transferred to the Cu films in the form of SbySes; vapour. After Se
vapour reacts with the Cu film at position R12, Sb,Ses vapour can be carried to further positions
and react with subsequent Cu films. Thus, at the position R10, the Sb,Ses; vapour reacts with
the Cu film to form the desired CuSbSe; phase. Also, the lower substrate temperature of R10
than R12 results in more Sb>Ses vapour condensed onto the Cu film surface. Due to the
condensation of SbaSes vapour at R10, the Cu film at the further position R8 may undergo a

deficiency of the Sb source, even if its substrate temperature is lower, which explains the co-

existence of CuSbSe> and Cu3SbSe; phases.

Similar results are also observed in the left zone. As shown in Fig. 5.5b, the optimal film with
the lowest content of impurity phases is obtained at position L.10, while the sample L12 shows
strong Cu3SbSes and Cux«Se peaks, and sample L8 contains both CuSbSe, and CuzSbSe;
phases. Moreover, the stronger peaks of the 002 and 004 crystal planes in the sample L10
demonstrate its preferred c-axis orientation compared to the sample R10, even though these
two samples have the same sample-precursor distance, indicating that the depositions in the
left and right zones are not strictly symmetric. Among all samples mentioned above, the sample

R12 shows the best phase purity, which is deposited with an evaporation time of 5 min, a
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working pressure of 600 mTorr, and a distance to the right zone edge of 10 cm.

It should also be noted that the distance between the adjacent samples in the same zone is only
2 cm, but they possess distinct XRD patterns, which suggests the significant effect of substrate
temperature on the phase purity of CVD CuSbSe; thin films, as well as the sharp temperature
gradient within the deposition region. To better verify this, I performed temperature profiling
at different positions in the tube while employing the identical temperature setting for each
zone (580 °C for the centre zone while 530 °C for the side zones). As displayed in Fig. 5.6,
the temperature across zone 2, where the Sb,Se3 precursor is placed, does not have significant
changes. By contrast, a sharp temperature gradient is observed in the left side zone. Especially
in the region where films containing CuSbSe; phase are deposited (about 8-12 cm), a
temperature gradient of 35 °C cm™! was obtained. A similarly sharp temperature gradient is
also found in the right side zone. Such large changes in the substrate temperature result in
distinct changes in the phase purity of adjacent samples. To improve the scalability of the CVD

method, a less steep temperature gradient is required across the deposition region.
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Fig. 5.6 | Temperature profiling of the tube furnace used for CVD of CuSbSez. The

temperature of each zone is set identically as the deposition process (i.e., Tset for zone 1 and 2

18 530 °C and 580 °C, respectively). The origin point of the distance is the edge of zone 1, and

the SbaSes precursor is positioned at 30 cm. The length of zone 1 (and 3) is 15 cm. The region

where films containing the CuSbSe; phase are deposited is at a distance of 8-12 cm.

After examining the effect of the substrate temperature, other parameters, including the
working pressure and evaporation time, are also investigated. Fig. 5.7a compares the XRD
patterns of three samples at position L8 (batch ID 0704, 0721, 0727). An evaporation time of
4 min and different working pressures are employed. With a relatively low working pressure
(49 or 317 mTorr), films containing the CuSbSe; phase were obtained. When the working
pressure is increased to 600 mTorr, no obvious CuSbSe, peak can be observed in the XRD

pattern. At higher working pressures, there was a higher flow rate of the carrier gas. Thus,
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600 mTorr working pressure may lead to the fast flow of the Sb>Ses vapour, and thus the
insufficient reaction between the Cu film and Sb,Ses. This explains the absence of the CuSbSe>
phase in the 600-mTorr sample, while the other two samples show a mixture of CuSbSe; and
Cu3SbSes phases. This comparison indicates that the working pressure also has a significant
effect on the phase purity of the CVD films. It should be noted that all samples deposited with
a 4-minute evaporation time exhibit Cu3SbSes (indicated by blue dots) or CuzSbSes (indicated
by blue triangles) impurity phases, regardless of the variations in working pressure and

substrate temperature. Therefore, the effect of evaporation time should be considered as well.
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Fig. 5.7 | Effects of the working pressure and evaporation time on the phase purity of the
CVD CuSbSe: thin films. a, XRD patterns of the samples deposited with the working pressure
of 600 (pink), 317 (red) and 49 mTorr (purple), along with the CuSbSe> reference pattern (black,
ICSD database, coll. code 418754). All samples are positioned at L8 and employ the
evaporation time of 4 minutes; b, XRD patterns of the samples deposited with the evaporation
time of 4 (pink) and 5 minutes (red), along with the CuSbSe> reference pattern (black). Both
samples are positioned at R10 and employ the working pressure of 600 mTorr. In both figures,
main peaks belonging to CuSbSe» are indicated by dashed lines, while peaks from Cu3SbSe;
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and Cu3SbSes are marked by blue dots and triangles, respectively.

Fig. 5.7b shows the XRD patterns of the films deposited with evaporation times of 4 and 5
minutes (batch ID 0704, 0713). For both samples, a working pressure of 600 mTorr and
substrate position of R10 are employed. Most peaks in the XRD pattern of the 4-min sample
come from Cu3SbSe; (indicated by blue dots) or Cu3SbSes (indicated by blue triangles) phases,
while CuSbSe; is the dominant phase of the 5-min sample, with only one minor peak belonging
to the CuzSbSe; phase (26 = 40.14°). Such differences demonstrate that the 4-minute
evaporation cannot provide sufficient SboSes vapour to react with the Cu film, leading to the
formation of Cu-rich impurities. With longer evaporation time, more generated SboSes vapour
can further react with the impurity phases to form the desired CuSbSe; phase. Overall, by
considering samples deposited with various parameters, we can confirm the optimal CVD
parameters to be the substrate position of R10, the working pressure of 600 mTorr, and the
evaporation time of 5 minutes. Combining these parameters, nearly phase-pure CuSbSe; thin
films can be obtained via our CVD method. The thickness of the nearly phase-pure CuSbSe;

thin film was 2000+ 190 nm, measured by a Dektak® stylus profilometer.

5.3.2 CuSbSe:; thin film morphology

After confirming the optimal parameters to obtain nearly phase-pure CuSbSe> thin films by
CVD, the morphology of the films with CuSbSe. as the dominant phase is observed. As
discussed in the previous section, the main limitation of the CVD setup is the steep temperature
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gradient within the deposition region. Therefore, to maximize the number of samples with the
desired phase purity in each deposition process, another substrate is positioned right next to
position R10 (i.e., the sample interval is 1 cm instead of 2 cm), which is labelled as R11. The
morphology of the CVD CuSbSe: films deposited on glass substrates at position R10 and R11
is compared in Fig. 5.8a and b. Compared to the sample at R10 (Fig. 5.8a), the one at R11 (Fig.
5.8b) exhibits significantly larger grains. This can be explained by the higher substrate
temperature at R11 than R10, as R11 is closer to the high-temperature zone 2, which facilitates

the grain coarsening.

Fig. 5.8 | Top-view SEM images of the CVD CuSbSe: thin films deposited with different
substrate temperatures and underlayers. The film is deposited on glass (a and b) or

glass/ZnO (¢ and d) substrates at position R10 (a and ¢) or R11 (b and d).
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In addition to the different grain sizes, it is also noticed that the films deposited at lower
substrate temperature (R10, Fig. 5.8a) show more randomly oriented grains, while the grains
in the sample with higher substrate temperature (R11, Fig. 5.8b) exhibit more planar features
parallel to the substrate surface. To investigate the change in the crystal orientation, XRD
patterns of these samples are compared in Fig. 5.9a. An obviously enhanced orientation of the
(001) planes can be observed when moving from R10 to R11. As a quantitative analysis, the
texture coefficients of the main crystal planes are calculated and displayed in Fig. 5.9b. Since
the texture coefficients higher than 1 indicate texturing towards this orientation, it can be
concluded that the sample at R10 is slightly c-axis oriented, and such a preferred orientation is
substantially enhanced in the sample at R11. The alignment for the XRD measurements is
described in Section 3.3.1. It should be clarified that the texture coefficients reported here
reflect relative differences in texturing between samples, and are not intended as absolute
values of preferred orientation. The changes in the texture coefficients as the substrate
temperature increases agree with the previous study on the heat treatment of CuSbSe; thin films.
As reported by Yang et al., the texture coefficient of (001) planes increases with higher heat
treatment temperature, which can be rationalised by the lower surface energy of (001) planes
than other crystal planes'?!. By enhancing the c-axis orientation, the total energy of the system
can be reduced, which provides the driving force for crystal growth®*. Thus, both larger grain
size and stronger c-axis orientation are observed in the CVD CuSbSe> thin films at R11,
because the higher substrate temperature facilitates atomic diffusion and realignment by

delivering more thermal energy.
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Fig. 5.9 | Comparison of the XRD patterns and preferred crystal orientation of the CVD
CuSbSe: thin films. a, comparison of the XRD patterns of the nearly phase-pure CVD
CuSbSe; thin films deposited at position R10 (pink) and R11 (red), along with the CuSbSe>
reference pattern (black). The crystal planes investigated for texture coefficients are indicated
by dashed lines with their Miller indices. Both samples were deposited on Si substrates. b,
texture coefficients of the crystal planes in the CVD CuSbSe: thin films deposited at position

R10 (left) and R11 (right).

As analysed in Section 5.2.2.2, the underlayer can influence the morphology of solution-
processed CuSbSe: thin films. Similar observations have also been found for CVD CuSbSe:
thin films, which are shown in Fig. 5.8. The samples deposited on either glass (Fig. 5.8a and c)
or glass/ZnO (Fig. 5.8b and d) substrates show similar macrostructural features, demonstrating
the negligible effect of the underlayer on the film morphology. The difference between the
solution-processed and CVD CuSbSe. thin films can be attributed to the deposition
mechanisms of the two methods. During solution processing, nucleation takes place within the
solution or on the solution-substrate interface. Therefore, properties such as surface energy and

roughness of the surface onto which the precursor solution is spin-coated can influence the
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nucleation and growth of the thin film. By contrast, the CVD CuSbSe: thin films are formed
via the reaction between the pre-sputtered Cu films and SboSes vapour. In this case, the
substrates are all covered with Cu despite different layers under the Cu films, so the underlayer
has minimal effects on the film morphology. Meanwhile, compared to the solution-processed
CuSbSe; thin films, the CVD CuSbSe: films exhibit improved coverage, increased thickness

and larger grains.

5.4 Characterisation of CuSbSez-based photovoltaic devices

5.4.1 Characterisation of solution-processed CuSbSe; photovoltaic devices

After optimising the morphology of the solution-processed CuSbSe: thin films by modulating
the heat treatment parameters and underlayers, I found that the best morphology was obtained
from CuSbSe; deposited onto ITO/NiOy. I therefore proceeded to fabricate a device with the
structure ITO/NiOx/CuSbSe»/ZnO/Ag. The schematic of the device structure is given in Fig.
5.10a, and the typical J-V curves of the solar cell based on the solution-processed CuSbSe: thin
films under dark and illumination conditions are shown in Fig. 5.10b. Even though the
illuminated solar cell has a slightly higher current density, resistor-like J-V curves are observed
under both conditions, demonstrating the shunting problem of the device. It should be noted
that more than 20 pixels with such a structure are tested, as well as solar cells with other
structures as listed in Section 3.4, but all of them show resistor-like J-V curves. The shunted

devices can be attributed to the high density of pinholes in the solution-processed CuSbSe; thin
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films. Another possible reason is the intrinsic p-type conductivity of CuSbSez, making the n-i-

p or p-i-n device structures unsuitable. This may also explain why CdS/CuSbSe: is the most

used device structure so far!''>!117:307,
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Fig. 5.10 | Device structure and IV curves of the solar cells based on solution-processed
CuSbSe: thin films. a, Schematic of the employed device structure. The pixel area is 0.045

cm?. b, J-V curves of one pixel under dark (black) and illumination (red) conditions.

5.4.2 Characterisation of chemical-vapour-deposited CuSbSe:

photovoltaic devices

Considering the results that CuSbSe> solar cells with p-i-n or n-i-p structures were shunted and

all reported studies on CuSbSe; solar cells used the simpler p-n structure!!>117:118

, ap-ndevice
structure, ITO/ZnO/CuSbSe»/Au, is used for the CVD CuSbSex-based solar cells (Fig. 5.11a).
According to Section 5.3.2, the films deposited at positions R10 and R11 are nearly phase-pure
and have no obvious pinholes penetrating through the whole films, so these films are used to

fabricate solar cells. Out of 12 pixels with a device area of 4.5 mm?, two pixels show rectifying

behaviour in their J-V curves, as displayed in Fig. 5.11b. However, these J-V curves pass
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through the origin, indicating that there was no photocurrent extracted from these devices. This
can arise due to shunting still being present in these devices, high rates of non-radiative
recombination within the bulk or at interfaces, or poor charge-carrier extraction. Meanwhile,
the different performance of solar cells based on solution-processed and CVD CuSbSe: thin
films cannot be solely attributed to variations in device structure, as the two techniques yield
films with distinct coverage, thickness, and grain size. Therefore, further investigation is

required to identify the key factors influencing device performance.
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Fig. 5.11 | Device structure and IV curves of the solar cells based on CVD CuSbSe: thin
films. a, Schematic of the employed device structure. The pixel area is 0.045 cm?. b, J-V curves

of two different pixels under illumination (AM 1.5G) condition.

5.5 Conclusions

In conclusion, two novel deposition methods, thiol-amine-based solution processing and CVD,
have been developed to deposit CuSbSe> thin films, which are subsequently used to fabricate
solar cells. For the solution-processed CuSbSe thin films, XPS is used to confirm the chemical
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states of elements, while EDX is used to measure the bulk composition. By investigating the
factors influencing film morphology, it has been found that too rapid removal of the remaining
solvent, achieved by either intense thermal energy input during the heat treatment process or
applying antisolvent during the spin coating, results in a high density of structural defects. By
tuning the thermal energy input at the beginning of the heat treatment process and the total heat
treatment duration, the morphology of solution-processed CuSbSe> thin films has been
optimised. Moreover, the underlayer has been found as another factor significantly affecting
the film morphology, suggesting the important role of the surface energy of the substrate. By
contrast, the exploration of the optimal CVD parameters to deposit phase-pure CuSbSe> thin
films demonstrates that the substrate temperature, as well as the working pressure and
evaporation time to be the main factors determining the properties of the CVD CuSbSe; thin
films. The distinct XRD patterns of adjacent samples imply a sharp temperature gradient within
the deposition region, which is further confirmed to be about 35 °C cm™! through temperature
profiling. This is a key limitation of the CVD setup, since this results a only a narrow region in
the furnace for achieving phase-pure CbSbSe; thin films. Compared to solution processing,

CVD yields CuSbSe: thin films with better coverage, increased thickness and larger grains.

After establishing the optimal parameters of both methods to deposit CuSbSe; thin films with
ideal phase purity and morphology, CuSbSe:-based solar cells have been fabricated and
characterised. Solar cells based on solution-processed CuSbSe: thin films show resistor-like J-
V curves despite the various device structures, indicating shunting to be prevalent, due to the

unsatisfactory film morphology. As for the solar cells based on CVD CuSbSe» thin films which
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employ a simpler device structure, diode-like J-V curves have been observed for two pixels.
However, since CuSbSe: films deposited with these two methods exhibit different coverage,
thickness and grain size, the key factors to enhance the performance of CuSbSe;-based solar

cells may need further investigation.

Overall, this work explores two techniques for depositing CuSbSe: thin films, offering
enhanced safety compared to the previously-reported hydrazine-based solution processing
method. The analysis of deposition and post-treatment parameters provides valuable insights
into optimising CuSbSe; thin film quality. To enable a more effective comparison of
deposition techniques for CuSbSe: thin films and to better understand the factors governing
the performance of CuSbSe»-based solar cells, properties such as CuSbSe; film thickness, grain

size, and device structure should be examined independently.

5.6 Future work

For the thiol-amine route, pinholes and small grains in the CuSbSe: films, caused by rapid
solvent removal, are key limitations. A “softer” heat treatment process with gradual solvent
removal could improve film morphology. For example, solvent heat treatment in a solvent-
vapour atmosphere has improved grain size and compactness in perovskite films!'>7-3083%
suggesting similar strategies may benefit the thiol-amine route. Moreover, besides EDT and en

used in this work, various thiols (e.g., 2-sulfanylethan-1-ol !!*) and amines (e.g., hexan-1-amine

292 propan-1-amine *'°) with different thiol/amine ratios'***!° have been employed to dissolve
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chalcogenide precursors. This offers more parameter space to explore the optimal recipe for

depositing CuSbSe; thin films.

As for the CVD method, the film quality and scalability are predominantly limited by the steep
temperature gradient. To overcome this issue, either a furnace with better temperature control
or a different temperature setup (e.g., temperature continuously decreasing from one side zone
to the other) is needed. By achieving a gentler temperature gradient, along with tuning other
parameters (working pressure, evaporation time, etc.) accordingly, scalable deposition of

phase-pure CuSbSe; thin films can be expected.

Regarding CuSbSe; solar cells, proper device structure and optimised film quality are the
potential directions of investigation proposed from this work. Considering that some solar cells
based on ZnO/CuSbSe, show diode-like J-V curves, the development of CuSbSe; solar cells

using benign ETLs rather than CdS is also worth more efforts.
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Chapter 6: Investigating effects of buffer layers on
chemical bath deposited Sb:S;

One key limitation of Sb,S;3 solar cells is the toxicity of the Cd used in the CdS buffer layer,
which is widely used in these devices. This study investigates the use of SnO; as a benign
alternative to CdS for Sb,S; solar cells. Deposition of Sb2S3 on SnO» resulted in discontinuous
Sb,S3 films with pinholes, attributed to the different nucleation behaviour of SbS3 on SnO;
compared to CdS. EDX mapping confirmed that isolated spherical Sb>S3 nuclei form on the
surface of SnO», indicating the difficulty of heterogeneous nucleation of Sb>S3;. XPS analysis
indicated that Sb predominantly bonds with oxygen on SnO», forming Sb,O3; and hindering
Sb2S3 nucleation. Moreover, using CdS as an interfacial layer (~30 nm) between SnO> and
Sb,S;3 enabled compact Sb,S3 film morphology while reducing the Cd content by ~50%. This
highlights the potential of other sulphide interfacial layers to optimise Sb,S3 film morphology
and achieve solar cells with reduced Cd content. Our Sb,S; solar cells also demonstrated
impressive performance under 1-sun illumination, with Voc values comparable to the highest
reported (0.796 V!33%). Optical loss analysis identified device reflection and window layer
parasitic absorption as key challenges, suggesting anti-reflection coatings and more transparent
buffer layers as future improvement strategies. Overall, this work elucidates the mechanisms
by which CdS outperforms SnO> as a buffer layer for Sb,S3 solar cells and proves the promising
potential of Sb,S3 solar cells for indoor light harvesting. Our study also offers valuable
guidance for developing more environmentally benign buffer layers and optimising SboS3 solar

cell performance.
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The contributions from other researchers include:

Chia-Yu Chang and Yi-Teng Huang helped with the operation of the scanning electron
microscope and energy dispersive X-ray spectroscopy, and collected the data. Mark Isaacs
performed the X-ray photoelectron spectroscopy and collected the data. Xiaoyu Guo and
Huimin Zhu performed the J-V characterisation and external quantum efficiency measurements
and collected the data. Emma Setzer developed the script for optical loss analysis. Yuchen Fu

performed all other synthesis and measurements and analysed all data included in the chapter.

6.1 Introduction

SbyS; is regarded as a promising absorber material for solar cells due to its composition of
benign elements, and high optical absorption coefficient (> 10* cm™ when A <700 nm)!33!1,
The wide bandgap of Sb,S3 (1.7 V) also makes it a suitable candidate for the top cell of tandem
photovoltaics, or for harvesting energy from indoor light sources, which commonly emit within
the visible wavelength range*’. As discussed in Section 3.2, various techniques have been
employed to deposit Sb2S3 thin films. Chemical bath deposition (CBD) is one of the most used
methods due to its simple operation, low cost and potential for scalable production'”’.
Meanwhile, different device structures have been developed for SboS;3 solar cells. One of the
earliest device architectures was the meso-superstructured device, consisting of a compact TiO»

and mesoporous TiO> buffer layer. However, with this design, the highest device performance

with CBD-grown Sb,Ss has remained at 7.5% PCE since 2014 '*!. Similarly, planar Sb,Ss solar
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cells using compact TiO; as the buffer layer also presented unsatisfactory performance with the
highest PCE of 4.61%>'2. Subsequent efforts replaced compact TiO2 with a CdS buffer layer
(or oxide/CdS double buffer layer), a material widely used for planar thin film solar cells. This
adjustment successfully increased the record PCE to 8.00%!¥. However, the high toxicity of
Cd hinders the widespread commercial applications of SboS; solar cells with such a
structure*>?, leading to the development of more benign buffer layers, such as TiO, and SnO,,
to fabricate safer Sb,S; solar cells. Previous studies have reported that the growth of Sb,S3 onto
TiO2 or SnO; can result in discontinuous Sb,S3 films with a high density of structural defects,
significantly limiting the device performance. On the contrary, Sb,S; films grown on CdS
buffer layer (or oxide/CdS double buffer layer) exhibit a dense and flat surface morphology,
resulting in a higher PCE 34137138 Understanding the mechanism by which the CdS buffer
layer enables compact Sb,S; films can provide insights for designing benign alternatives, which

is crucial for developing environmentally friendly Sb2S3 solar cells.

In this work, Sb,S; thin films were deposited on different buffer layers (i.e., CdS, SnO; and
SnO,/CdS) via chemical bath deposition. By observing the surface morphology of Sb,S; thin
films at the beginning stage of chemical bath deposition (i.e., nucleation stage of Sb,S3), the
effects of buffer layers on the nucleation process were elucidated. This, in turn, determined the
final morphology of Sb2S3 thin films. Using EDX and XPS analysis, the interfacial chemistry
between SboS; and the buffer layers was investigated, and the critical factors facilitating the
compact SbyS3 thin films were proposed. My work provides insights into the strategies to

develop non-hazardous buffer layers for Cd-free Sb,S3 solar cells and accelerate their practical
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applications.

6.2 Preparation of buffer layers

As described in Sections 3.2 and 3.4, the SbyS; absorber layer and the CdS buffer layer were
deposited using the CBD method. Although TiO> has been widely employed as the buffer layer
for Sb,S3 solar cells, the performance has shown slight improvement over the past decade. Thus,
SnO,, rather than TiO, was selected as the candidate for forming a benign buffer layer in this
study. Moreover, the lower processing temperature of SnO> made it a cost- and energy-efficient
choice®’®. Spin coating is the most common deposition technique for the SnO, buffer
layer**133313 ' but it is not suitable for scalable fabrication. In contrast, the CBD method for
depositing SnO; thin films has shown greater potential for scalability and successfully
improved the performance of perovskite solar cells'”!>!%, Therefore, in my project, the CBD

method reported by Yoo et al.!”!

was adopted to deposit SnO» buffer layer onto FTO substrates.
During the CBD of SnO», the pH of the precursor solution gradually increased, accompanied
by an evolution of the surface morphology. In halide perovskite solar cells, SnO» obtained at

171 " A similar increase in

pH=1.5 (starting from an initial pH of 1) gave the best performance
solution pH and morphology evolution was also observed in this project. After a 4-hour reaction,
the pH remained at approximately 1 and the surface morphology of SnO, film (Fig. 6.1b)
resembled that of blank FTO substrate (Fig. 6.1a), which could be attributed to the very thin

SnO> film conforming to the underlying FTO layer. Extending the reaction time to 6 hours

increased the solution pH to 1.5, which is the reported optimal condition for SnO> deposition.
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The morphology of the deposited SnO; buffer layer was then more distinct from that of the
FTO substrate, and is shown in Fig. 6.1c. The chemical bath deposition was stopped once the
pH reached 1.5. The reaction time of 6 h was employed for all SnO; buffer layers studied in

this project.

Fig. 6.1 | Top-view SEM images of FTO substrate and different buffer layers. a, Surface
morphology of blank FTO substrate. b, Surface morphology of CBD SnO: after a 4-h reaction
(pH = 1). ¢, Surface morphology of CBD SnO; after a 6-h reaction (pH = 1.5). d, Surface

morphology of CdS.

Besides the single buffer layer (SnO> or CdS), I also investigated a double buffer layer by

stacking CdS on top of SnO,. SnO> was deposited using the method introduced in Section 3.4.
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Different reaction times (13, 10 or 7 min) were employed to deposit CdS on top with different
thicknesses. After obtaining the buffer layer(s) on FTO substrates, a Sb2S3 absorber layer was
deposited according to the procedure described in Section 3.2. Identical deposition parameters

were used for all SbaS; absorber layers, regardless of the underlying buffer layers.

6.3 Effects of the buffer layers on Sb2S; thin films

Firstly, Sb,S3 thin films were deposited on CdS and SnO; buffer layers, respectively. After heat
treatment, different macroscopic appearances of SboS3 thin films were observed, as shown in
Fig. 6.2a and b. The FTO/CdS/Sb,S; sample exhibited a uniform and shiny surface (Fig. 6.2a),
whereas the surface of the FTO/SnO,/Sb,S3 sample showed different features at the edges and
centre, with significantly less shiny area (Fig. 6.2b) compared to the FTO/CdS/Sb,S; sample.
This comparison suggests that the underlying buffer layer can have significant effects on the

morphology of Sb,S; thin films.
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Fig. 6.2 | Macroscopic appearance and microscopic morphology of Sb2S3 thin films on
different buffer layers. Macroscopic appearance of Sb,S3 thin film on a, FTO/CdS substrate
and b, FTO/SnO; substrate. Microscopic morphology of Sb.S3 thin film on ¢, FTO/CdS
substrate and d, FTO/SnO; substrate. Microscopic morphology of Sb,S3 thin film on SnO,/CdS
double buffer layer with e, standard-thickness CdS (13-min reaction) or f, thinner CdS (7-min

reaction).
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To investigate further, SEM was employed to observe the microscopic surface morphology. As
shown in Fig. 6.2c, SbyS; thin film on CdS exhibited compact morphology with no visible
pinholes. Similar microscopic morphology of Sb>Ss thin films has been reported in previous
studies, and the spherical bright particles were identified as SboS3 clusters formed via
homogeneous nucleation in solution and deposited on the sample surface**!32. On the contrary,
Sb2S3 thin film deposited directly on SnO; displayed pinholes, and the morphology of the
exposed areas was similar to that of the underlying SnO; buffer layer (Fig. 6.1c). This superior
ability of CdS to promote the formation of compact and uniform SbS3 thin films explained
why Sb,S3 solar cells with CdS buffer layers outperform those employing oxide buffer layers

and give the currently highest PCE.

Furthermore, to confirm that the interface between the buffer layer and SbS3 is the critical
factor determining the morphology of Sb,S3 thin films, a SnO»/CdS double buftfer layer was
deposited onto the FTO substrate. Firstly, CdS with the standard thickness was prepared via a
13-minute reaction, followed by the deposition of Sb,S;3 thin film. As shown in Fig. 6.2e, the
Sb2S3 thin film on SnO2/CdS double buffer layer also exhibited compact morphology with no
pinholes, similar to the Sb,S3 thin film on a single CdS buffer layer. These observations indicate
that the morphology of Sb»S; thin films is predominantly determined by the surface
characteristics of the underlying buffer layer. By modulating the properties of the buffer layer
surface, Sb,S3 thin films can be deposited onto more benign buffer layers while preserving their

compact and uniform morphology.
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6.4 Nucleation of Sb2S3 on different buffer layers

Nucleation is the most important initial phenomenon in thin film formation, which can
determine the subsequent thin film growth and the ultimate film quality'??. Therefore, to better
understand the mechanism of the different morphology of Sb.S; thin films on different buffer
layers, 1 investigated the nucleation behaviour of Sb.S3; by observing its evolution in
morphology during the initial stages of CBD (0.5 to 1 h after the deposition started). Fig. 6.3a
and d compare the surface morphology of Sb,S; thin films on CdS and SnO; buffer layer after
0.5 hours of chemical bath deposition. At the initial stage of chemical bath deposition of Sb,S3,
the CdS/Sb.S3 sample (Fig. 6.3a) had a similar morphology to the bare CdS buffer layer (Fig.
6.1d), while spherical particles, identified as Sb,S; nuclei, were observed on the surface of the
SnO, buffer layer. Similar comparison of surface morphology was also seen in samples
undergoing 1-h chemical bath deposition (Fig. 6.3b and ¢). By the end of the deposition process
(6 h), the whole surface of both samples was covered by Sb,S3 nuclei (Fig. 6.3 ¢ and f).
However, the SnO»/SboS3 sample still possessed more spherical nuclei than the CdS/Sb)S3
sample. The different evolution in the microscopic morphology of these two samples highlights
the effect of the underlying buffer layer on the nucleation behaviour of Sb,S3, which ultimately

leads to distinct morphologies of Sb,S3 thin films.
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Fig. 6.3 | Microscopic morphology evolution of Sb2S3 thin film on different buffer layers
as deposition proceeds. The deposition lasts for a and d, 0.5 h; band e, 1 h; ¢ and f, 6 h. The

underlying buffer layers are a-¢, CdS; d-f, SnO».

The unobvious change in surface morphology of the CdS/Sb,S3 sample during the first hour of
Sb,S3 deposition can be explained by either the difficulty of Sb,S3 nucleating on CdS or the
SbS3 being very thin and conformal to the underlying CdS. Considering the compact
morphology of the SbS; thin film that ultimately forms on CdS (Fig. 6.2c), the latter
explanation is more plausible. To further confirm this hypothesis, EDX mapping was employed
to analyse the distribution of elements across the sample surface. As shown in Fig. 6.4 a-c, both
Sb and S elements were uniformly distributed on the entire surface. However, due to the similar
energies of characteristic X-rays of Sb and Sn, the mapping of Sb might be affected by Sn in
the underlying FTO substrates. Also, since the interaction depth for EDX is usually on the
micrometre scale, the characteristic X-rays of S were possibly from both Sb>S3 nuclei and the

underlying CdS.
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Fig. 6.4 | EDX analysis of Sb2S3 thin films on different buffer layers after 0.5-h Sb2S3
deposition. a and d, SEM images; b and e, Sb element mapping; ¢ and f, S element mapping.
The underlying buffer layers are a-c, CdS; d-f, SnO,. Colour bars are individually adjusted to

optimise contrast. Comparisons focus on spatial distribution rather than absolute intensity.

Despite the limitations of EDX mapping, the comparison of Sb,S3 thin films on CdS and SnO>
still shows the effects of buffer layers on SboS; deposition. As observed in Fig. 6.4d-f, when
deposited onto SnO;, S elements were detected primarily at the sites of the spherical particles.
Although the Sb signal is less localised than S, it also appears brighter at these particle sites..

This indicates that the spherical particles correspond to Sb,S3 nuclei.

It should be noted that the purpose of this comparison is not to quantitatively assess the absolute
S content between the two samples, but rather to examine the spatial distribution of S within
each sample. Although the colour/intensity scales were independently adjusted for visual clarity,

the pronounced localisation of the S signal in the Sb,S3 film on SnO; would remain visible
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regardless of scale adjustment. This supports the interpretation that the nucleation of SboS3 on
SnO: is less uniform, with the spherical SbaS3 particles more likely formed via homogeneous
nucleation in the precursor solution, due to the difficulty of heterogeneous nucleation on the

SnO; surface.

It should also be considered that due to the relatively large interaction volume of EDX
(typically on the order of 1 um), X-rays generated within the Sb,S3 particles may contribute to
signals detected in nearby regions. Therefore, the presence of Sb and S signals outside the
particle locations does not necessarily indicate the existence of a continuous Sb»S3; phase

beyond the particles themselves.

Besides EDX analysis, XPS measurements were also performed to investigate the change in
the surface chemistry of the samples from Sb,S3 deposition. The XPS spectra of two types of
samples, pristine CdS and CdS coated with a thin layer of Sb2S; (hereafter referred to as
CdS/thin-Sb,S3), were compared. Similar to the EDX analysis above, the thin layer of Sb,S;
was deposited onto the CdS surface by performing CBD for 0.5 h. According to the calculation
from the TPP-2M formula!”®18! using QUASES, when applying Al K,, (1486.69 eV) X-ray, the
IMFPs of CdS and Sb,S; are 27.59 A and 28.89 A, respectively. Firstly, I compared the XPS
spectra of pristine CdS and CdS/thin-Sb,S3 to confirm the successful deposition of Sb,Ss. As
illustrated in Fig. 6.5a, the main changes in the XPS survey spectrum after the deposition of
Sb,S; were the appearance of high-intensity Sb 3d signals and weaker Cd 3d signals. The CI
2s and 2p core states observed in the CdS survey spectrum can be attributed to the CdCl» used
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to treat the CdS surface. Similarly, in the low binding energy spectra (Fig. 6.5b), pristine CdS
exhibited a strong Cd 4d peak, which was less obvious in the spectrum of CdS/thin-Sb,S3
sample. The appearance of Sb 3d signals confirmed that SboS3 was successfully deposited onto
CdS. Meanwhile, as compared in Fig. 6.5c, the weaker intensity of Cd 3d signals after Sb,S3
deposition indicated that the thickness of Sb,S; was well-controlled, enabling the X-ray to
penetrate through the thin Sb2S; layer and reach the CdS surface. Therefore, the chemical

environment of both Sb,S3 and the underlying CdS was probed.
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Fig. 6.5 | XPS analysis of pristine CdS buffer layer and CdS/thin-Sb2S3 sample. The
CdS/thin-Sb,S; sample was obtained by depositing SboS3 onto CdS for 0.5 h. Comparison of
XPS spectra of CdS (black lines) and CdS/thin-Sb,S; sample (red lines) includes a, survey

spectra. The Cd MNN, O KLL and Sb MNN signals are Cd M4,s5N45Ns5, O KL23L>3 and Sb
181



MasN4sNas, respectively; b, low binding energy spectra. Spectra are normalised to the
respective areas of the Cd 4d peak; ¢, Cd 3d spectra. Spectra are normalised to the respective
areas of the Cd 3ds peak; d, S 2p spectra with fitting. Spectra are normalised to the respective

areas of the S 2ps/» peak of CdS sample.

Moreover, by fitting the S 2p spectra, one chemical state of S was found for CdS, with the
binding energies of 161.7 eV and 162.9 eV for S 2p3/2 and 2p1,2 peaks, respectively (lower panel

of Fig. 6.5d). The peak positions were close to prior reports for CdS!'°

. On the contrary, for the
CdS/thin-Sb,S3; sample (upper panel of Fig. 6.5d), more complicated chemical environments
for S atoms were observed. According to the peak positions, the major S 2p doublet was
assigned to S atoms bonded with Sb (red curve denoted as S (Sb) 2p, S 2p32 at 161.6 eV and
2p12 at 162.8 eV), while the minor peaks were attributed to S atoms bonded to Cd (blue curves
denoted as S (Cd) 2p). The major components due to S atoms bonded to Sb were consistent
with the significantly reduced intensities of Cd 3d and 4d signals observed in Fig. 6.5a-c. Also,
the shift of S 2p peaks towards lower binding energies in Sb,S3; compared to CdS agrees with
previous studies**!*>133315 However, a comparison of the S (Cd) 2p doublets in the CdS and
CdS/thin-Sb,S; samples reveals that the doublet in the CdS/thin-SboS3 sample exhibits a
broader FWHM of 1.4 eV, compared to 0.8 ¢V in the CdS only sample. The broader FWHM
suggests that the minor S 2p doublet in the CdS/thin-Sb,S3 sample cannot be attributed solely
to S atoms in pure CdS. Instead, it is likely that some S atoms are simultaneously bonded to

both Cd and Sb, contributing to the increased peak broadening. To more effectively

deconvolute the contributions from different chemical states, XPS measurements with higher
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energy resolution may be necessary to enable more precise peak fitting.

Next, to investigate the effects of different buffer layers on the chemical environment of Sb»Ss,
XPS spectra of CdS/thin-Sb,S3 and SnO»/thin-Sb,S3 samples were compared. The SnO»/thin-
SboS3 samples were prepared by depositing SboSz onto SnO» with a duration of 0.5 h.
According to the calculation from the TPP-2M formula using QUASES, when applying Al K,
(1486.69 eV) X-ray, the IMFPs of SnO; are 29.40 A. Following the deposition of Sb>S3, Sb 3d
signals were detected, while the intensity of Sn 3d signals was reduced, indicating the X-ray
penetrated through Sb,S; and probed the underlying SnO, layer. As shown in Fig. 6.6a,
compared to the SnO»/thin-Sb,S3 sample, the S 2p signals in the survey spectrum of the
CdS/thin-Sb,S; sample exhibit higher intensities. Fig 6.6b focused on the S 2p region of the
survey spectra of CdS/thin-Sb,S3 (black) and SnO»/thin-Sb,S3 (pink) samples, as well as the
pristine SnO: (red). While clear S 2p peaks were observed in the CdS/thin-Sb,S3 sample, the
SnO2/thin-Sb,S; sample exhibited much weaker S 2p signals, indicating significantly lower

nucleation and deposition rates of SbaS3 on the SnO; surface compared to the CdS surface.
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Fig. 6.6 | XPS analysis of CdS/thin-Sb2S3 and SnO2/thin-Sb2S3 sample. The samples were
both obtained by depositing Sb>S3 onto CdS or SnO> with a duration of 0.5 h. XPS spectra
include a, survey spectra of CdS-thin Sb,S;3 (black) and SnO;-thin SboS3 (red). The Sn MNN,
O KLL and Sb MNN signals are Sn M4 5N4 5N4 5, O KL2 3L 3 and Sb My sN4 sN4 5, respectively;
b, zoomed-in S 2p region in the survey spectra of CdS-thinSb,S3 (black), pure SnO» (red) and
SnO»-thin Sb,S3 interface. Spectra are normalised to the respective areas of the S 2p peak of
CdS-thin Sb,S3 sample; ¢, Sb 3d spectrum of CdS-thin Sb,S3 with fitting and d, Sb 3d spectrum

of SnO»-thin Sb,S3 with fitting.

The different nucleation behaviour of Sb2S3 on CdS and SnO» was further supported by detailed
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analysis of the Sb 3d spectra. For the CdS/thin-Sb,S3 sample (Fig. 6.6¢), the major components
(red curves) with the binding energies of 539.0 eV (Sb 3d32) and 529.6 eV (Sb 3ds) were
assigned to Sb»S; according to their peak positions, which are close to the reported
results*#+132:133 Two weaker peaks (blue curves) at 539.9 eV (Sb 3d32) and 530.5 eV (Sb 3ds2)
were believed to come from antimony oxide. It should be noted that the Sb 3d3,» peak position
of the Sb-O species was closer to that reported for Sb203 (539.8 eV) rather than SboOs (540.4
eV)?*. This confirmed that Sb in our Sb,S3 films remained in the +3 oxidation state, with a
small amount of Sb2O3 impurity formed in the films, which has been observed in Sb,S;
fabricated through different techniques'3>!3315, At the low binding energy tails, the fitting also
gives two minor peaks (pink curves) whose positions were close to the Sb metal. Similar Sb
metal peaks have been reported in the previous study, where Sb metal was detected at the SboS3

316 or etched by Ar’" before XPS measurements. For our

surface fractured in the vacuum
CdS/thin-Sb,S; sample, the Sb metal is more likely to form due to X-ray damage during the
measurements. According to the peak deconvolution of the Sb 3d spectrum, Sb-S species were

the dominant component (78.52 at.%), while Sb>O3 and Sb metal content are much lower

(17.66% and 3.82 at.%, respectively) in the CdS/thin-Sb,S3 sample.

In comparison, for the SnO»/thin-Sb,S3 sample, a significantly higher fraction of Sb-O species
was observed (Fig. 6.6d). The fitting showed that SboO3 became the main constituent (79.85
at.%), while the rest Sb species was assigned to Sb2S3 (20.15 at.%). No Sb metal component
was detected. This can be attributed to the higher electronegativity of O (3.44) compared to S
(2.58), leading to stronger Sb-O bonds than Sb-S bonds. It should be noted that Sb 3d and Ols
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spectra can directly overlap, making the peak fitting more challenging. In my analysis, identical
line shape and FWHM are used for different Sb species (i.e., Sb2S3, SboO3 and Sb metal) in
each sample to simplify the peak deconvolution. However, the Sb 3d peaks in the CdS/thin-
SboS3 sample are narrower (FWHM = 1.0 eV) than those in the SnO»/thin-Sb,S; sample
(FWHM = 1.2 eV), indicating that XPS measurements with better energy resolution might be

required to facilitate more accurate peak fitting.

The analysis of the Sb 3d spectrum of the SnOx/thin-Sb>S3 sample shows that Sb>* in the
precursor solution preferentially bonded with O on the SnO» surface rather than bonding with
S to form Sb2S; nuclei. This is consistent with the EDX mapping shown in Fig. 6.4 e and f,
where most S elements were detected only in Sb-rich regions, such as the spherical clusters.
This distribution explained the low intensity of S 2p XPS signals detected in the SnO»/thin-
Sb,S; sample (Fig. 6.6b). In this case, the homogeneous nucleation process occurring in the
precursor solution is likely the primary pathway to form Sb,S; nuclei, followed by the nuclei
deposition onto the SnO; surface via the Sb-O bonds, which is considered to be the origin of

the spherical particles observed in Fig. 6.3 d-f.

Combining the SEM observations, EDX mapping analysis and XPS measurements, it can be
concluded that Sb,S; deposited on SnO» tends to form more isolated Sb,S3 nuclei, leading to a
discontinuous film. The isolated Sb,S3 nuclei on the SnO; surface are caused by the stronger
bonding interaction between Sb and O atoms than S atoms, making the heterogeneous

nucleation of Sb,S3 on SnO» difficult, and isolating spherical Sb,S3 nuclei via the homogeneous
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nucleation process. Our investigation indicates that the challenges in growing high-quality
Sb,S3 films on oxide surfaces include unsatistfying film morphology and the ease of Sb,O3

impurity formation. Both factors can significantly limit the performance of Sb,S3 solar cells.

As shown in Fig. 6.2 e and f, the use of CdS as an interfacial layer between SnO2 and Sb»S;
enabled the formation of compact Sb»S; films, despite the CdS layer being thin. Similar EDX
mapping was performed on SnO>/CdS/Sb,S3 samples (Fig. 6.7). To investigate the nucleation
behaviour of SbaS3 on the double buffer layer, three types of SnO,/CdS substrates with varying
CdS layer thicknesses were prepared, followed by SboS3 deposition for 0.5 h. In all cases, a
uniform distribution of Sb and S elements was observed, similar to the results for CdS/Sb,S3
samples shown in Fig. 6.4.

a

C—15um 1 5um 1 5um

Fig. 6.7 | EDX analysis of Sb2S3 thin films on SnO2/CdS double buffer layers after 0.5-h
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Sb2S3 deposition. a, d and g, SEM images; b, e and h, Sb element mapping; ¢, f and i, S
element mapping. The underlying buffer layers were a-¢, SnO>/CdS (13-min deposition); d-f,

SnO»,/CdS (10-min deposition); g-i, SnO2/CdS (7-min deposition).

The introduction of a CdS interfacial layer between the SnO> buffer layer and Sb,Ss; not only
maintained the compact morphology of the Sb,S; film, but also reduced the Cd content when
using a thinner CdS layer. By decreasing the CBD duration of CdS from 13 min to 7 min, the
thickness of CdS reduced from ~60 nm to ~30 nm. In this case, the Cd content was lowered
from ~0.0030 wt.% to ~0.0015 wt.% for a complete Sb,S3 solar cell weighing 5 g. Our analysis
has proven that the sulphide surface is critical to facilitate the compact morphology of Sb,Ss,
while the oxide surface is detrimental due to the formation of Sb2O3 impurity, as well as making
the heterogeneous nucleation of SbaS3 on the surface difficult. To fabricate Cd-free Sb,S3 solar
cells, novel sulphide buffer layers with the ability to improve the Sb,S3 film morphology and

effectively extract photo-generated charge-carriers are worth further exploration.

6.5 Sb:Ss-based photovoltaic devices

In my project, the performance of SboS;3 solar cells was also characterised, along with the
analysis of the optical loss mechanisms. The device structure achieving the current record PCE
of SbyS; solar cells (i.e., FTO/CdS/Sb2S3/Spiro-OMeTAD/Au) was employed in this project,
with an active area of 0.25 cm? per pixel. The distribution statistics of the PCE of Sb,S; solar

cells under standard 1 sun (30 pixels analysed) and indoor (1000 lux white LED with the colour
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temperature of 3000 K; 20 pixels analysed) illumination are shown in Fig. 6.8a and b,
respectively. Under 1 sun illumination, the champion device gave a Voc of 0.748 'V, a Jsc of
13.3 mA/cm?, and a PCE of 5.52% (reverse scan). Although the device area was larger than the
typical active area used in previous studies on Sb2S3 solar cells, the PCE is comparable to some

early results*>131:133

, indicating that our deposition technique and device structure are
promising. On the other hand, under 1000 lux WLED illumination, the same device achieved

a peak PCE of 10.4%, with a Voc of 0.549 V and a Jsc of 88.8 pA/cm?. The higher PCE under

the WLED illumination demonstrated the great potential of Sb,S3 solar cells for indoor light

harvesting.
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Fig. 6.8 | Device performance and optical loss analysis of Sb2S3 solar cells. a and b, the
distribution statistics of the PCE of the Sb2S; solar cell under 1-sun (AM 1.5G) illumination
(Fig. 6.8a) and 1000 lux WLED illumination (Fig. 6.8b). For 1-sun illumination, only pixels
with Voc > 0.3 eV were analysed. For 1000 lux illumination, only pixels with Voc > 0.1 eV

were analysed; ¢, optical loss analysis of the Sb,S; solar cell.

It should be noted that our Sb,S;3 solar cell exhibited a Voc of 0.748 V, which is among the
highest reported Voc values of Sb,S3 solar cells (refer to Figure 5g and Table S6 in Ref. 133).

However, the relatively low Jsc remains the main factor limiting device performance. The
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possible reasons for optical loss include unabsorbed photons, parasitic absorption of the
window layer (i.e., FTO/CdS), and failure to collect photo-generated charge-carriers in the
absorber layer. To analyse the contributions of each mechanism, we obtained the absorptance
of the window layer and the Sb,S3 layer through UV-vis spectroscopy (measured with an
integrating sphere), the external quantum efficiency (EQE) measurements of the champion
device, and the optical loss analysis. The experimental details of EQE measurements and
optical loss calculations are introduced in Section 3.5.2. As shown in Fig. 6.8c, the area below
the EQE curve (black line) represents the current density derived by integrating EQE(A) from
400 nm to 800 nm (Jsc por = 11.98 mA/cm?). This value differed slightly from the current
density measured by J-V characterisation (13.14 mA/cm?), likely attributed to the smaller
illuminated area or the narrower wavelength range used for integration for EQE measurements.
The area between the EQE curve and the Sb,S3 absorptance curve (red line) represents optical
loss due to uncollected charge-carriers after the photons are absorbed by Sb,S;, denoted as
Junco Junconr = 2.43 mA/cm?). The optical loss caused by photons not absorbed by Sb,Ss
was marked as Jynaps Uunaps = 2-15 mA/cm?), which is the area between the red and pink
curves (1 — window layer absorptance). The loss due to the window layer parasitic absorption,
denoted as Jyingow Uwindow = 2.80 mA/cm?), was viewed as the area between the pink and
purple curves (1 — device reflectance). The final optical loss mechanism was caused by the
reflectance of the device when the illumination was applied from the glass side. Thus, the area
above the purple curve in Fig. 6.8c represents the photons reflected by the complete device,
and the lost current density Jjossg =4.60 mA/cm?. Since it is difficult to deposit Sb2S3 on low-

reflectance glass substrates, the reflectance of Sb,S3 layer was measured using FTO/CdS/Sb,S;
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samples. This inaccurate measurement of reflectance can be the reason why EQE values were
abnormally higher than the absorptance of Sb,S3 at wavelengths below 550 nm. The optical
loss analysis has suggested that the reflectance of the device makes the most contribution to
the current loss, indicating that applying an anti-reflection coating on the glass side of devices
could effectively improve the device performance. The second mechanism of optical loss is the
parasitic absorption of the window layer, reflecting the necessity of reducing the thickness of
CdS or replacing CdS with other more transparent ETLs. The insights from our previous
sections regarding the effects of buffer layers on Sb,S3 growth have provided valuable guidance

for developing alternative ETLs to further improve Sb>S3 solar cells.

6.6 Conclusions

In conclusion, this study explores the use of SnO; as a more benign alternative to CdS as the
buffer layer for SboS; solar cells. However, when deposited onto SnO», discontinuous SbxS3
films with pinholes were observed. Microscopic morphology at the nucleation stage
demonstrated different nucleation behaviour of Sb2S; on CdS and SnO,. EDX mapping showed
that S was uniformly distributed in the CdS-thin Sb,S; sample. In contrast, S was only detected
at Sb-rich regions at the SnO»-thin Sb,S; sample, forming spherical SboS3 clusters. XPS
analyses revealed that Sb tends to firstly bond with O on the surface of SnO> to form Sb>O3 as
the dominant species instead of Sb,S3, making the heterogeneous nucleation of Sb,S3 on the
SnO, surface difficult. Moreover, by employing CdS as an interfacial layer between SnO; and

Sb,S3, compact Sb,S; films were successfully deposited, and similar nucleation of Sb,S; was
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observed. Reducing the CdS layer thickness significantly lowered the total Cd content. The
findings highlighted that the ease of forming antimony oxide was the main reason hindering
the deposition of high-quality Sb,S3 films on oxide surfaces, and a sulphide interfacial layer
was a promising method to optimise Sb>S3 film morphology and achieve Cd-free SboS3 solar
cells. Furthermore, our Sb>S; solar cells showed impressive performance under 1 sun
illumination, especially the Voc value that was comparable to the highest reported values'>>.
The optical loss analysis revealed that most current loss was caused by the reflection of devices
and the parasitic absorption of the window layer, suggesting the potential of using anti-
reflection coatings and transparent buffer layers to further improve the performance of Sb>S3
solar cells. Additionally, the characterisation under WLED illumination demonstrated the
promising ability of Sb,S; to harvest indoor lighting, owing to its suitable bandgap value.
Overall, this project revealed the underlying mechanisms of CdS outperforming SnO; as a
buffer layer for Sb,S; solar cells. It provided valuable guidance about the future exploration of

benign buffer layers, as well as methods to optimise Sb2S3 solar cells.

6.7 Future work

As I experimentally demonstrated that when depositing Sb>S3, SboO3; was the dominant species
on the SnO; surface, while Sb,S; formed directly on the CdS surface, it is worth performing
some first principles calculations to further examine the findings. For example, comparing the
interfacial energy and adhesion work of the SnO/Sb.S3 and CdS/Sb.S3 heterointerface could

offer an understanding of the stability of heterointerfaces'*’. Also, by investigating the
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interfaces between Sb,S3 and other oxide ETLs, such as TiO2 and ZnO, it is possible to evaluate
whether these oxides form stable interfaces with Sb,S; while improving its morphology.
Meanwhile, the properties of the Sb2O3/Sb,S3 interface should also be studied to better explain
the challenges associated with Sb,S; deposition onto Sb2Os, as reflected by the observed

spherical SbS; clusters and localised S detection at Sb-rich regions on the SnO; surface.

Since we proved that the CdS interfacial layer effectively optimised Sb2Ss3 film morphology,
various sulphide ETLs are worth exploring to achieve Cd-free Sb,S3 solar cells. ZnS and In>S3
have been successfully applied as ETLs for Sb,S; solar cells, but further research is still
required to optimise their deposition techniques and enhance the overall performance of Sb,S3
solar cells!**136:140 Additionally, various sulphide materials, such as SnS>*'73!8 Bi,S;*" and
MoS>*?%321 have emerged as promising ETLs for solar cells or photodetectors, offering
valuable opportunities to improve the performance and sustainability of Sb,S3 solar cells.

Moreover, the wide bandgap of Sb,S; makes it a promising candidate for both indoor light

43,44 322

harvesting and top cells for tandem solar cells™, which deserves more attention in the

future.
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Chapter 7: Conclusions and outlook

This thesis advances the understanding of the fundamental properties, synthesis techniques,
and device development of chalcogenide solar absorbers, highlighting their potential for
photovoltaic applications. The first project identified the key factors enabling delocalised
charge-carriers in CuSbSe», addressing the prevalent challenge of charge-carrier localisation in
pnictogen-based semiconductors. This is critical for efficient solar cells. The second project
investigated two deposition techniques, a thiol-amine-based solution processing and a chemical
vapour deposition (CVD) method, for depositing CuSbSe; thin films. This study identified their
strengths, limitations, and the challenges for CuSbSe; solar cells. The third project examined
the influence of buffer layers on Sb,Ss; thin films, revealing the limitations of SnO; as a benign
buffer layer and demonstrating how a CdS interfacial layer can improve film morphology.
Strategies to improve the performance of Sb,S; solar cells were also proposed through optical
loss analysis. Collectively, these findings promote the future development of chalcogenide

materials for photovoltaic technologies.

Meanwhile, these findings also open some future research directions to optimise chalcogenide
solar absorbers. First, the design rules proposed in the first project for semiconductors that
avoid charge-carrier localisation require further investigation to assess their generalisability. A
promising starting point would be the bismuth- and sulphide-based analogues of CuSbSe, like
CuSbS; and CuBiSe», along with non-layered compounds, such as Cu3SbSes. Another class of

materials deserving attention is those with quasi-1D crystal structures, such as BiSBr, as they
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also exhibit free volumes in the structures. Investigating charge-carrier—phonon coupling in
these materials will help validate the proposed design principles for band-like transport.
Following this, the broader family of semiconductors can be explored to refine these principles
and ultimately establish simple descriptors for materials that avoid charge-carrier localisation,
which is the key to discovering semiconductors with efficient band-like transport. Second, the
two deposition techniques for CuSbSe; thin films developed in this work offer opportunities
for further optimisation. For the thiol-amine route, gradually removing the remaining solvents
may address the issue of structural defects. Therefore, strategies such as solvent heat treatment
and multi-step spin coating are worth exploring for CuSbSe; thin film deposition. Also, the
variation of thiols and amines offers additional parameter space for optimising the film quality.
As the steep temperature gradient is the primary limitation of our CVD method, improving
temperature control to achieve a gentler gradient could enhance film quality and scalability.
After addressing this issue, the CVD technique is expected to deposit large-area CuSbSe» thin
films with fewer structural defects and grain boundaries, which can enhance solar cell

performance.

As for SboS3 solar cells, considering that the interfaces between Sb,S3 and bufter layers have
been experimentally investigated, first-principles calculations would be an important step to
further examine the stability of heterointerfaces, particularly between Sb,S3 and oxide ETLs
like TiO2 and ZnO, in comparison with the CdS/Sb,S; interface. Similar computational studies
can also be conducted for alternative sulphide ETLs, such as ZnS, In,S3, SnS», Bi2S3, and MoS,,
to identify the most promising buffer layer for Cd-free Sb.S; solar cells. Through careful
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selection of buffer layers and optimisation of Sb,Ss/buffer layer interfaces, efficient Cd-free
Sb»S; solar cells can be realised, enabling broader applications. Additionally, the wide bandgap
of Sb,S3 makes it highly promising as an indoor light absorber and as a top cell in tandem solar

cells. These areas represent key directions for the future development of Sb,S3 solar cells.

Among all PIMs, chalcogenide materials offer exceptional stability and optoelectronic
properties, positioning them as attractive lead-free alternatives to LHPs. This thesis
demonstrates the ability of CuSbSe: to avoid charge-carrier localisation, as well as the potential
of SbyS3 solar cells for Cd-free improvements and efficient indoor light harvesting. These
findings should inspire further research into both materials and the broader family of
chalcogenides, advancing more efficient and sustainable solar technologies to address global

energy challenges.
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