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Abstract 
 

This thesis presents investigations into growth techniques to produce bulk polycrystalline and single 

crystals of the materials Cu2ZnSnS4xSe4(1-x) (CZTSSe) and Sb2Se3, in order to better understand bulk 

properties of relevance for photovoltaics. For CZTSSe, a technique to grow ~100 μm monograins 

from a molten NaCl/KCl mix proved successful for compositions 0 ≤ x ≤ 1 in increments of Δx = 0.1, 

with a more ordered kesterite phase demonstrated compared to directly synthesised feedstock. From 

this series, Vegard relations were measured as: a (Å) = -0.268(3)x + 5.6949(17) and c (Å) = -

0.516(6)x + 11.345(3) while Raman modes were observed to follow two-mode behaviour as: ωCZTSe 

(cm-1) = (44.6 ± 1.6)x + (194.6 ± 0.8) and ωCZTS (cm-1) = (7.1 ± 1.3)x + (329.0 ± 0.8). These 

relationships are intended to be used as reference data to aid the measurement of sulphur-selenium 

ratios in CZTSSe thin films. Samples consistent with single crystals of Sb2Se3 with 4 mm diameter 

and 1 cm length were grown via vertical Bridgman, with the {100} crystal planes evidenced through 

optical means and XRD. These crystals exhibited low-angle boundary defects consistent with 

ripplocations. They also demonstrated anisotropies in the polarised Raman spectra, with sample 

rotation able to resolve the overlapping 187 and 190 cm-1 peaks. The 253 cm-1 peak in the Raman 

spectra was consistent with reports of Sb2O3. Se-poor and stoichiometric Sb2Se3 single crystals were 

non-conductive, while Se-rich were p-type, and Sn and Cl were found to induce p-type and n-type 

doping respectively, with a maximum hole density from Sn-doping of 1015 cm-3 and electron density 

from Cl of 1017 cm-3. Barrier heights of 0.37 eV for p-Sb2Se3 / In interfaces and 0.56 eV for n-Sb2Se3 / 

Au interfaces were estimated. Deep level electron traps at 400, 700 and 850 meV were detected in n-

type single crystals, thought to result from VSe and VSe defects, while photoluminescence peaks at 0.9, 

1.1 and 1.2 eV were assigned to donor-acceptor pair transitions resulting from Sn and Cl impurities. 

Thermally evaporated thin film Sb2Se3 / CdS solar cells were prepared from n-type, intrinsic and p-

type doped source material, all reaching ~1 % efficiency. Of these, the p-type devices decreased in 

efficiency after ageing in air, while the intrinsic and n-type increased slightly, possibly due to Sb2O3 

formation from oxidisation. 
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1. Introduction 
 

1.1 Context for Photovoltaics 

The conversion of solar radiation into electricity serves many purposes, but perhaps the most 

crucial is to reduce global greenhouse gas emissions and prevent catastrophic climate change[1]. If a 

meaningful reduction in the emissions of greenhouse gases is to occur, the vast majority of the energy 

utilised by human society must shift from CO2-emitting fossil fuels to low-carbon sources. Renewable 

energy sources are expected to form a significant, if not dominant, part of this low-carbon energy 

infrastructure. In order to effectively reduce emissions, there are two broad conditions: a) the amount 

of time taken for a renewable energy installation to generate energy equivalent to the amount used to 

manufacture it, known as the energy payback time, must be a small fraction of its total lifetime[2] and 

b) the monetary cost of the installation should similarly be a small fraction of the value generated 

from energy output over its lifetime, with the ‘monetary payback time’ quantifying the time taken for 

an installation to generate the value of its installation. Furthermore, the monetary payback time must 

be such that the cost of the power generated from the installation on a day-to-day basis is competitive 

with, or lower than, power from fossil fuels, due to the latter’s market dominance[1,2]. Wind and 

photovoltaic (PV) solar power have, at present, similar installed capacity worldwide, at 591 and 505 

GW respectively[3] with both predicted to grow rapidly in the near future[4]. However, of the two, 

solar capacity is projected to expand by 700 GW by 2024, compared to 350 GW for wind[4], as 

shown in fig. 1.1. This may not be surprising, as 100 GW of new solar capacity was installed in 2018 

alone[3]. Projections for both wind and solar are significantly larger than the predicted growth for 

hydropower, the renewable technology with the greatest capacity at present, at 1132 GW[3]. Indeed, 

this market growth would bring solar power almost level with the (projected) capacity for 

hydropower, at ~1250 GW by 2024[4]. The immense growth potential of solar power relates to the 

sheer quantity of solar radiation available, which at its peak provides an irradiance of 1000 Wm-2 at 

the Earth’s surface. Even averaged over the year and the day/night cycle, a surface irradiance of 100-

300 Wm-2 is provided[5], varying with latitude and climate. It should be noted that an acceleration in 
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the growth of solar power beyond these projections is possible if the cost of solar power could be 

reduced. This motivates research into the production of cheaper solar modules. 

 

Fig. 1.1 Projected increase in renewables capacity from 2019 to 2024, without accounting for possible 

acceleration from cost reductions. Image reproduced from [4]. 

 Low costs and short energy payback times usually go hand-in-hand, with a common specific 

cost target for solar PV being 0.50 $/Wp (Wp being watts at peak power, i.e. when irradiance is 1000 

Wm-2)[9].  However, mass production has now pushed production costs for CdTe-based modules 

below 0.53 $/Wp, making research targets more demanding[10,11]. The worldwide solar PV market 

was worth around $30.8 billion in 2016, projected to reach $57.3 billion by 2022[12], with 

monocrystalline and polycrystalline silicon-based (c-Si) modules making up around a 95% market 

share[2]. Indeed, an explosion of Si-based installations in China accounted for around 45% of market 

growth in 2018, with the United States, Japan, Germany and India following in terms of  annual 

installed capacity[3]. The non-c-Si share of the solar PV market is largely made up of ‘thin film’ PV 

modules, which are the ultimate focus of this work. The reasons for studying thin film technologies, 

and their merits compared to the dominant silicon-based technologies, are discussed in the next 

section. 
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1.2 Motivation for Researching CZTSSe and Sb2Se3 

In order for solar PV to provide a cut to global greenhouse emissions at the scale required, 

power generation on the level of terawatts (TW) is necessary[13], meaning that in addition to low 

financial costs and short energy payback times, abundant raw material is required. Silicon-based 

modules have an energy payback time of 1-2.5 years (depending on latitude/climate) and a roughly 20 

yr lifespan[2] but further reductions in energy payback time are limited by energy-intensive 

manufacturing processes, such as the extraction of Si from its highly stable naturally-occurring form 

of SiO2 through a carbothermic reduction reaction at >1600°C[6], and its purification through the 

Siemens process at ~1100°C[7]. The highest-performing monocrystalline wafer cells[2] also require 

melting (Si melts at 1414°C[8]) for single crystal (Czochralski) growth. The area of these cells is 

limited by the size of the crystal that is grown and material is then lost when crystals are sectioned 

into wafers (kerf losses), with further losses when wafers are cut into a square form. These necessities 

of cell production raise energy requirements and monetary costs further[14]. Relatively large 

quantities of processed Si are also required to produce a single PV module, as silicon is an indirect-

gap semiconductor with a low absorption coefficient, necessitating thick wafers[14]. 

In forming Si-based modules for PV installations, soldered ribbon connections are used to 

connect cells in series, as shown in fig. 1.2a, but these introduce another production step, with the 

ribbons potentially acting as points of failure for the module during its lifetime. These ribbon 

connections also contribute to shading on the top surface of the cell, reducing the active area[15]. 

Thin film PV addresses some of the limitations of silicon-based technologies, as direct-gap 

materials having high absorption coefficients mean that much thinner, polycrystalline layers may be 

used. High purity is also not required as the thin layers do not require long carrier lifetimes[14] and  

materials are often self-doping[16]. These features serve to reduce the materials and processing cost 

of thin film PV modules relative to silicon, even if the base material is more expensive by 

volume[17]. Thin film modules can also be fabricated in the form of monolithic cells on a single large 

substrate with integral contacts as shown in fig, 1.2b, formed through deposition[18]. This approach 

avoids the complications of soldering connections between cells as in a Si-based array, reducing costs 
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further[5]. The addition of a transparent conductive oxide layer (TCO) on the top surface of a thin 

film cell also allows module interconnections without the issue of shading cell underneath.  

Currently, the best commercially performing thin film technologies are based on cadmium 

telluride (CdTe) and copper-indium-gallium sulphide/selenide (CIGS), but they bring their own 

limitations, namely, the high toxicity of Cd[19,20], the low abundance of Te in the Earth’s crust[19] 

and the high material costs of In and Ga[20]. All of these serve to reduce the viability of these 

technologies for TW-scale power generation, meaning that there is a strong incentive to investigate 

alternative thin film technologies. 

 

Fig. 1.2 a) Illustration of series ribbon interconnections for Si solar cells, reproduced from [15]. b) 

Illustration of monolithic connections in CIGSSe solar module, where light enters through transparent 

conductive ZnO layer, reproduced from [18].  

  

a) 

b) 
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This work concerns two emerging thin film technologies, Copper-zinc tin sulpho/selenide, 

(Cu2ZnSn(S,Se)4, often abbreviated to CZTSSe) and antimony selenide (Sb2Se3). These materials 

were selected due to their similar properties, both being crystalline chalcogenide semiconductors with 

bandgaps in a similar range. They both have the advantage of being chemically and thermally stable 

in air and sunlight, but must be processed under an inert atmosphere in order to prevent oxidisation. 

They were also selected because both are constituted from relatively abundant and low-toxicity 

elements. CZTSSe replaces the expensive In and Ga in CIGS with more readily available Zn and Sn, 

and does not contain any highly toxic elements, and although Sb2Se3 is more toxic, this is still mild 

compared to Cd[20]. As well as having great abundance, the elemental constituents of CZTSSe and 

Sb2Se3 may be found at sites widely distributed around the world, as is demonstrated in Table 1.1, 

with the data taken from the US Geological Survey[21]. As such, the market for these materials may 

be less susceptible to the uncertainties of global trade and diplomacy. The reader should note that 

many factors influence prices besides scarcity, so the values in Table 1.1 should not be taken to 

directly correlate with prices. Scarcity of a given source element can also be addressed by developing 

multiple PV-technologies in parallel because, as a group, they are less vulnerable to geopolitical 

issues centred around a single key resource. Coupled with the multitude of factors at play in 

developing different low-cost PV technologies, it is clear that a pluralistic approach is valuable.  

Despite their differing chemistry, the similarities of CZTSSe and Sb2Se3 mentioned above mean there 

are significant overlaps in the preparation and analysis procedures for bulk samples of both materials, 

making it feasible to study both in parallel. Studying both materials is also expected to allow 

comparisons between them, and a judgement to be made on which looks more promising for the PV 

field. 
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Element 

Estimated world 

production 2019 / 

ktonnes 

Estimated world 

reserves / 

ktonnes 

Estimated world 

resources (not yet 

extracted) / ktonnes 

Main sites of production (> 

100 ktonne in 2019) 

Cd 25,000 
Data not 

available 

Widely recovered 

from zinc ores 

U.S., Canada, China, Japan, 

Kazakhstan, South Korea, 

Mexico, Netherlands, Peru, 

Russia 

Te 470 31,000 Data not available 

U.S. Bulgaria, Canada, China, 

Japan, Russia, South Africa, 

Sweden 

Cu 24,400 870,000 2.1 million 

U.S. Australia, Chile, China, 

DMRC, Indonesia, 

Kazakhstan, Mexico, Peru, 

Russia, Zambia 

In 760 
Data not 

available 

1-100 ppm in zinc 

deposits 
China, South Korea 

Ga 320,000 
Data not 

available 
50 ppm in bauxite 

China, Russia, Ukraine, Japan, 

South Korea 

Se 2810 99,000 
1 ppm in copper 

deposits 

China, Japan, Germany, 

Belgium, Russia, Finland 

Sb 160,000 1.5 million Data not available 

China, Russia, Tajikistan, 

Turkey, Bolivia, Burma, 

Australia, Iran, Kyrgyzstan, 

Kazakhstan, Laos, Mexico, 

Vietnam 

Zn 13,000 250,000 1.9 million 

China, Peru, Australia, India, 

U.S., Mexico, Bolivia, 

Canada, Russia, Kazakhstan, 

Sweden 

Sn 310,000 4.7 million 
Current extraction 

rates sustainable 

China, Indonesia, Burma, 

Peru, Bolivia, Brazil, Nigeria, 

Australia, Vietman, Malaysia, 

Rwanda, Russia, Laos, 

S 79,000 Large reserves 5-600 million 

China, U.S. Russia, Saudi 

Arabia, Canada, Kazakhstan, 

India, Japan, UAE, South 

Korea, Iran, Qatar, Chile, 

Poland, Finland, Australia, 

Kuwait, Germany, Venezuala, 

Italy, Netherlands, Brazil, 

 

Table 1.1 Estimated extraction rates, reserves and world resources of key elements for thin film PV 

technologies, and main locations of production (descending order of amount processed). Data from 

the US Geological Survey[21] 
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Apart from its non-toxicity and abundant elemental constituents, being a quinary 

semiconductor compound, CZTSSe also has significant flexibility in its composition, allowing 

optimal properties for PV to be selected[13]. Despite its advantages, however, the power conversion 

efficiencies of CZTSSe-based solar cells are still significantly lower than those of CdTe or CIGS, 

meaning longer energy (and monetary) payback times which make the material unattractive for 

commercial scale-up. Significant improvements in efficiency are therefore necessary before CZTSSe 

can contribute to reducing greenhouse gas emissions[22]. This performance gap compared to the 

established technologies can be attributed in large part to the low open-circuit voltage in CZTSSe 

(VOC, see Section 2.3.2) as a function of bandgap. Whereas VOC-values in the best CdTe and CIGS 

devices are ~60% of Eg/q (where Eg is the bandgap), the proportion for CZTSSe is only 40%. For 

comparison, the highest possible value of VOC as a proportion of bandgap is ~80%, which has been 

achieved in epitaxial GaAs solar cells[23]. This means that if the cause of this VOC-deficit can be 

identified, there are promising opportunities to address the performance gap for CZTSSe. 

 The VOC-deficit may come as a result of the chemical flexibility which, while it benefits 

CZTSSe in other ways, allows for unintended local variations in composition. These variations may 

translate to potential fluctuations at the band-edge, i.e. band-tailing, reducing the effective bandgap, 

increasing rates of recombination and so reducing VOC[24]. Similarly, local changes in bandgap as a 

result of disorder and the formation of competing secondary phases (see Section 2.3.1) may contribute 

to band-tailing[23]. These problems are non-existent for a single-element material like crystalline 

silicon, and far less pronounced in binary materials such as CdTe, where only very small deviations 

from stoichiometry are tolerated[25]. Ternary compounds generally have fewer secondary phases 

simply by virtue of fewer possible combinations of elements in the system. 

Antimony selenide (Sb2Se3) offers similar advantages to CZTSSe due to its cheap and 

abundant elemental constituents.. There are also no secondary phases that are likely to form alongside 

Sb2Se3 during processing[20], which is an issue for CZTSSe. Solar cells based on this material have 

yet to reach the efficiencies offered by CZTSSe[26,27], however, and are still a long way below those 
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of CdTe and CIGS[28], meaning that the efficiency of cells must be increased significantly to make 

Sb2Se3 commercially viable. 

Part of the motivation of this work was the fact that the number of publications looking into 

the bulk properties of PV semiconductors is generally dwarfed by the literature reporting variations in 

thin film device design and processing. In this thesis the approach taken has been to prepare bulk 

samples of CZTSSe and Sb2Se3, and where possible, single crystals. The aim was to produce data of 

use in the development of thin film solar cells. For example, for both materials, the relationship 

between lattice parameters, bandgap and S-Se content, the Vegard relation, was intended to be studied 

to a greater precision than previous work. Single crystals were expected to enable this due to superior 

compositional homogeneity and formation under close-to-equilibrium conditions. Similarly, the 

position and assignment of Raman bands, dependent on S-Se content and atomic ordering, were 

intended to be measured to higher precision, with single crystals offering similar advantages. 

For Sb2Se3, an additional aim was to examine the origin of conductivity, so that this could be 

incorporated into solar cell production in future, while another key question was how its orthorhombic 

structure influenced Raman spectra, an understanding of which could make Raman measurements of 

thin films more informative. The higher purities achievable with single crystals (as opposed to thin 

films) was hoped to allow the effects of controlled impurity levels upon conductivity to be studied, 

while the ability to isolate specific crystal planes was expected to allow for orientation-dependent 

Raman measurements.   

For both materials, it was intended that information on point defects in the bulk material, both 

shallow and deep-level, be gained, as defects often play a crucial role in the limits to the efficiency of 

solar cells (see Section 2.2.6). Additionally, single crystals ought to allow point defects to be studied 

with much less interference from the interfaces, grain boundaries and impurities that complicate solar 

cell based studies. Processing conditions close to equilibrium (which occurs during crystal growth) 

are also expected to reduce the prevalence of other bulk defects such as slip plane dislocations. Once 

again, applying the same analysis techniques (e.g. photoluminescence and deep-level transient 
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spectroscopy, see Chapter 3) to both materials was expected to allow point defects in each to be 

studied in parallel. 

At the outset of this project, the optimum bulk crystal growth methods had not been 

developed for either CZTSSe or Sb2Se3 at the University of Liverpool laboratories. Indeed, crystal 

growth is a field where, even when literature reports of a process do exist, they are often difficult to 

replicate in a new setting, where different equipment and experience on the part of researchers may 

make a crucial difference. Therefore, one of the objectives of this work was to establish reliable 

crystal growth protocols, and these form part of the conclusions of the work (Chapter 7). 

 

1.3 Structure of this Thesis 

The thesis is arranged as follows: 

a) Chapter 2. Literature review 

Chapter 2 provides an in-depth explanation of the challenges facing solar cells based on CZTSSe 

and Sb2Se3 and compares them to other technologies in a review of the literature. It also covers the 

basic principles of thin film solar cell operation. 

b) Chapter 3. Experimental methods 

Chapter 3 covers the experimental methods used in this work, and includes the mathematical 

equations brought up later in the work. It also covers the specific experimental details for all the 

investigations reported in this work, including the equipment and choice of parameters for both 

sample fabrication and characterisation. 

c) Chapter 4. Vegard relation and Raman mode evolution in CZTSSe 

Chapter 4 describes a study into the structure of bulk CZTSSe polycrystals prepared by several 

means. Fabrication routes for bulk CZTSSe were successfully applied, and high-quality reference data 

on the crystal lattice parameters and trends in Raman spectra, intended to inform the production of 

thin film solar cells, was gathered. 
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d) Chapter 5. Growth and physical characterisation of doped and undoped crystalline Sb2Se3 

and Sb2(S,Se)3 

Chapter 5 compares the success of growing Sb2Se3 single crystals through multiple different 

methods, with crystal orientation, mechanical properties and chemical analysis carried out on the 

crystals. The synthesis of the sulpho/selenide variant Sb2(S,Se)3 is also investigated. 

e) Chapter 6. Sb2Se3: Electrical Characterisation and Photovoltaic Devices 

Chapter 6 primarily concerns the fundamental electrical properties of bulk Sb2Se3 as inferred from 

a series of measurements on the samples grown in Chapter 5 and assumed to be single crystals. 

Doping, metal-semiconductor junctions and crystal point defects were all investigated for these single 

crystals. Additionally, Chapter 6 describes a study into PV test devices based on Sb2Se3 (Section 6.7) 

that attempts to apply some of the insights gained from the single crystal work to solar cells, e.g. the 

formation of devices using intentionally-doped source material. 

f) Chapter 7. Conclusions 

Chapter 7 provides conclusions for the whole thesis, with sections divided by results chapter and a 

subsection on suggested further work based on these conclusions. The extent to which the aims of this 

project were met through the course of experimental work is discussed, as well as the relative success 

of the CZTSSe-based work, compared to Sb2Se3. A list of the publications that the work reported in 

this thesis contributed to is provided after Chapter 7. 
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2. Literature Review of CZTSSe and Sb2Se3 in 

Photovoltaics 
 

2.1 Introduction and the Scope of this Chapter  

This chapter reviews literature that informs the experimental work of this thesis. Section 2.2 

covers the basic principles of thin film inorganic solar cells, although it is assumed that the reader has 

knowledge of background topics in semiconductor physics such as doping and p-n junctions, as may 

be found in many book-length reviews, for example: ‘Materials Science and Engineering’ by William 

D. Callister and David G. Rethwisch[1]; and ‘The Physics of Solar Cells’ by Jenny Nelson[2]. 

Sections 2.3 and 2.4 then cover the PV absorber materials CZTSSe and Sb2Se3 respectively, 

beginning with an overview of these materials within the PV field, progressing through the 

fundamental properties that limit solar cell efficiency, with the final subsection in each case (2.3.6 for 

CZTSSe and 2.4.7 for Sb2Se3) then identifying opportunities for new studies. 

 

2.2 Principles of Thin Film Solar Cells 

2.2.1 The Structure of a Heterojunction Solar Cell 

Inorganic thin film solar cell devices typically consist of several polycrystalline layers of 

microscale thickness. In the ‘superstrate’ configuration used for CdTe, layers are deposited 

sequentially onto a transparent substrate as shown in fig. 2.1. In this architecture, light enters the 

device through the glass and a transparent conductive oxide (TCO) layer, a material of high 

transparency and conductivity which acts as an electrode, before being absorbed. The alternative 

‘substrate’ configuration, as used for CIGS production[3] uses an opaque substrate and light enters 

through an upper TCO layer. Briefly, the functional parts of a solar cell consist of the absorber layer, 

the photoactive junction and the collection electrodes[2], as described in the following sections. 
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Fig. 2.1 Conventional structure for an inorganic thin film PV device (not to scale) fabricated in the 

superstrate configuration. 

 

2.2.2 The Absorber Layer 

  Central to the device is the (usually p-type) photoactive absorber layer which, as a direct gap 

semiconductor, has a high absorption coefficient (usually > 104 cm-1) meaning that effectively all 

incident light of energy greater than its bandgap is absorbed within a depth of ~ 1 μm. This therefore 

allows thin layers to be utilised, and small quantities of the bulk compound used. The absorption of a 

photon produces an electron in the valence band and a hole in the conduction band (see fig. 2.2) 

which may recombine non-radiatively (through interactions with mid-gap states) if they are not 

separated[2]. Other transitions are possible, but not significant at room temperature, for example the 

band to band radiative carrier recombination process is also shown in fig. 2.2, but transitions through 

intermediate levels are more probable, and overall, photoluminescent processes are weak at room 

temperature.  
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Fig. 2.2 Illustration of the radiative and non-radiative interactions within a photovoltaic absorber 

layer, where EC,V are the conduction and valence bands, Eg is the bandgap and hν is incident photon 

energy. Gradients in EC and EV represent the situation within the space charge region of a photoactive 

junction, where a built-in electric field drives the separation and extraction of excited charge carriers. 

Rates of radiative recombination are not significant at room temperature. 

 

2.2.3 The Photoactive Junction 

The photoactive junction is conventionally a p-n junction formed from pairing the (usually p-

type) absorber layer with a (usually n-type) partner layer and serves to separate electron-hole pairs 

excited in the absorber layer. Thin film PV devices are usually heterojunctions, with an example of a 

p-n band structure being shown in fig. 2.3a. The junction acts as a diode due to the built-in voltage 

(Vbi) in the space charge region at the interface which is necessary to prevent carrier recombination 

and generate useful current. This means that only electron-hole pairs excited within, or close to, the 

space charge region may contribute to the device current. Appropriate partner layers to p-type 

absorbers are highly n-type doped to maximise Vbi and have bandgaps significantly larger than the 

absorber layer, so as not to absorb significant amounts of visible light and shade the absorber layer. 

The semiconductors CdS[4] and TiO2[5] are two partner layers frequently employed in thin film PV, 

with thin layers (<100 nm) employed to reduce parasitic absorption. A consequence of highly-doped 

partner layers is that the space-charge region lies almost entirely within the absorber layer[2]. 

While p-n heterojunction solar cells are commonplace, it is also possible to produce a diode 

through pairing two layers of the same conductivity type, for instance an n-type absorber with a more 
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highly n-type doped (n+) layer, forming an ‘isotype’ heterojunction[6], with an example shown in fig. 

2.3b. 

 

 

Fig. 2.3 Band diagrams for a) p-n and b) n-n+ isotype heterojunctions where EVAC is the local vacuum 

level, q is electron charge, Vbi is the built-in potential, χn,p is the electron affinity, ϕW is the work 

function, EC is the conduction band energy, EF is the Fermi level energy, Eg is the bandgap and EV is 

the valence band energy. 

 

A recent example of a photoactive isotype junction device was formed from monolayer 

CuInSe2/InSe[7], but such devices are not common, especially within photovoltaics. Several possible 

material pairings for heterojunction solar cells were modelled in [8], using conventional PV absorber 

layers such as Si, CdTe and GaAs, doped either n- or p-type, and paired with highly n-type doped 

metal oxide materials such as In2O3, SnO2 and ZnO. This work identified barely any n-n+ pairings that 

were viable for solar cells, while many p-n pairings were viable. As can be seen from fig. 2.3b, the 

disadvantage of an n-n+ junction is a reduced Vbi compared to p-n, reducing the effectiveness of 

charge separation. This is a key reason for the rarity of isotype junction devices, particularly within 

the field of solar cells. However, they are mentioned here because there is strong evidence for the 

formation of n-n+ isotype heterojunctions with Sb2Se3 and CdS in this work, as detailed in Chapter 6. 
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2.2.4 Carrier Collection at Electrodes 

Separated charge carriers must be collected by electrodes if they are to contribute to the 

device current and generate power, with electrons usually collected at the front of the device and holes 

collected at the rear. For thin films, ~ 1 μm-sized grains may be present, meaning the carriers are 

unlikely to encounter a large number of grain boundaries between generation and collection, although 

this is still an important factor. For the front-contact, TCOs are used, so as to collect electrons without 

shading the absorber layer (see fig. 2.1)[2]. Typical examples of TCOs used for solar cells are 

fluorine-doped tin-oxide (FTO)[9] and tin-doped indium oxide (ITO)[10]. For the back-contact, metal 

contacts may be used, but the metal must have an appropriate work function in order to prevent the 

formation of resistive barriers. Organic materials such as Poly(3,4-ethylenedioxythiophene) (PEDOT) 

may also be employed as hole transport layers[11] which aid the transport of holes to the back contact 

due to favourable band alignments. 

Fig. 2.4 shows examples of the band structure at some metal-semiconductor interfaces. If the 

work function of the metal (ΦW
m) is larger than the work function of the semiconductor (ΦW

n,p) (fig. 

2.4a), an n-type semiconductor will form a (rectifying) Schottky barrier with a barrier height (ΦB) 

equal to the difference in work functions. A p-type semiconductor, on the other hand, will form an 

Ohmic contact with the metal. Conversely, if the work function of the metal is smaller than that of the 

semiconductor (fig. 2.4b), an n-type semiconductor forms an Ohmic contact, while a p-type 

semiconductor forms a Schottky barrier[2,12]. 
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Fig. 2.4 Band diagrams for metal-semiconductor interfaces where ΦB is the barrier height (other 

parameters the same as in fig. 2.3), with work functions as: a) ΦW
m > ΦW

n,p and b) ΦW
m < ΦW

n,p. 

 

2.2.5 Solar Cell Working Parameters and Measurement 

The key parameter for any solar cell is the power-conversion efficiency, or PCE (η) which 

represents the total percentage of incident solar illumination converted to useful power. Device 

efficiencies will vary depending on the illumination spectrum, but devices are generally optimised for 

a solar spectrum modified to account for atmospheric absorption at mid-latitudes, referred to as 

AM1.5[13], and an illumination intensity of 1000 W m-2. The value of η is directly proportional to the 

device’s PV working parameters: open-circuit voltage (VOC), short-circuit current (JSC) and fill factor 

(FF), which may be derived from a current density (J) – voltage (V) scan of a solar cell when under 

illumination as shown in fig. 2.5. When the device is in the dark, all of these parameters are zero and 

no current flows at zero bias, as can be seen from the dark curve in fig. 2.5, while a voltage dependent 

current, the ‘dark current’ JDark(V) flows under non-zero bias with the same polarity at the bias. Under 

illumination, the VOC is the voltage when the device is not connected to electrodes (i.e. J = 0) while 
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JSC is the current density when the device is shorted (i.e. V = 0). For all solar cells, there will be a 

point at which the product of J and V produces the maximum possible power, defined as the 

‘maximum power point’ where the voltage is denoted Vmax and the current density Jmax. The device 

efficiency is based on the power generated at the maximum power point. FF is the ratio of the 

maximum power (Vmax· Jmax) with the product of VOC and JSC, i.e. the ratio of the areas of the dark blue 

and light blue squares shown in fig, 2.5 (A1/A2) and so relates to the position of the maximum power 

point. 

All of these working parameters are related to different aspects of the cell structure[2]. For 

instance, the VOC is limited by the non-radiative recombination of charge carriers, while JSC depends 

on the amount of light reaching the photoactive junction and FF is related to the series resistance (RS) 

and shunt resistance (RSh) of the junction. 
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Fig. 2.5 Diagram of a J-V curve for a PV solar cell, both in the dark and under illumination with the 

working parameters for a cell under illumination, VOC and JSC, shown. FF is defined by the area of the 

dark blue square divided by the area of the light blue square (A1/A2) and Rs and Rsh are defined by the 

slope of the curve at J = 0 and V = 0 respectively. 
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2.2.6 Limits to Efficiency 

At the most basic level, the efficiency of a solar cell is limited by the fact that a photoactive 

device under solar illumination must emit radiation in order to maintain ‘detailed balance’ with the 

Sun[2]. The Shockley-Queisser limit[14] defines the maximum possible efficiency of a solar cell and 

is an unavoidable consequence of detailed balance, but additional limits exist. 

The upper limit to solar cell efficiency for a single junction solar cell may be expressed in 

more physical terms: Because semiconductors cannot absorb photons of energy below the bandgap, 

but carriers excited by high-energy photons also lose energy due to thermalisation (see fig. 2.2), it is 

impossible to utilise all of the energy available in the solar spectrum. As a consequence, there is an 

optimal bandgap range for single junction absorbers where a large proportion of the solar spectrum 

may be absorbed, while energy losses due to thermalisation are minimised. Theoretical calculations 

indicate that this range lies between 1.0 and 1.5 eV[14]. 

Working devices rarely approach the Shockley-Queisser limit, as technological limitations 

including cell design, parasitic absorption, control of junction position, recombination losses and 

contact barriers further reduce efficiency. For example, unfavourable optical design and parasitic 

absorption will reduce the amount of light reaching the junction, reducing JSC; while defects in the 

absorber layer will increase non-radiative carrier recombination and reduce VOC; diode leakage and 

back-contact barriers meanwhile reduce Rsh and increase Rs respectively, reducing FF[2]. 

 

2.3 Photovoltaic Applications of Cu2ZnSn(S,Se)4 

2.3.1 Overview of CZTSSe in PV 

CZTSSe is a member of the same generic class of thin film inorganic PV materials that is 

dominated by cadmium telluride (CdTe)[15] which has demonstrated high efficiencies of 21.0%[16]. 

Inorganics offer advantages over the emerging perovskites through their superior chemical 

stability[17], but conversely have progressed to higher efficiencies less rapidly than perovskites, as 

shown in the efficiency chart in fig. 2.6[18]. 
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As discussed in Chapter 1, CZTSSe is not disadvantaged by the high-toxicity of Cd and the 

rarity of Te, which are barriers to worldwide scale-up of CdTe[14]. As a result CZTSSe is the subject 

of extensive research published in the form of hundreds of papers, several reviews [19–24] and at 

least one book[14]. As well as its cheap, non-toxic constituent elements[24], CZTSSe has the 

potential for scalable solution-based processing[25], which promises low production costs and short 

energy payback times. 

CZTSSe is also well suited as a PV absorber layer due to its high absorption coefficient of 

~104 cm-1 [26], tuneable bandgap (through the substitution of S for Se) from 1.0 to 1.5 eV, in the 

optimal range for PV[19] (see Section 2.2.6), p-type self-doping[26] and chemical and thermal 

stability[24]. However, to date the highest efficiency for Cu2ZnSnS4xSe4(1-x) based cells, achieved with 

a composition of x = 0.25, is 12.6%, significantly lower than CdTe - 21.0% at the time of writing[16] 

- with a minimum efficiency of 19% estimated as necessary for commercial viability[23]. 

CZTSSe crystallises in the tetragonal kesterite structure (space group I-4) as shown in fig. 2.7 

(middle) with the unit cell consisting of alternating layers of cations (metals) and anions (S or Se)[27]. 

The lattice parameter c, the long axis of the unit cell, is very close to double the value of a, the short 

axis, i.e. c/2a ≈ 1, so the tetragonal unit cell is almost equivalent to two cubic cells. The value of c/2a 

may be greater or less than 1, depending on the precise composition and ordering of atoms[28]. The 

other two crystal structures shown in fig. 2.7 are discussed in Section 2.3.3. 
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Fig. 2.7 CZTSSe crystal structures stannite, kesterite and disordered kesterite, with constituent atoms 

and bonds shown. Multicoloured atoms indicate equal probability of occupying the site. Image created 

with Vesta[41]. 

 

2.3.2 PV Devices Using CZTSSe 

The present efficiency records for the series end members, the pure-selenide CZTSe and pure-

sulphide CZTS are 11.4%[29] and 11.0%[16] respectively. The higher efficiency of the intermediate 

compound, 12.6% where x = 0.25 (x = S/(S+Se)), demonstrates the utility of tuning the bandgap. 

Among the barriers to CZTSSe cell efficiency, its limited phase stability is key, as CZTSSe exists in 

competition with several secondary phases such as: Zn(S,Se), Cux(S,Se), Sn(S,Se), Sn2(S,Se) and 

Cu2Sn(S,Se)3[26,30] which compromise the homogeneity of CZTSSe thin films. The VOC-deficit, the 

difference between VOC and the potential difference across the bandgap (its fundamental maximum) is 

also large in CZTSSe compared to materials of similar bandgap[24,30]. 
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2.3.3 Fundamental Properties of CZTSSe that Limit Efficiency 

There are several plausible mechanisms behind the large VOC-deficit in CZTSSe, such as 

carrier recombination at grain boundaries[19] and point defect sites in the bulk crystals[23], and band 

(Urbach) tailing trapping carriers in local minima, encouraging recombination[21,30,31]. Grain 

boundaries are a likely site for carrier recombination due to dangling atomic bonds[21], with chemical 

methods to passivate grain boundaries necessary in the case of CdTe[15]. However, some authors 

have suggested that grain boundaries may provide hole-repulsive potentials and so be beneficial to 

CZTSSe device performance[23]. To further complicate matters, the precipitation of the ZnS and 

Cu2SnS3 secondary phases may also passivate grain boundaries, with their formation highly 

dependent on stoichiometry and processing conditions[32]. One route to assess the effect of grain 

boundaries more clearly is to grow single crystals of CZTSSe to remove the influence of grain 

boundaries altogether (see Section 2.3.4) and so examine bulk recombination paths only. 

Phase control of CZTSSe is difficult as it occupies a small window of chemical potential (Δμ) 

surrounded by secondary phases, as demonstrated for CZTS in fig. 2.8[21], where a small deviation 

from stoichiometry (causing a change in Δμ) may result in a mixture of CZTS with secondary phases. 

In the case of Cu-poor CZTS (fig. 2.8b), secondary phases are practically unavoidable, with the 

situation for CZTSe similar. Complicating matters further is the fact that CZTSSe solidifies from the 

melt through a peritectic reaction, where Zn(S,Se) is the first compound to solidify, and slow liquid-

solid diffusion from the surrounding Cu and Sn-rich liquid is required to form CZTSSe[14]. This 

means that to avoid the very long processing times required for the liquid-solid diffusion, 

solidification from solution at temperatures below the peritectic point[33,34] is favoured. 

Alternatively, rapid vapour-based vacuum synthesis methods, where thin, stacked layers of metallic 
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precursors are sulphurised or selenised (or both) through the vapour phase [35], allow the peritectic 

transition to be sidestepped. 

 

Fig. 2.8 Phase space diagrams for CZTS under a) copper-rich and b) copper-poor conditions, for 

varying Zn and Sn chemical potential, ΔμZn,Sn (correlated with concentration). Reproduced from [21]. 

 

However, for such vacuum-based methods , the issue arises that knowing the precise S-Se 

ratio in the CZTSSe thin film is difficult, [24], as these elements are usually incorporated through 

sulphurisation/selenisation, so their concentration cannot be inferred from the quantity of source 

material used. This is in contrast to the metals, which may be deposited as stacked layers of defined 

thicknesses, allowing their concentrations to be known before sulphurisation/selenisation. Chemical 

analysis methods such as EDX are therefore necessary to know the chalcogen ratio, but will have a 

lower precision than weighed quantities of precursors, and systematic errors may be introduced due to 

surface texture. Additionally, distinguishing CZTSSe from its secondary phases post-growth can be 

difficult, because as Schorr explains in [14], the tetragonal unit cell of kesterite CZTS has very similar 

dimensions to two stacked ZnS sphalerite cubic unit cells, as they have very similar values of lattice 

parameter a, and for kesterite, c ≈ 2a. Additionally, the Cu and Zn atoms have very similar atomic 

form factors, ultimately meaning that conventional x-ray diffraction (XRD), cannot distinguish CZTS 
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from ZnS, a problem that also applies to their isostructural compounds Cu2ZnSn(S,Se)4 and Zn(S,Se). 

This situation is a rarity for XRD which is usually able to provide unambiguous phase assignments. 

Even when compositionally-pure CZTSSe is formed, there is the complication that the 

material may be expected to adopt different structural phases. The atomic occupations of Wykcoff 

sites for the tetragonal stannite, kesterite and disordered kesterite structures are shown explicitly in 

Table 2.1, with diagrams shown in fig. 2.7. The predicted formation energies for the stannite (I-42m 

symmetry)[36] and kesterite (I-4 symmetry)[37] phases (see fig. 2.7) are very close, but it has been 

established that the stannite phase does not form under normal processing conditions, with the 

kesterite phase being more favourable[27]. Moreover, CZTSSe may adopt the ordered kesterite form, 

where Zn atoms occupy 2d Wyckoff sites only, or disordered kesterite, where Cu and Zn atoms are 

randomly distributed across the 2c and 2d Wyckoff sites[31].  
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Space 

Group 

Wyckoff 

Site 
x Position y Position z Position 

Atom 

Kesterite 
Disordered 

Kesterite 

I-4 2a 0 0 0 Cu Cu 

 2c 0 ½ ¼ Cu Cu, Zn 

 2d 0 ½ ¾ Zn Cu, Zn 

 2b 0 0 ½ Sn Sn 

 8g x y z S, Se S, Se 

     Stannite 

I-42m 2a 0 0 0 Zn 

 4d 0 ½ ¼ and ¾ Cu 

 2b 0 0 ½  Sn 

 8i x x z S, Se 

 

Table 2.1 Wyckoff positions for atoms in the kesterite, disordered kesterite and stannite phases of 

CZTSSe. Positions of x, y and z correspond to unconstrained positions. Ref. 37 is the source for I-4 

Wyckoff positions and ref. 36 for I-42m. 

 

Annealing studies for the series end members CZTSe and CZTS report that a transition from 

ordered to disordered phase occurs at 200°C for CZTSe [38] and at 260°C for CZTS[39], meaning 

that long anneals at temperatures below these points promote ordering. The kesterite and disordered 

kesterite phases have slightly different bandgaps[38,40], meaning that a varying level of disorder may 

contribute to band-tailing in CZTSSe[22]. Schorr reports in [14] that distinguishing between these 

phases is also not possible with conventional XRD, due to the similar x-ray scattering factors of Cu 

and Zn. Raman spectroscopy does, however, offer a means to discriminate between them, as well as 

being able to identify secondary chemical phases[27]. 
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2.3.4 Growth Methods for Bulk CZTSSe Samples 

 Single crystals of CZTSSe at a size of ~1 cm on a side have been successfully grown from 

solution in Sn using the travelling heater[42] and directional gradient freeze [43] methods. 

Meanwhile, CZTSSe monograins several 100 μm in size have been grown from the melt by Nagaoka 

et al.[44] and from solution in molten KI by Mellikov in [14] and Grossberg et al.[31], while Ionkin et 

al.[45] produced grains ~ 10 μm in size from solution in a NaCl/KCl mix heated to 750°C. All of 

these growth routes offer the opportunity to probe bulk properties in greater detail, promising superior 

phase homogeneity over CZTSSe thin films. 

 

2.3.5 Vegard Relation and Raman Mode Characterisation 

 The Vegard relation, the dependence of crystal lattice parameters upon composition, has been 

measured for the case of varying the x - value (x = S/(S+Se)) in Cu2ZnSnS4xSe4(1-x) and shown to be 

linear by He et al.[46] as: a (Å) = -0.28x + 5.68 and c (Å) = -0.55x + 11.38 and by Nagaoka et al.[44] 

as: a (Å) = -0.26x + 5.71 and c (Å) = -0.53x + 11.45. 

The Vegard relation of CZTSSe has been applied to back-correlate the S-Se ratio in a thin film, 

using lattice parameters[47], providing an indirect means to accurately determine film composition. 

The existing Vegard datasets were generated by measuring samples at intervals of Δx  = 0.2, but a 

trend with more data points would allow more accurate back-correlation. 

 The work He et al.[46] also showed Raman spectra for CZTSSe to contain separate CZTSe-like 

(ωCZTSe) and CZTS-like (ωCZTS) vibrational mode peaks, i.e. ‘two-mode’ behaviour, which was also 

reported in the work Grossberg et al.[31], but with lattice parameters reported in the latter for the 

series end members only. Both datasets were averaged by Adachi in [14] where linear trends of: 

ωCZTSe (cm-1) = 46.8x + 194.9 and ωCZTS (cm-1) = 12.2x + 324.5 were reported. Again, these trends 

were measured in increments of Δx = 0.2, so greater precision is desired for back-correlation to be 

used with these series. 
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2.3.6 Opportunities for Further Work 

Opportunities remain to grow large CZTSSe single crystals and monograins from solution, 

with the use of the NaCl/KCl mix as a solvent advantageous due to its non-toxicity. If ordering can 

also be promoted through processing this is an additional advantage. Furthermore, while the Vegard 

relation and trends in Raman modes have been measured previously for CZTSSe, as compiled by 

Adachi in [14], these were measured to a precision of Δx = 0.2 only, so a combined study involving 

lattice parameters and Raman modes across the whole series, for the same sample set, with a greater 

number of data points, is in order. Further measurements of this kind have the potential to provide 

high-quality reference data to inform the production of CZTSSe thin films. 

 

2.4 Photovoltaic Applications of Sb2Se3 and Mixed Alloys 

2.4.1 Overview of Sb2Se3 in PV 

The thin film inorganic material antimony selenide (Sb2Se3) emerged as a PV absorber more 

recently than CZTSSe and much more recently than CdTe, and so research is at an early stage. Sb2Se3 

was not mentioned in the most recent (2019) solar cell efficiency tables[16], while few papers have 

been published and only one major review each for Sb2Se3[48] and its sulpho-selenide variant 

Sb2(S,Se)3[49]. 

Despite limited attention, the advantages of cheap raw materials and relatively low toxicity in 

Sb2Se3 are combined with the potential for cheap, low-temperature processing through techniques 

such as thermal evaporation[50] and close-space sublimation[5]. Low-temperature, vapour-based 

methods are feasible due to the high vapour pressure of Sb2Se3[50], potentially allowing low 

processing costs and energy payback times. Sb2Se3 also boasts a high absorption coefficient of > 105 

cm-1 in the ultraviolet and visible spectrum and a direct bandgap at 1.17 eV, in the optimal range for 

PV[51] (see Section 2.2.6), and a lack of competing secondary phases[52] in contrast to CZTSSe. 
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Sb2Se3 crystallises in the form of covalently-bonded 1D nanoribbons held together with van 

der Waals interactions[53], with a full definition of the crystal structure being provided in Section 

2.4.3. Despite its 1D nature, Sb2Se3 crystals form from nanoribbons coaxially stacked with long-range 

order, rather than crystals forming from lamellae, as is observed in (similarly 1-dimensional) polymer 

materials. Meanwhile, the van der Waals interactions are stronger in one axis than the other[54], 

meaning that solid Sb2Se3 resembles 2D materials like MoS2 far more closely than it does polymer 

crystals. 

The absence of dangling bonds at the van der Waals boundaries means that benign, 

electrically neutral grain boundaries are a strong possibility for some crystal orientations[48,55], 

improving the utility of Sb2Se3 as a polycrystalline thin film. Temperature-dependent absorption 

methods by Zeng et al.[48] have established that in addition to its direct bandgap at 1.17 eV, Sb2Se3 

also has an indirect gap at 1.03 eV, with the conduction band minima closely-spaced in k-space. 

While the indirect gap does not limit absorption, it may affect device performance if electrons are able 

to thermalize into the indirect, as opposed to the direct, minimum, thereby reducing the effective 

bandgap of the device. This possibility has not been directly observed by experiment, but may explain 

the low photoluminescence yield of Sb2Se3 even at low temperatures[56], as the likelihood of indirect 

radiative recombination is much lower than direct recombination. If this is the case, the maximum VOC 

value achievable in Sb2Se3 would be reduced, as the effective bandgap would be smaller, so the 

possibility of electrons thermalizing into an indirect minimum must be considered during device 

design, and it should ultimately be assessed whether the advantages of Sb2Se3 outweigh this possible 

issue. 

The power conversion efficiencies of Sb2Se3-based devices have progressed rapidly since the 

first device was reported in 2009[57] with an efficiency of 0.66%. This increased to 2.1% by 2014[50] 

and 6.5% by 2017[4], with the current world record (2019) being 9.2%[58]. All of these results were 

achieved with sublimation based methods and employed the n-type partner-layer CdS commonly used 

for CdTe. 
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However, some evidence suggests CdS is not an ideal partner layer for Sb2Se3 due to Cd-

diffusion, which was reported as being behind an additional ‘buried’ homojunction within the 

absorber layer[59]. Indeed, the current world-record device was fabricated in a substrate configuration 

on Mo foil, which allowed the post-growth annealing of the Sb2Se3 to occur before the CdS deposition 

and so limit diffusion[58]. In an attempt to find alternative partner layers, recent work has 

successfully utilised TiO2 with Sb2Se3 deposited by close-space sublimation (CSS), which has 

consistently achieved efficiencies around 6%, while utilising the superstrate configuration employed 

in CdTe device design (see fig 2.1)[60,61]. Schottky barriers at the back contact are a recurring issue 

for CdTe[15] and were shown to also affect Sb2Se3 in Shiel et al.[62] where etching treatments to 

remove native oxides reduced series resistance, but did not increase device efficiency. 

In addition to the pure selenide Sb2Se3, sulpho-selenide variants Sb2(S,Se)3 have also been 

employed to fabricate thin-film solar cells via thermal evaporation[63], which have succeeded in 

reaching ~ 6% efficiencies. 

Despite its rapid technological progress, the small number of publications on Sb2Se3 mean 

that numerous fundamental properties of the material have yet to be fully understood[11], including 

its native defects, doping behaviour, Raman band assignments and extended defects. 

 

2.4.2 Conductivity Type in Sb2Se3 

Despite conductivity being an important property for PV applications, it has not been clearly 

established what the most common origin of free carriers within Sb2Se3 is. Inorganic semiconducting 

compounds may exhibit native conductivity, where point defects contribute electrons or holes to the 

material, an example being p-type self-doping in CZTSSe, which results from copper vacancies (VCu) 

and copper-zinc antisites (CuZn)[21]. Otherwise they may rely on extrinsic impurities to provide 

carriers, as is the case for silicon[2]. Whatever defects are present in the material must be ionised in 

order to contribute to doping, requiring that they be ‘shallow’, i.e. at an energy level not more than ~ 

kT from the conduction (for electrons) or valence bands (for holes). As mentioned in the review paper 



CHAPTER 2. LITERATURE REVIEW OF CZTSSe AND Sb2Se3 IN PHOTOVOLTAICS____________________ 
 

33 
 

by Zeng et al. [48], Sb2Se3 is frequently reported as being p-type, with no major works reporting bulk 

n-type conductivity. However, DFT calculations from Savory et al.[64] suggest that the pure material 

ought to be non-conductive, due to compensation of donors and acceptors by other native defects. 

This would mean that the conductivity type in Sb2Se3 may be very sensitive to trace impurities, but 

this has not often been measured directly in the case of Sb2Se3 thin films. Resistive behaviour was 

reported by Bacewicz et al.[65] for material synthesised directly from the elements, whereas 

commercial source material exhibited p-type conductivity. That work also demonstrated that Sb2Se3 

could be extrinsically doped, finding partial success with Sn, In, Ge and Pb. The possibility of 

extrinsically doped Sb2Se3 is also supported by the theoretical work of Stoliaroff et al.[66] which 

suggests Sn and Cu for p-type and Cl, Br and I for n-type doping. Clearly if pure Sb2Se3 is intrinsic, 

but may be extrinsically doped by several routes, then the conductivity type may be very dependent 

on the impurities in the source material, from processing and from diffusion of the PV partner layers. 

 

2.4.3 Crystal Structure, Anisotropy, Native Oxide and Extended Defects 

a) – The crystal structure of Sb2Se3 

The crystal orientation of Sb2Se3 grains forming the absorber layer is of great importance as 

the material is anisotropic, making significant variations in conductivity, absorption and band 

positions with crystal axes likely[67]. The controlled orientation of Sb2Se3 grains has already proven 

crucial to achieving high efficiencies through minimising carrier recombination with benign grain 

boundaries[9,55]. 

The crystal structure of Sb2Se3 is defined by an orthorhombic space-group, and as explained 

by Tideswell et al.[53] the atoms in Sb2Se3 all occupy 4c Wyckoff sites with a set of 4c positions for 

each of the two Sb and three Se atoms. Each set has unique positions in x and z, with the y position 

being restricted to ¼ or ¾. The possible positions of atoms on the 4c Wyckoff sites are shown in 

Table 2.2, as well as the experimentally measured atomic positions for the five unique atoms (i.e. the 
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values of x and z) as reported by Caracas et al.[68] The unit cell of Sb2Se3 is shown in fig. 2.9, 

showing each unique atom with a multiplicity of 4. 

Atom 
Wyckoff 

Site 
x Position y Position z Position 

Theoretical 

Sb1 

4c x, (-x + ½), -x, (x + ½)   ¼ , ¾ , ¾ , ¼ 
z, (z + ½), -z, (-z + 

½)   

Sb2 

Se1 

Se2 

Se3 

Experimental[68] 

Sb1 

4c 

0.53040 ¼  0.17210 

Sb2 0.64750 ¾ 0.46040 

Se1 0.62890 ¾ 0.05530 

Se2 0.71410 ¼ 0.30510  

Se3 0.44640 ¾ 0.37130 

 

Table 2.2 Crystal structure of Sb2Se3, with experimental values for atomic positions taken from [68]. 

 

The space group of Sb2Se3 may be described by the setting conventions of either Pbnm or Pnma, 

with each describing identical crystal structures, but assigning the Miller indices to different axes. The 

relation between the Miller indices, lattice parameter assignments, and interplanar spacings for the 

two setting conventions are shown in Table 2.3 to allow for simple and unambiguous comparison. 

Either setting convention is equally valid and both are widely applied. For example, [11] and [68] use 

Pnma while [53] and [55] use Pbnm. In this work, Pbnm is used in all cases, as it assigns the [001] 

crystal axis to covalently bonded axis with the short interplanar spacing, judged to make the best 

conceptual sense. 
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Fig. 2.9 Unit cell of Sb2Se3, orthorhombic Pbnm space group, with atoms and bonds shown. 

Images generated using Vesta software[41] from crystal structure in [53]. 

 

 

Plane Spacing (Å) 

Lattice Parameters, Crystal Planes 

Pbnm Pnma 

d100, 001 = 11.648 a (100) c (001) 

d010, 100 = 11.794 b (010) a (100) 

d001, 010 = 3.986 c (001) b (010) 

 

Table 2.3 Comparison of the two orthorhombic space group setting conventions used in the literature 

for Sb2Se3. 

 

b) – Vibrational modes of Sb2Se3 

The low symmetry of Sb2Se3 results in a large number of predicted vibrational modes, with 

the irreducible representation for the Raman active modes of Sb2Se3 given as: Γ = 10Ag +5B1g +10B2g 

+5B3g, 30 in total[69]. These are calculated at the Brillouin zone centre, as the wavelength of visible 
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light (~ 500 nm) is large compared to atomic spacing (0.4 – 1 nm), meaning k-values of incident 

photons are small. Relatively little work has been carried out to assign the Raman-active vibrational 

modes of Sb2Se3, with Vidal-Fuentes et al.[70] being the most comprehensive to date. In that work, 

polarised Raman spectroscopy of a Sb2Se3 single crystal was used to distinguish closely spaced, 

overlapping peaks, as the anisotropy of Sb2Se3 means that peaks may appear with different intensities 

in orthogonally-polarised spectra. Several Raman modes were assigned this way, but there was some 

ambiguity, as the crystal itself was not large enough to allow orientation by XRD or a similar method, 

and so the specific crystal axes were unknown and the B1g, 2g, 3g modes could not be individually 

assigned (these are therefore denoted Bxg in [70]). Nevertheless, the association of Raman modes with 

crystal axes indicates a means to ‘fingerprint’ the crystal orientation of Sb2Se3 grains in a thin film, as 

has been carried out previously for CuInSe2 in the work Schmid et al.[71] 

c) – Identification of Possible Ambiguity from Oxides in the Raman Spectra of Sb2Se3 

Ambiguity also exists in the literature over which Raman peaks correspond to the Sb2Se3 

phase, with the often-cited work by Liu et al.[50] attributing peaks at 190 and 253 cm-1 to Sb2Se3, 

while Shongalova et al.[72] identifies the 253 cm-1 peak as belonging to Sb2O3 instead, while the 190 

cm-1 may belong to either. 

d) – Extended defects in van der Waals materials 

2D van der Waals materials exhibit distinctly different mechanical properties from 

covalently-bonded crystals, with buckling and rippling of monolayers a common feature when under 

stress. Sb2Se3 closely resembles ordered 2D materials, despite its 1D nature, and so it may be 

expected to undergo similar deformations.  One defect observed in van der Waals materials is the 

extended ‘ripplocation’ defect that was only defined as recently as 2015 by the work of Kushima et 

al.[73]. These defects result when strain within a van der Waals material is relieved through the 

rippling and wrinkling of atomic layers without any covalent bonds being broken, in contrast to slip-

plane dislocations in covalently bonded crystals. ‘Ripplocations’ may be temporary or permanent, 

often accumulating to form extended macroscopic crystal defects[73,74], and have been observed in 
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the 2D material MoS2[73] as well as phyllosilicate minerals[74] and Ti3SiC2[75]. However, they have 

not been reported in Sb2Se3. While extreme ripplocations can lead to layers folding over entirely, such 

features are distinct from the lammelae formed in polymer crystals, as they represent a break in long-

range order due to stress, as opposed to an ordering phenomenon whereby layered crystals are formed 

in polymers. There are no reports to date of ripplocations appearing in polymer crystals, but polymer 

crystals are usually more disordered than inorganic 1D or 2D materials. This could make the 

systematic buckling of oriented polymer chains under stress much more difficult to detect in polymers 

compared to inorganic materials. 
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2.4.4 Point Defects in Sb2Se3 

 An understanding of the point defects present in a semiconductor is necessary to address the 

issues of carrier recombination that limit VOC, but such work is in the early stages for Sb2Se3. DFT 

calculations suggest that the low symmetry of Sb2Se3 means a large number of point defects are 

possible across the five unique atomic sites[64,76]. Attempts to detect and assign deep level defects 

have been made on Sb2Se3 thin films via temperature-dependent conductivity[77], admittance 

spectroscopy[78] and deep-level transient spectroscopy (DLTS)[79]. Meanwhile the work of 

Grossberg et al.[80] provides the only comprehensive photoluminescence (PL) study of Sb2Se3, 

analysing bulk polycrystalline material with the aim of characterising shallow-level defects. PL is not 

reported widely for Sb2Se3 due to its low luminescence yield[80], possibly due to the indirect 

conduction band minimum[48,81]. 

 

2.4.5 Grain Boundaries in Sb2Se3 and Single Crystals 

 The PL study of Sb2Se3 by Grossberg et al.[80] ascribes a prominent peak to the effect of 

grain boundaries, suggesting electrically active defects. Meanwhile the work of Zhou et al.[55] 

suggests many grain boundaries of Sb2Se3 are, in fact, electrically benign, specifically where grain 

boundaries line up with the van der Waals-bonded crystal planes. Therefore, producing thin films with 

columnar grains where the covalently bonded axis runs from the back-contact to the partner layer 

allows this characteristic to be exploited. Characterisation of electrically active defects within Sb2Se3 

single crystals, eliminating the influence of grain boundaries, has not been carried out to date, but 

work on point defects in CdTe by Nagaoka et al.[82] has demonstrated the advantages single crystals 

offer in this regard. 

Indeed, reports of the growth and characterisation of Sb2Se3 single crystals are limited. Growth 

was carried out several decades ago by the vertical Bridgman[83,84] and the liquid-encapsulated 

Bridgman-Stockbarger (method described in [85]) solidification methods[65], and what little work 

has been reported more recently concerns topological insulators rather than PV[86]. 
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2.4.7 Opportunities for Further Work 

The literature for Sb2Se3 signposts several key areas that may provide opportunities for productive 

future investigations. For one thing, little of the work so far described was carried out on single 

crystals, so attempts to grow single crystals of Sb2Se3 may provide superior compositional control, 

purity, elimination of grain boundaries and flat, optically favourable crystal facets of a known 

orientation. This may enable the gathering of definitive evidence into the origins of conductivity 

within Sb2Se3, whether native or due to extrinsic impurities. Following on from this, an investigation 

into the efficiency of extrinsic doping of Sb2Se3 with different elements, both p-type and n-type, and 

the effects upon photovoltaic performance, could be carried out. Other investigations could attempt 

the detection of deep-level point defects with deep-level transient spectroscopy, with 

photoluminescence permitting investigation of shallow defect levels. Furthermore, crystallographic 

measurements with electron-backscattered diffractometry (EBSD) could detect stress-induced long-

range defects in Sb2Se3 and establish what form they take. Raman measurements could also be carried 

out on facets of known orientation to examine anisotropies in the spectra that result. 

Moving beyond single crystals in isolation, the nature of contact barriers in Sb2Se3 could be 

investigated further to inform the study of back-contact barriers in solar cells and to allow capacitive 

profiling of Schottky junctions. The fabrication of Sb2Se3 single crystal solar cells may also be 

possible, allowing PV working parameters to be characterised in the absence of grain boundaries. 

More generally, further evidence of the signature of Sb2O3 in Raman spectra would be desirable 

to aid phase identification and determine the extent of oxidisation within thin films. Finally, an 

investigation into the phase stability of Sb2(S,Se)3 compounds may inform the choice of thermal 

regimes used for device processing, with the measurement of a Vegard relation aiding compositional 

determination. 

All of these areas have the potential to inform the production of higher-performing Sb2Se3 solar 

cells, and many have been addressed in this thesis. 
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3. Experimental Methods 
 

3.1 Introduction and Scope 

This chapter details the theory and practice of the experimental techniques employed in this 

thesis, as well as specific details of the equipment and parameters applied. Methods of sample 

preparation are covered in Section 3.2, including details of the synthesis and crystal growth methods 

for CZTSSe (Sections 3.2.1, 3.2.2 and 3.2.5.2) and Sb2Se3 and Sb2S3xSe3(1-x) (Sections 3.2.3, 3.2.4, 

3.2.5.1, 3.2.6, 3.2.7 and 3.2.8). Methods and details of physical characterisation are described in 

Section 3.3, chemical analysis in Section 3.4, while characterisation methods for the electrical 

properties of Sb2Se3 crystals and solar cells are described in Section 3.5. 

 

3.2 Crystal Synthesis and Fabrication Methods 

3.2.1 Direct Synthesis of CZTSSe Feedstock 

Polycrystalline Cu2ZnSn(S,Se)4 (CZTSSe) ‘feedstock’ was synthesised via direct synthesis 

from powdered elements with constant metal (cation) proportions and varying proportions of sulphur 

to selenium. The quantity x was defined as x = S/(Se+S), i.e. x = 0 corresponds to CZTSe and x = 1 

corresponds to CZTS. Elemental powders were weighed on an ADAM PW 124 analytical balance 

with a precision of 0.1 mg. 

Samples with x - values from 0 to 1 in steps of 0.1 were synthesised. Elements of purity Cu-

3N, Zn-5N, Sn-3N, S-3N and Se-5N, from Alfa Aesar were used in stoichiometric proportions of 

metals to chalcogens, determined by weighing. Powders were loaded into 16 mm diameter quartz 

tubes and flushed three times by evacuating to 10-2 mbar then filling with 900 mbar of Ar before 

evacuating to 10-5 mbar, and sealed at a length of 12 cm. Ampoules were heated to 800°C at 1.5°C 

min-1, the heating rate being selected to allow sulphurisation/selenisation of the elements to avoid 

large vapour pressures, and held for 24hrs to allow for full reaction and homogenisation. They were 

then cooled at 0.5°C min-1 to 350°C to allow for crystallisation, after which the furnace was switched 

off and the ampoules were left to free cool in the furnace. As 350°C lies above the reported 
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order/disorder transition for CZTS at 260°C[1] and CZTSe at 200°C[2], this material was expected to 

take the form of partially disordered kesterite. 

 

3.2.2 Growth of Crystallised CZTSSe from Molten Salts 

CZTSSe feedstock was reground for the crystallisation process, where powdered feedstock 

and the solvent, a NaCl/KCl mix, were loaded into a 16 mm diameter quartz tube. NaCl/KCl was 

selected for its non-toxicity, with its suitability as a solvent for CZTSSe already demonstrated in other 

works (see Section 2.3.4). It was used for the whole composition range 0 ≤ x ≤ 1 of feedstock, with 

the salts dried beforehand, and a 16 mm diameter tube used. The molar ratio of salts NaCl:KCl used 

was 1:1. 

 A DSC scan for the NaCl/KCl mixture itself (1:1 molar ratio, with no CZTSSe added) is 

shown in fig. 3.1 and a large endotherm peak is observed., indicating a eutectic point where the solid 

mixture transitions to a single-phase liquid. The peak exhibits two components, at 655°C and 660 °C, 

most likely indicating some uneven melting of the solid salt particles. The deeper minimum at of 660 

°C was taken as the eutectic point, as it was assumed that more complete mixing was achieved at the 

higher temperature. Having established that the NaCl/KCl mix is liquid above 660°C, this liquid 

served as the solvent for CZTSSe. The molar ratios of CZTSSe to the salt-mix solvent used were 1:8, 

1:16 and 1:32. Tubes were evacuated to 10-2 mbar then filled with 900 mbar of Ar, then evacuated 

again, three times, before evacuation to 10-5 mbar. 

The sealed ampoules were placed in a two-zone horizontal tube furnace where the 

temperature profile varied with time as follows: Both zones of the furnace were heated to a peak 

temperature of 785°C for CZTSe (x = 0), 875°C for CZTS (x = 1), and to temperatures interpolated 

between these values for the samples with intermediate composition (0 ≤ x ≤ 1). This linear 

interpolation was influenced by DSC taken from the feedstock series (Section 4.2.2) where a 

decomposition transition (expected to correlate with melting point) was observed to follow a linear 

trend with x from 778°C to 866°C. It was also influenced by the original investigation in the literature, 
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where a top temperature of 750°C was used for CZTS (see Section 2.3.4). In that case, however, 

source elements, rather than pre-synthesised CZTS, were added to the solvent, so in this work, higher 

temperatures were expected to be necessary for melting as opposed to reaction (Pure CZTS melts at 

986°C but, as evidenced by the results in Section 4.2.1, will form from reaction at 800°C). With both 

zones at the peak temperature, the temperature of one zone, where the tube tip was situated, was 

lowered by 10°C, establishing a temperature gradient of around 1°C cm-1 along the ampoule length. 

Both zones were then cooled simultaneously at a rate of 0.4°C hr-1, lowering the overall temperature 

profile of the furnace over a window of 55°C. The window was selected as preliminary investigations 

with CZTS (not shown) demonstrated larger crystal grains if slower cooling was used in this range, 

suggesting that the solidification point lies within this window. A square quartz seed plate 10 x 10 

mm in size was placed near to the tube tip for some crystallisation runs to encourage nucleation and 

growth of flat samples. All crystals grown from solution in molten salts were cleaned by soaking in 

DI water prior to characterisation.  

Fig. 3.1. DSC heat flow (during heating at 5°C min-1) against temperature plot for NaCl/KCl only, 

with a molar ratio NaCl:KCl of 1:1. The large peak with the deeper minimum at 660°C represents an 

endotherm, indicating melting of the eutectic mixture (see text for a discussion of the shoulder at 

655°C).  

660°C 655°C 
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3.2.3 Direct Synthesis of Sb2Se3 and Sb2S3xSe3(1-x) 

Direct synthesis of doped and undoped Sb2Se3 from the elements was carried out by loading 

elemental Sb (Alfa Aesar 6N) and Se (Alfa Aesar 5N) shot having a total mass of 8g, into a 16 mm 

internal diameter quartz tube. Stoichiometry was controlled by weighing, with ‘stoichiometric’ 

composition being defined as < 0.01 at% deviation, while ‘Se-poor’ and ‘Se-rich’ are defined as 

deviations of 0.1 at%. Given the masses of Sb and Se used, and the precision of the balance being 0.1 

mg, the precision of the weighing method was ~0.0013 at%, allowing these deviations from 

stoichiometry to be chosen at the weighing stage. The deviations from stoichiometry were judged too 

small to detect with the post-growth chemical analysis techniques available, so this was not done and 

the weighed ratios were assumed to carry-through into the processed samples. For some samples, Sn 

(3N Alfa Aesar) was included as an extrinsic dopant, with a concentration of 0.1 at% determined by 

weighing, meaning that a Sn concentration of 7 x 10-18 cm-3 was expected in the synthesised material. 

As before, the tubes were evacuated and flushed with argon, repeated three times, evacuated to 10-5 

mbar and sealed. The ampoules were placed in the centre of a single-zone horizontal tube furnace and 

heated to 615°C, held for 24 hrs, before cooling to 300°C at a rate of 1.5°C min-1. The furnace was 

then turned off, with the ampoules left to cool naturally. Given the high vapour pressure of Sb2Se3, it 

was assumed that the samples would be effectively homogenised through mixing in the vapour phase 

while being held at 615°C, so additional grinding and reaction steps were not used. When used as 

source material for growth runs, this material was powdered a second time. 

Direct synthesis of Sb2S3xSe3(1-x) from compounds was carried out by loading commercial pre-

synthesised Sb2Se3 (Alfa Aesar 5N) and Sb2S3 granulate (Alfa Aesar 5N), at a total mass of 5 g, into a 

16 mm internal diameter quartz tube. The ratio of sulphur to selenium, the x – value, was based on the 

weighed quantities of Sb2Se3 and Sb2S3, and x – values of 0.2 and 0.5 were used. The evacuation and 

sealing procedure for the tubes was as before. The ampoules were placed in the centre of a single-

zone horizontal tube furnace and heated to 630°C, held for 24 hrs, before cooling to 300°C at a rate of 

1.5°C min-1. The furnace was then turned off, with the ampoules left to cool naturally. 

Homogenisation was also expected to occur through the vapour phase, as Sb2S3 similarly has a high 
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vapour pressure[3] so only one step was used for synthesis, rather than the material being powdered 

and reacted again. 

 

3.2.4 Vapour Growth Methods for Sb2Se3 

The Piper-Polich and self-selecting vapour growth (SSVG) techniques both make use of 

thermal gradients to drive vapour transport within ampoules sealed at low pressure, and to promote 

growth, but otherwise work in quite different ways. 

 

3.2.4.1 Piper-Polich Growth 

In the Piper-Polich method[4], the growth tube is filled at one end with the source material, 

which is placed at the centre of a single-zone furnace. The vapourised material then diffuses from the 

high-pressure region at the hot end of the tube to the lower pressure region at the cold (growth tip) 

end. As such, this process utilises the natural horizontal temperature gradient as shown in fig. 3.2a. 

The fastest-growing crystal orientations are expected to dominate, and growth is seedless. 

 

Fig. 3.2 Schematic diagrams of the vapour-growth processes a) Piper-Polich growth and b) self-

selecting vapour growth, with ideal horizontal temperature profiles underneath. 
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In this work, Piper-Polich growth was carried out by loading a quartz tube of 10 mm internal 

diameter, closed at one end with a pointed growth tip, with ~ 5 g of commercial Sb2Se3 granulate 

(Alfa Aesar 5N). Flushing with argon and evacuation was as above, with a 5.5 cm active length. 

Ampoules were placed in a single-zone horizontal furnace with the charge at one end, in the furnace 

centre, and heated to 605°C. The thermal profile for the single-zone horizontal furnace was not 

measured directly, but it was assumed to be of the roughly parabolic form observed for the single-

zone vertical furnace (see fig. 3.5), with a level region at the furnace centre. The temperature at the 

growth tip, 5.5 cm from the furnace centre, was measured as 523°C, so an approximate temperature 

gradient of ~ 15°C cm-1 was assumed in the region between the charge and the growth tip. The tube 

was left at the growth temperature for 10-14 days before the furnace setpoint was cooled to 300°C at 

5°C min-1, and the tube left to cool naturally in the furnace after switching off. 
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3.2.4.2 Self-Selecting Vapour Growth 

In contrast to Piper-Polich growth, SSVG utilises the radial temperature gradient present in a 

horizontal tube furnace [5,6], with the temperature minimum at the axis of the tube and a continuous 

increase as far as the tube walls. At the tube walls, a discontinuous temperature increase results at the 

point of contact with the furnace walls – the result of moving from a radiative heating regime to 

conductive heating. This situation is illustrated in fig. 3.2b. 

The radial temperature gradient results in vapourisation of a polycrystalline source where it is 

in contact with the bottom of the tube, encouraging transport to the axial, cooler part of the tube. Here, 

vapour growth is seeded by the crystals at the top of the source and condenses, increasing the crystals’ 

size. In this process, the fastest-growing crystal orientations at the top are favoured, and as the 

material at the bottom of the tube is vapourised, the large crystals at the top progressively make up a 

greater proportion of the overall mass. Therefore, if conditions are right, the larger single crystals will 

begin to dominate, with the mass they lose to vapourisation underneath being constantly replenished 

by condensation at the top[5]. The ideal temperature configuration for SSVG is shown in fig. 3.2b and 

makes use of a three-zone horizontal tube furnace, with the central zone at a lower temperature than 

the outer zones. This is to prevent vapour transporting away from the centre of the tube where SSVG 

is favoured. It ensures that the central zone profile is as flat as possible, again to prevent horizontal 

transport of vapour and encourage the vertical vapour transport required for SSVG. 

For self-selecting vapour growth in this work (SSVG), 5 g of Alfa Aesar (5N) Sb2Se3 was 

loaded into a 10 mm internal diameter quartz tube. Flushed with argon, evacuated to 10-5 mbar and 

sealed at a length of 7.5 cm. Ampoules were placed with the centre of the tube aligned with the 

(horizontal) centre of an open-ended single-zone horizontal tube furnace, the same furnace as was 

used for Piper-Polich growth (Section 3.2.4.1) at a temperature setpoint of 605°C. The thermal profile 

for the single-zone horizontal furnace was not measured directly, but it was also assumed to be 

roughly parabolic, as observed for the single-zone vertical furnace (see fig. 3.5). This inferred 

temperature profile, as represented in fig. 3.3, differed from the ideal temperature profile required for 

SSVG, but a more level temperature profile was expected in the furnace centre where the tube was 
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placed (as observed for the single-zone vertical furnace in fig. 3.5), and growth exploiting the radial 

temperature profile was still expected. 

 

Fig. 3.3 Diagram of the single-zone furnace setup applied in this work to carry out SSVG of Sb2Se3. 

This differs from the ideal furnace setup for SSVG (see fig. 3.2b) in the form of the horizontal 

temperature profile, which came as a result of using a single-zone furnace rather than the three zones 

required for the ideal profile. SSVG is still expected to occur due to the presence of the radial 

temperature profile. 

 

3.2.5 Vertical Bridgman and Directional Freezing Methods 

The vertical Bridgman method is a technique for growing large single crystals which is well 

established for binary compounds. It involves the transport of a sealed crucible filled with molten 

material through a vertical temperature gradient[7]. The ampoule may be raised or lowered, with the 

crystallisation proceeding in the opposite direction to the motion of the crucible. Through slow 

movement as well as rotation of the crucible, conditions close to equilibrium are achieved. The 

growth of existing crystals from the melt (often a seed crystal is placed in the bottom of the crucible) 
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is favoured over further nucleation within the melt. An illustration of the process of vertical Bridgman 

for a single-zone vertical furnace is shown in fig. 3.4. 

 

Fig. 3.4 Illustration of the vertical Bridgman technique for a single-zone vertical furnace. 

 

A technique similar to vertical Bridgman, the directional freezing method[8] works on the 

same thermal principles i.e. an ampoule is moved slowly through a vertical temperature gradient to 

encourage crystal growth. However, while vertical Bridgman uses a pure melt, the directional freezing 

method uses the target compound in solution with another material, in order to reach the liquid phase 

at lower temperatures. 

 

3.2.5.1 Vertical Bridgman Growth of Doped and Undoped Sb2Se3 Single Crystals 

The vertical Bridgman growth (Section 3.2.2) of Sb2Se3 crystals proceeded as follows: ~ 6 g 

of powderised Sb2Se3 source material was loaded into quartz tubes of either 4 mm or 10 mm internal 

diameter and 20 cm long. The source material used included both Alfa Aesar (5N) Sb2Se3 and Sb2Se3 

synthesised directly from the elements, the latter being either stoichiometric (<0.01 at% deviation 

from stoichiometry), Se-rich or Se-poor (both ~0.1 at% deviation from stoichiometry), with this 

stoichiometry inferred from the proportion of weighed elements used for synthesis. The precision of 
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stoichiometric control at the weighing stage was ± 0.0013 at%. Given the small differences in 

composition between these sample types, the difference was not expected to be discernible through 

post-growth chemical analysis, so this was not done. The samples were either left undoped or doped 

through the addition of elemental Sn powder (3N Alfa Aesar) or MgCl2 powder (3N Sigma Aldrich). 

Quantities of 0.1 at% dopants were weighed and mixed into the Sb2Se3 powder before loading the 

growth tube. Based on these quantities, atomic densities of 7 x 1018 cm-3 Sn or 7 x 1018 cm-3 Mg and 

1.4 x 1019 cm-3 Cl were expected in the doped crystals (assuming full incorporation). These were 

expected to provide sufficient concentrations for high carrier densities if activation occurred. 

Once the tubes were filled, the powder was pressed manually to ensure it stayed in place, but 

mechanical packing was not carried out and so a high-density powder was not expected. After 

flushing with argon and sealing either under 10-5 or 100 mbar argon, ampoules were placed in a 

single-zone vertical tube furnace starting with the lower tip of the tube at the maximum temperature 

point of the furnace. The static thermal profile for the furnace during this process is shown in fig. 

3.5a. The thermal profile was directly measured at a temperature setpoint of 610°C (shown in blue), 

where the actual peak temperature was found to be 605°C. As this was too low to melt the powdered 

Sb2Se3 (melting point 611°C), the temperature setpoint was raised to 630°C for the growth runs in this 

work. The profile was not measured directly at this setpoint, but it was assumed to have similar form 

to the profile for a 610°C setpoint, with the peak temperature expected to be similarly ~5 °C below the 

setpoint, i.e. 625°C. This scaled profile is also shown in fig. 3.5a (in red) and is assumed to hold for 

the Sb2Se3 growth runs discussed, with the expected thermal gradient in the working range based off 

this profile. 

In each case, the growth ampoule was heated to the peak temperature (625°C) and left for 

several hours, before dropping at 1.15 mm/hr, rotating at ~ 1 revolution per minute. The ampoule was 

thus moved vertically through the natural temperature gradient of the furnace, as inferred from the 

temperature profiles in fig. 3.5a to be 0.6°C/ mm, over a period of 7 days, after which the furnace was 

turned off, and the ampoule left to cool naturally. Each growth run passed through the thermal 

gradient only once, with the slow growth speed expected to provide good homogeneity. 
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The vapour pressure of Sb2Se3 was measured by Liu et al. [9] based on eq. 3.1: 

 log10(𝑃) = 𝐴 −
𝐵

𝑇
 (3.1) 

where P is pressure in mmHg, T is temperature in K, and A and B are estimated from experimental 

data as A = 8.7906 and B = 6432.6 K. 

Based on this, an ampoule sealed under vacuum would be expected to contain an atmosphere 

of Sb2Se3 of 52 mbar at 898 K (the top temperature expected). Meanwhile, an ampoule sealed under 

an Ar pressure of 100 mbar at 300 K would be expected (from the ideal gas law) to have an Ar 

pressure of 298 mbar at 898 K, almost 6x larger than the vapour pressure of Sb2Se3 expected at this 

temperature. As a result, the Ar pressure of 100 mbar applied during sealing at 300 K was expected to 

suppress major vaporisation of Sb2Se3 at the highest growth temperature and prevent boiling of the 

melt where applied. 

3.2.5.2 Growth of CZTS Crystals from Sn by Directional Gradient 

Freeze Technique 

Sn was used as the solvent for the crystallisation of CZTS (x = 1) only, using a 10 mm 

diameter tube. The tube was loaded with powdered CZTS feedstock and elemental Sn powder in a 

ratio of 70 mol% CZTS to 30 mol% Sn, matching the compositions used for crystal growth of CZTS 

in the literature[8]. The tubes were evacuated and flushed three times with argon before evacuation to 

10-5 mbar. The directional gradient freeze technique was applied with the intent of growing large 

single crystals of CZTS, utilising a single-zone vertical tube furnace at a peak temperature of 900°C, 

as measured directly from the thermal profile of the furnace at a 915°C setpoint, shown in fig. 3.5b. 

Ampoules were lowered though the furnace at 0.6 mm hr-1, with the temperature gradient of the 

furnace estimated as 1.3°C mm-1 in the working range, based on the measured thermal profile (fig. 
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3.5b). Upon removal from the growth tube, the ingot was cut to remove the solvent Sn which had 

segregated to the top of the growth tube.  

Fig. 3.5 Thermal profiles of vertical furnace used for vertical Bridgman and directional gradient 

freeze growth. a) thermal profile measured at a setpoint temperature of 610°C (blue) and the same 

profile scaled to that expected for a setpoint of 630°C (red). b) thermal profile measured at a setpoint 

of 915°C. 

3.2.6 Thermal Evaporation of Semiconductor Thin Films and Metals 

Thermal evaporation provides a quick and simple method to deposit thin layers of 

semiconductors or elemental metals. Source material is loaded into a crucible or boat in a chamber 

evacuated to low pressure (10-4 mbar). The substrate is placed within the line-of-sight of the crucible 

which is heated to high temperature to vapourise the source. The thickness of deposited layers is 

monitored by a quartz microbalance, allowing a fine degree of control over the thickness of the layers. 

Depending on the material and whether the substrate is heated, post-growth annealing may be 

required to influence the crystallinity of the thin films. 

In this work, thermally evaporated Sb2Se3 devices were fabricated in superstrate 

configuration. 10 x 10 cm2 squares of TEC-10 (sheet resistance = 10 Ω / □) FTO-coated glass were 

used as the superstrate (NSG Pilkington). CdS was sputtered onto it in an AJA International ATC 

Orion sputtering system under 5 mTorr Ar, with a substrate temperature of 200°C at a power of 60 W 

for 24 mins, resulting in a layer 80 nm thick. 
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Commercial Alfa Aesar (5N) Sb2Se3 and Sb2Se3 produced by direct synthesis from elements 

with stoichiometric undoped and Se-rich Sn-doped compositions were used as source material to 

deposit the Sb2Se3 absorber layer. Separate crucibles were used for each source to prevent 

contamination by elemental impurities, and a Moorfield Minilab 080 thermal evaporator was used 

with an Infinicon SQC-310C deposition controller. 800 nm of Sb2Se3 was deposited in each case with 

the substrate at room temperature. 

The coated squares were broken into eight 2.5 x 5 cm2 pieces, and each was individually 

annealed on a Fisher Scientific Isotemp hotplate inside a Jacomex GP Campus N2 glovebox at 300°C 

for 10, 20, 25, 30 or 40 mins. Poly(3-hexylthiophene) (P3HT), with a concentration of 4 mg/ml in 

chloroform was deposited onto the Sb2Se3 by spin coating at 5000 rpm, and was intended to act as a 

hole transport layer (i.e. p-type) at the back contact and improve baseline efficiency. 28 Au contacts 

0.1 cm2 in size and 50 nm thick were deposited through a mask by thermal evaporation. One 2.5 x 5 

cm2 device plate having 28 individual cells was fabricated for each doping type and anneal time. 

Measurements of working parameters for all cells were averaged and standard deviation taken 

for the device as a whole. Since solar cell performance will vary across a given device, the cell with 

the highest efficiency was reported as the ‘champion’ cell, representing the best possible performance 

for the device, although such cells did not represent the distribution across the whole device. 

 

3.2.7 Close-Space Sublimation of Semiconductor Material 

Close-space sublimation (CSS) is used for the production of semiconductor thin films, but in 

contrast to thermal evaporation, it takes place under higher pressures (~ 1 mbar) and the source and 

substrate are placed in close (~ 1 mm) proximity. Additionally, the source material granulate is placed 

in a source tray having an area equal to that of the substrate, allowing for efficient materials transfer. 

Annealing within the chamber, combined with carefully controlled source-temperatures and pressures, 

all allow for a greater degree of control over the crystallisation of semiconductor thin films than for 

thermal evaporation, with larger crystal grains produced. 
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In this work, Sb2Se3 thin films were synthesised via a two-stage close-space sublimation 

(CSS) process. TEC-10 (sheet resistance = 10 Ω / □) FTO-coated glass sections were used as the 

substrate (NSG Pilkington). In the first growth step, lasting 2 mins, a source temperature of 340°C 

and pressure of 0.05 mbar was used, followed by in-situ annealing for 10 mins in 260 mbar N2. In the 

second growth step, lasting 15 mins, a source temperature of 460°C and 13 mbar pressure was used. 

This two-stage process was used in order to achieve a similar film morphology to what has been used 

in highly-efficient Sb2Se3 solar cells, where the first growth step deposits a densely-packed ‘seed-

layer’ which allows the larger grains grown in the second step to remain densely-packed[10]. This 

process was used so that the samples measured in this work would have applicability in the context of 

solar cells. After growth, the substrate was split into four sections, with one section unannealed (CSS-

5NAA-Un-25) and the other three annealed in air on a hotplate at 100 (CSS-5NAA-Un-100), 200 

(CSS-5NAA-Un-200) and 400°C (CSS-5NAA-Un-400). 

 

3.2.8 Fabrication of Sb2Se3 Single Crystal Substrate Devices 

Single crystal substrate devices were formed from cleaved sections of Sb2Se3 single crystals 

grown by vertical Bridgman. Both n-type and p-type crystals were used, with areas of ~ 4 x 4 mm2, 

and thicknesses in the range 0.2 - 0.5 mm. Au contacts were first evaporated onto the crystal sections 

and then sputtering of CdS onto the opposite face was carried out in a AJA international ATC Orion 

system with the substrate crystals at 200°C, under 5 mTorr of Ar and 60W power for 24 minutes, 

yielding layers ~80 nm thick. Some crystals were removed at this point, while others then had a layer 

of tin-doped indium oxide (ITO) sputtered within the same chamber (without breaking vacuum) using 

a power of 60W, pressure of 5 mTorr, and substrate temperature of 200°C for 2hrs, producing a film 

around 200 nm thick with a sheet resistance of ~ 10 Ω / □. Crystals without ITO deposited had a bead 

of Ag paste placed directly on the CdS to act as the top contact. Crystals with ITO had a smaller bead 

of Ag paste placed on the edge of the ITO for the top contact. All crystals were then mounted on glass 

slides with a line of Ag paste which formed an accessible electrical connection to the Au back contact. 
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J-V measurements were taken with Au-wire probes, placed on the rear and front Ag paste contacts so 

as to complete the circuit. Diagrams of the devices are shown in figs. 6.16a-b. 

 

3.3 Characterisation Methods for Physical Properties 

3.3.1 Cutting, Mounting and Polishing 

A diamond saw with a translation stage and a goniometer was used to cut the samples which 

were first fixed to glass microscope slides using Crystalbond mounting wax. 

Slices of the polycrystalline CZTSSe boules as well as the Sb2Se3 polycrystal grown by the 

Piper-Polich method were cut axially to provide samples for characterisation. The CZTS polycrystal 

grown from the directional gradient freeze technique was cut radially. Oriented slices of Sb2Se3 with 

(100), (010) and (001) surfaces were prepared through visual alignment (using an optical microscope, 

see next section) to the cleavage steps on the (010) plane of the crystals followed by cutting, as 

discussed in Section 5.6.2. Cutting had an uncertainty of ± 1°. 

To prepare the cut surfaces for further studies, the CZTS, CZTSSe and Sb2Se3 slices were 

mounted in Epofix resin blocks, ground with silicon carbide paper, and mechanically polished 

progressively with 3, 1 and 0.3 μm alumina particles in DI water. The CZTS polycrystal grown from 

Sn solution, and the crystallised CZTSSe solid solutions, were then subjected to a chemical treatment 

with 2 vol% Br in MeOH for 30 s to etch the surface. 

 

3.3.2 Optical Microscopy 

Optical microscopy was carried out with a Nikon Eclipse LV100 microscope in bright field 

mode at 5x magnification. Grain size estimates were based on optical micrographs of an area 1.8 x 2.4 

mm in size. For each image, 4 horizontal and 6 vertical, evenly spaced lines were traced across the 

image. Each line was then divided into sections wherever it intersected a grain boundary. The length 

of the grains intersected by a line was then measured based on the image scale bar, as shown in fig. 
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3.6, with all of these lengths averaged to produce an estimate for the average grain size in the image. 

The uncertainty is quoted as the variance in each case. 

Fig. 3.6 Illustration of the method applied to estimate average grain size from optical micrographs, 

with the intersections with grain boundaries being shown for one vertical and one horizontal line. 

 

3.3.2.1 Differential Interference Contrast Microscopy 

Differential interference contrast (DIC) microscopy is as method for enhancing the contrast of images 

viewed through an optical microscope. The method works by splitting the incident light from the 

illumination source image using a polariser and a Normarski prism that displaces two orthogonally 

polarised images by a small distance, or ‘shear’, typically ~ 1 μm. When the two beams encounter a 

gradient in the sample surface, they are reflected back with slightly different phases. The two beams 

are then recombined in the same Nomarski prism, and if the change in the path length of the light 

across the shear distance is close to a half-wavelength of the incident light, destructive interference 

will occur, and the region will appear dark on the DIC image. As a result, the brightness levels in DIC 

images correspond to gradients on the sample surface on the order of the illumination wavelength. As 

a result, DIC allows the topography of relatively flat samples that would be otherwise appear 

featureless to be observed[11]. In this work, DIC microscopy was carried out with the same 

equipment as the standard optical microscopy. 
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3.3.3 X-ray Diffraction 

X-ray diffraction (XRD) is the subject of book length reviews, e.g. [12]. Briefly, for 

diffraction to occur, the Bragg condition (eq. 3.2) must be satisfied. 

 𝑛λ = 2𝑑ℎ𝑘𝑙sinθ (3.2) 

where λ is the wavelength of the incoming x-rays, n is the order of diffraction, θ is the angle between 

the atomic plane and the incident beam, and dhkl is the interplanar spacing. The factor n means that for 

a single crystal plane, multiple reflections, hkl, may be expected, where h, k and l are the Miller 

indices. In order to avoid the need to determine n explicitly, it is usually accounted for by adjusting 

the Miller indices of the reflection. This convention is equivalent to interpreting the patterns assuming 

that n = 1, and indeed the term n is often omitted from equation 3.2. 

The relation of dhkl to the specific lattice parameters of a crystal will vary depending on the 

symmetry of the crystal lattice. For a tetragonal crystal system, such as CZTSSe, the interplanar 

spacing dhkl may be related to the Miller indices and unit cell parameters by eq. 3.3. 
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1
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ℎ2 + 𝑘2
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where a and c are the lattice parameters of the crystal. 

For an orthorhombic system such as Sb2Se3, the interplanar spacing is defined by eq. 3.4. 
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where a, b and c are the crystal lattice parameters. In order to avoid the need to determine n explicitly, 

it is usually accounted for by adjusting the Miller indices of the reflection. For example, the notation 

d200 represents the 2nd-order reflection from the crystal plane (100), while d100 is the 1st-order 

reflection. 

In this work, samples were analysed in the parallel-beam θ-2θ configuration as shown in fig. 

3.7. The parallel-beam geometry is functionally similar to the well-established Bragg-Brentano 
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geometry, but differs in that it utilises a collimated beam of x-rays, rather than a focussed beam, with 

the beam size defined by an aperture. This allows for more freedom in the distance from source to 

sample and sample to detector compared to Bragg-Brentano geometry[13]. Both methods allow 

scanning over a large range of Bragg θ and hence the measurement of the full set of d-spacing 

presented by the samples investigated. This d-spacing measurement ultimately allows the diffracting 

planes to be indexed using eqs. 3.3 and 3.4[12]. As the angle between source and sample is changed, 

the area of the footprint of the collimated beam on the sample, (and therefore the sampled area) will 

also change, but this was not corrected for in this work, because all samples, as measured, were 

assumed to be uniform. 

 

Fig. 3.7 Illustration of the relationship between the sample, source and detector in an XRD θ-2θ 

(parallel beam) scan. At the scan start, 2θ = θ = 0, and source both and detector are moved 

synchronously and stepwise to scan the 2θ axis of a diffraction pattern. 

 

XRD was employed for three main uses in this work: the identification of a specific crystal 

phase; the measurement of lattice parameters; and the determination of the crystal orientation of a 
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sample surface. For the former two, samples were examined in powderised form (powder XRD), 

while solid single crystal sections were used for the last. 

Powder XRD ensures that individual crystalline particles are randomly oriented, and a large 

number of particles ensures that every possible set of crystal planes is available for diffraction. 

However, for the θ-2θ geometry shown in fig. 3.7 only the subset of grains having planes parallel to 

the sample holder plate can meet the Bragg condition (eq. 3.2) and hence contribute to the diffracted 

intensity. For powder samples, the set of specific spacings of the peaks acts as a structural 

‘fingerprint’ for a given material, allowing for unambiguous phase identification from a 2θ scan, 

although CZTSSe is an exception to this (Section 2.3.3). 

A more randomised overall crystal orientation for a powder is achieved by grinding for a 

longer period of time, while grinding for a shorter time may result in a ‘preferred orientation’ where 

scattering from some crystal planes is more likely than others. This means that certain peaks in the 2θ 

scan will have higher intensities than would be expected for a fully random condition. 

Powder XRD patterns are commonly analysed through the process of Rietveld refinement, 

which generates a modelled diffraction pattern based on a set of initial structural parameters including 

lattice parameters, and which use literature data as the starting point. These structural parameters may 

then be iteratively refined until the modelled diffraction pattern matches most closely with the 

experimentally observed pattern[14]. The goodness-of-fit is determined by the minimisation of the 

conventional Rietveld parameters. 

There are several Rietveld parameters, all of which define goodness-of-fit in different ways, 

but no single parameter is a definitive quantification of fit quality. A detailed discussion of all of the 

Rietveld parameters is not included in this work, but may be found in [15]. 

Of the conventional Rietveld parameters, the chi-square statistic (χ2) is a reasonable 

quantification of the goodness of fit[15], and one that is commonly quoted, provided that the other 

parameters have small values. It is used throughout this work. 
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In contrast to powders, when a single crystal is examined under XRD in θ-2θ geometry, only 

the single set of crystal planes that is parallel to the substrate holder will produce diffraction peaks, 

meaning that only a single peak and its higher order reflections may be expected. If no crystal planes 

are aligned with the plane of measurement, no peaks will appear. Therefore the appearance of a single 

diffraction peak and its higher orders provides evidence for a single crystal, with its planar orientation 

indicated by the angular position of the peak. However, there are limitations to this approach, not least 

because a single θ-2θ scan is insensitive to rotations about the axis of the diffraction plane, and so 

cannot distinguish a single crystal from a polycrystalline material with the grains presenting the same 

crystal plane, but rotated axially relative to one another (i.e. a preferred orientation). Furthermore, 

given the alignment criterion for Bragg reflection, secondary crystallites may be ‘invisible’ to the scan 

if they do not happen to be aligned appropriately. Because of these factors, a polycrystalline sample 

may appear monocrystalline in a θ-2θ scan, so other identification techniques, such as a rocking-

curve, imaging of Kossel patterns, or inspection of the sample’s cleavage behaviour, may be 

necessary to confirm monocrystallinity. 
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 3.3.3.1 Diffractometer Conditions 

In this work, x-ray diffraction (XRD) θ-2θ measurements for all samples were taken with a 

Rigaku Smartlab x-ray diffractometer with a step size of 0.01° for 2θ. Where powders were used, they 

were dried at 70°C and mounted on the sample stage with vacuum grease. As the parallel beam 

geometry was used, the collimated beam was defined at a constant width throughout the scan by an 

aperture. The sampled area was expected to change with the angle between the source and sample, but 

this was not corrected for as samples were expected to be uniform. 

The following aperture width and radiation selections were used: 

a) CZTSSe (0 ≤ x ≤ 1) feedstock, powderised: Cu Kα1,2 and 10 mm aperture 

b) CZTSSe (0 ≤ x ≤ 1) crystals, powderised: monochromated Cu Kα1 and 10 mm aperture 

c) Large-grained polycrystal CZTSSe: Cu Kα1,2 and 2 mm aperture 

d) Sb2Se3 and Sb2S3xSe3(1-x), powderised: Cu Kα1,2 and 10 mm aperture 

e) Large-grained Piper-Polich Sb2Se3 polycrystal: Cu Kα1,2 and 10 mm aperture 

f) Single crystal Bridgman Sb2Se3: monochromated Cu Kα1 and 5 mm aperture 

In the case of the Sb2Se3 single crystals, 4 measurements were taken with the sample rotated 

axially (about the vertical axis in fig. 3.7) by 45° on the measurement plate between scans. This was 

to account for small misalignments with the plane of measurement and ensure that it was as closely 

aligned with a crystal plan as possible to maximise diffraction peak intensity, with the highest-

intensity scan used in analysis. These rotations were not carried out for other samples. Scans recorded 

early in the project were recorded with unmonochromated Cu Kα1,2 emission lines, but for later work 

a monochromator was used since it simplified the analysis of the diffraction patterns. 

 

3.3.3.2 Rietveld Refinement of Powder XRD Patterns 

Rietveld refinement of all powder XRD patterns was carried out with the Fullprof software 

suite[16], with peaks fitted using the pseudo-Voigt line-shape and a 2θ step size of 0.01°. 
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For CZTSSe, the initial crystal structure was based on the I-4 space group for a kesterite 

structure, with the positions of atoms in the unit cell based on the work of Ritscher and 

Nozakia[17,18] and shown in Table 3.1. This assumes that Se and S (anions) occupy the same sites. 

For the case of disordered kesterite, Cu or Zn may occupy the 2c and 2d sites at random, but they also 

have very similar x-ray scattering factors, meaning that distinguishing between the ordered and 

disordered phases of CZTSSe with conventional XRD is unfeasible. As a result, the Cu and Zn atoms 

of the 2a 2c and 2d Wyckoff sites were treated as equivalent. The initial lattice parameters and anion 

positions were taken from Choubrac et al. for CZTSe (x = 0)[19] and Ritscher et al. for CZTS (x = 

1)[17]. The overall occupancy for all atoms was fixed at 1 with the occupancy ratios based on 

stoichiometric proportions of metals to anions, with the ratio of sulphur to selenium atoms based on 

the weighed proportions (x – value). The lattice parameters of the intermediate compositions were 

interpolated between the values for CZTSe and CZTS, as expressed in Table 3.1. 

Atom 
Wyckoff 

Site 
x Position y Position z Position BIso (Å2) Occupancy 

Cu/Zn 2a 0 0 0 0.1 0.125 

Cu/Zn 2c 0 1/2 1/4 0.1 0.125 

Cu/Zn 2d 0 1/2 3/4 0.1 0.125 

Sn 2b 0 0 1/2 0.1 0.125 

Se 8g 0.755 0.757 0.8718 0.1 0.5·(1-x) 

S 8g 0.755 0.757 0.8718 0.1 0.5·x 

       

Initial 

Lattice 

Parameters: 

a (Å) = -0.262x + 5.6965 

c (Å) = -0.0497x + 11.3394 

 

Table 3.1 Initial structural parameters for Rietveld refinement of the CZTSSe solid solution series 0 ≤ 

x ≤ 1. 
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For Sb2Se3, the initial structural parameters were based on the orthorhombic crystal structure 

reported in Caracas and Gonze [20]. Although Caracas and Gonze apply the Pnma convention in their 

work, the Pbnm convention was used in all reporting within this work (see Section 2.4.3 for 

explanation). For Sb2S3xSe3(1-x), the initial lattice parameters were interpolated between the values for 

Sb2Se3 reported in Caracas and Gonze[20], and the values for Sb2S3 reported in Kyono and Kimata 

[21]. The initial atomic positions from Caracas and Gonze, as shown in Table 2.2 were used. 

In analysing the powder XRD patterns, a fully randomised overall orientation was assumed, and 

an 8-coefficient polynomial function was used to fit the background. The process of Rietveld 

refinement was carried out in the following order where possible: 

1. Refine scale factor and first 6 polynomial coefficients 

2. Refine lattice parameters and instrument zero 

3. Refine atomic positions 

4. Fix atomic positions and refine overall isotropic thermal parameter BIso 

5. Refine both atomic positions and BIso 

6. Refine 7th background coefficient 

7. Refine peak shape parameters and all 4 asymmetry parameters 

8. Refine 8th background coefficient 

 

3.3.4 Differential Scanning Calorimetry and Thermogravimetric Analysis 

Differential scanning calorimetry (DSC) is a technique able to determine the temperatures at 

which phase transitions occur. The heat flow to a sample is measured against temperature, which may 

be either increasing or decreasing experimentally. Abrupt peaks in the magnitude of heat flow indicate 

phase transitions, such as melting points or other similar transitions, with negative peaks indicating 

endothermic transitions and positive peaks exothermic. DSC is therefore useful in determining the 

phase transition temperatures of mixed materials, such as alloys and solid solutions, especially where 

data for a specific mixture has not been documented previously[22]. DSC is often carried out in 
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conjunction with thermogravimetric analysis (TGA) which tracks the mass of a sample against 

temperature, allowing material loss during the process (due to vapourisation) to be observed. 

In this work, DSC and TGA measurements were taken using a TA Instruments SDT-Q600 

system for the feedstock series end members CZTSe (x = 0) and CZTS (x = 1) and intermediate 

compositions of x = 0.1, 0.2, 0.4, 0.5, 0.6, 0.8 and 0.9, at a heating rate of 5°C min-1, with around 5 

mg of material used in each case. 

 

3.3.5 Raman Spectroscopy 

Raman scattering occurs when a photon (conventionally from a laser) incident on a material 

interacts with phonons within it. The photon may gain energy from a phonon in the material (anti-

Stokes scattering) or lose it through the excitation of a phonon (Stokes scattering), with the latter 

process being more likely than the former. The gain, or loss, in energy of the scattered photon results 

in a small shift from the frequency of the incident light, usually expressed as the wavenumber ν̃, in 

units of cm-1[23]. The two Raman scattering processes are illustrated in fig. 3.8. 
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Fig. 3.8 Illustration of the basic principles of Raman scattering, reproduced from [23], where ν̃𝐿  is the 

wavenumber of the incident photon, ν̃𝑚 is the wavenumber of the phonon, h is Planck’s constant and 

c is the speed of light. 

 

The wavenumber of a spectral peak resulting from Raman scattering depends upon the energy 

of the vibrational mode of the crystal that produced the shift, while the vibrational modes that may 

exist in a crystal are constrained by the symmetry of the lattice as defined by the space group. The 

space group consists of all the symmetry operations required to fully define a crystal lattice, including 

translations in space, rotations and reflections, and which may be expressed in terms of 

‘representations’, square matrices that produce equivalent transformations to the symmetry 

operations. The matrix form of representations aids the task of solving physical problems, with an 

‘irreducible representation’ (Γ) being the group of lowest dimensional matrices required to fully 

describe the symmetry of a system[24]. The symmetry modes constituting the irreducible 
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representation of a crystal may be expressed in Mulliken notation as A, B or E. A and B modes are 

non-degenerate (i.e. one energy value for each symmetry mode), while E is doubly degenerate (two 

symmetry modes will have the same energy). A modes are symmetric under rotation in the principal 

axis (i.e. the direction of the vibration) while B modes are antisymmetric under this rotation. 

Additionally, the subscript g indicates that a mode is symmetric under inversion, while modes with a 

u subscript are antisymmetric under inversion. Finally, the number subscripts 1, 2 or 3 indicate modes 

are symmetric under rotation in the z, y or x axes respectively[25]. Group theory using irreducible 

representations allows the Raman-active symmetry modes in a material to be predicted, but not the 

energies or peak intensities[24]. 

The energy of a vibrational mode depends on the interatomic spacing, force constants and 

atomic mass of the bonded atoms involved[23]. Raman spectroscopy therefore provides a means of 

phase identification, as observed peaks will be influenced by crystal properties specific to a given 

material and crystal structure. It also provides a means to characterise such properties, like the inter-

atomic spacing, as well as the arrangement of atoms within the crystal, making Raman sensitive to 

atomic disorder. Furthermore, if polarised excitation and collection of scattered light is employed, the 

angular dependence of these properties may also be examined. 

In this work, Raman measurements were taken on the polished surface of the crystallised 

CZTSSe solid solutions (0 ≤ x ≤ 1) using a Renishaw in-Via microscope with 532 nm illumination 

laser, 50x long working distance objective lens and 1800 lines mm-1 grating. The laser spot diameter 

was 2 μm and the laser power was 1 mW. 

The Raman spectra for the Sb2Se3 {100} crystal planes were measured with a Horiba Xplorer 

Plus Raman microscope with 532 nm laser, 1800 lines mm-1 grating, 1.3 μm spot size and 1 mW laser 

power. A single-mode fibre ran from the laser output to a 10x magnification objective lens. As a 

result, the incident laser was expected to maintain its initial polarisation, even though polarisers were 

not used in the optical path. Acquisition times of 240 s were used. 
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3.3.6 Secondary Electron Imaging and Energy Dispersive X-ray Spectroscopy in 

a Scanning Electron Microscope 

Scanning electron microscopy (SEM) works through scanning a sample with a beam of 

electrons, accelerated to high energy (keV range). Where the beam impinges on the sample surface, 

secondary electrons are ejected and collected by the detector. The secondary electron counts at each 

site are reconstructed to form a topographic image of the sample with sub-micron resolution. 

An additional consequence of the ejection of core electrons by the incident beam is that 

electrons from higher energy orbitals drop into the orbitals of those ejected, producing x-rays 

detectable with an energy-dispersive x-ray (EDX) spectrometer. The x-ray peaks produced from this 

process are unique to specific elements and their intensity relates to the quantity of an element present 

in the sample. Translating the peak intensities into elemental proportions requires a matrix correction 

method to account for factors such as the attenuation of x-rays by the sample itself, as well as 

fluorescence from the sample. With an appropriate matrix correction applied, EDX is a means to 

measure the elemental proportions present in a sample, working in the uncertainty range of ~ ± 1 at%. 

The depth from which core x-rays are generated may be controlled by the acceleration voltage of the 

incident electron beam. The methods are reviewed in book form by Goodhew, Humphreys and 

Beanland[26]. 

Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDX) were 

carried out with a JEOL-7001 FEGSEM or a JEOL-6610 electron microscope on the CZTSSe 

feedstock and crystals and the Sb2S3xSe3(1-x). Typically, up to 12 sites, each measuring 20 x 20 μm2 

were measured from an area of approximately 1 x 1 mm2. 

EDX on the CZTSSe polycrystalline feedstock was carried out for several samples across the 

0 ≤ x ≤ 1 composition range, with 2 - 12 sites per sample. The scan areas were around 20 x 20 μm2 in 

size. EDX on the crystallised CZTSSe solid solutions was also carried out across the composition 

range 0 ≤ x ≤ 1, where a 1 x 1 mm2 analysis area was used for each sample with 3-11 sites measured. 

For the Sb2S3xSe3(1-x) samples examined, two analysis areas, each 1 x 1 mm2 in size, had 

measurements taken at 7-10 sites. In all cases the compositions from the sites were averaged, with the 
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variance of the dataset reported as the uncertainty on the value (with a random natural variation 

assumed). 

 

3.3.7 Electron Backscattered Diffraction 

Electron backscattered diffraction (EBSD) is another technique that utilises an electron beam 

within a scanning electron microscope. As a crystalline sample is scanned, some of the incident beam 

electrons are backscattered from within the sample and diffracted by the crystal lattice according to 

Bragg’s law. These electrons may be detected with a phosphor screen, producing visible diffraction 

patterns known as Kikuchi patterns and resembling Kossel patterns in x-ray diffraction. The patterns 

are then recorded with a camera and image processing software used to compare the observed patterns 

to models based on an existing dataset of crystal structural parameters. Based on the form and 

orientation of the Kikuchi patterns, specific crystal orientations may be assigned to the sites 

scanned[28]. This means that EBSD is able to map the orientation of a crystal or set of crystals, as 

well as quantifying their misorientation with the measurement (reference) plane. 

EBSD was carried out with a Philips XL30 tungsten filament SEM on a carbon coated sample 

of a 5N Sb2Se3 single crystal grown by the vertical Bridgman technique. Structural parameters for 

Sb2Se3 based on Caracas and Gonze[20] were applied to fit the observed Kikuchi patterns and provide 

orientation data. The beam acceleration voltage was 15 kV. 
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3.4 Chemical Analysis Techniques 

3.4.1 Inductively-coupled Plasma Methods 

Inductively-coupled plasma optical emission spectroscopy and mass spectrometry (ICP-OES 

and ICP-MS) both make use of a plasma formed from the ionisation of a gas (usually Ar) excited by 

an induction coil. Typically, materials for analysis must be digested in acid and diluted in a solvent 

(often DI water) in order to be analysed by either method. The solution is introduced to the plasma in 

droplet form or as aerosol particles, at which point the elemental constituents become ionised. 

The ionised elements within the plasma luminesce, producing sharp atomic emission lines 

which are exploited in ICP-OES. The optical emission lines are characteristic of a given element and 

may be used to detect their presence in the sample through measurement with a spectrometer. 

Furthermore, the intensities of the atomic emission lines may be used to quantify the concentration of 

a given element in the sample. This is done by comparing the intensity of the emission lines to a set of 

calibration standards with known concentrations. In ICP-MS, by contrast, the ionised atoms are 

directed from the plasma to a mass spectrometer, where ions are separated by mass, allowing the 

concentrations of the elements to be determined by counts. 

Both techniques allow for the detection of elements that exist at the parts-per-million (ppm) 

level and below, making them invaluable for determining the level of elemental impurities present in 

different samples. ICP scans can quantify elemental concentrations to high precision, or a survey scan 

can be carried to simply detect the presence of a large number of elements . Survey scans may often 

use only one elemental concentration and a pure water ‘blank’ to calibrate, while a quantitative scan 

will use several concentrations of the element. 

 

3.4.1.1 Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

ICP-OES scans were carried out with an Agilent 5110 ICP-OES spectrometer. For the 

quantitative scans carried out on CZTSSe samples, the intensity of each emission line was linearly 

calibrated against elemental standards at 5 known levels of concentration, for all elements. For the 
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survey scans carried out on Sb2Se3 samples, emission line intensity was calibrated using a single 

known concentration and a blank (pure DI water) for each element. 

Quantitative scans were carried out on digested samples of CZTSSe solid solutions (0 ≤ x ≤ 1) 

to determine the atomic ratios of Cu Zn, Sn, S and Se. Samples were digested as follows: ~ 100 mg of 

material was added to 2 ml of concentrated HNO3 (70% conc.) and 1 ml of HCl (37% conc.) and 

stirred at room temperature until fully dissolved after around 1 hr. 1 ml of the acid mixture was added 

to 13 ml DI water, resulting in an acid concentration of 4 vol%. 

Survey scans were carried out on Sb2Se3 single crystal samples grown by the vertical 

Bridgman technique. The acid dissolution was as follows: 5 mg of Sb2Se3 was added to 3 ml of 

concentrated HNO3 (70% conc.) and stirred at room temperature. After 1 hour, the acid had turned 

yellow, but small particles of Sb2Se3 remained, while after 18 hours, they had fully dissolved. 1 ml of 

the acid was added to 13 ml DI water, resulting in an acid concentration of 5 vol%. The process of 

dilution did not cause precipitation, indicating that this concentration was suitable for ICP-OES. 

Despite this, the concentration of Sb2Se3 in the diluted solution remained small (114 mg / l), meaning 

that the concentration of trace (<0.1 at%) elements were expected to be at levels < 0.1 ppm in the 

solution, this being close to the detection limit for some elements. 

Samples of DI water (the ‘blank’) and diluted acid were also analysed in all cases to 

determine background levels of the relevant elements in the solutions. 

 

3.4.1.2 Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) 

Survey ICP-MS scans (Section 3.4.1) were carried out on digested samples of Sb2Se3 single 

crystals grown by vertical Bridgman using a high-resolution Element 2 ICP-MS system. Samples 

were digested in 2 ml HNO3 (70% conc.) and 1 ml of HCl (37% conc.) at 150 °C. 
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3.4.2 Secondary Ion Mass Spectrometry 

Secondary ion mass spectrometry (SIMS) is capable of depth profiling the elemental 

composition of a sample and measuring trace impurities. The central process stems from a high-

energy (keV) beam of ions (primary beam) accelerated onto the sample surface (examples being O- 

and Cs+). The impact of the beam ionises the atoms in the sample (secondary ionisation) and ejects 

them from the surface (sputtering). 

In one variant, quadrupole SIMS, the secondary ions are directed to a quadrupole mass filter, 

where electric fields are adjusted to allow only ions with a specific charge-mass ratio to pass. A count 

of the secondary ions, corresponding to a specific ionised isotope, may then be recorded. By this 

method, the relative concentration of a given element may be determined from the mass count, 

allowing for the measurement of both impurity and major element concentrations. 

As the surface is sputtered, secondary ions from deeper within the sample are ejected, 

meaning that the sputtering time relates to the depth of the sample being probed[28]. This allows 

depth profiling. 

Quadrupole SIMS measurements were carried out with a Hidden Analytical gas ion gun and 

quadrupole detector. O2- ions were used in the beam and the ion energy was set at 5 keV with a beam 

current of 300 nA. The scanning area was approximately 0.5 x 0.5mm2. 

 

3.5 Characterisation Methods for Electrical Properties 

3.5.1 Hot-Probe Technique 

The hot-probe technique utilises a temperature gradient to induce current flow of the majority 

carriers in a semiconductor. This happens as the elevated temperature (increasing kT) excites a greater 

number of electrons into the conduction band (or holes into the valence band) relative to the room 

temperature ‘cold’ probe. These carriers then diffuse from the high density region to the low density, 

resulting in a flow of electric current, or a potential difference. Since the majority carriers will always 

diffuse from the hot to the cold probe, the polarity of the measured current indicates the majority 
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carrier type[29]. The magnitude of the observed current is strongly influenced by the doping level of 

the material but will also depend on carrier mobility. 

Hot probe measurements were carried out with gold probes connected to a Keithley 2400 

source meter, with a soldering iron used as a heat source and K-type thermocouple to monitor 

temperature. Current, rather than voltage, was measured as it produced more consistent results. 

Reference polarity checks were carried out as follows: monocrystalline samples of p-CdTe 

and n-InSb were contacted with Au, then measured with the hot probe (fig. 3.9). The p-type reference 

exhibited an increasing positive current with increasing temperature gradient, while the n-type 

exhibited a negative current. In both cases, the thermally-induced currents increased in an exponential 

fashion with temperature gradient, as evidenced by the current increasing rapidly at  ≥ 30 °C / cm for 

the p-CdTe, while this rapid increase resulted in the ammeter saturating at -105 μA at a temperature 

gradient of ≥ 30 °C / cm for the n-InSb (fig. 3.9b). The value of 30 °C / cm is otherwise not physically 

significant and these features are coincidental. Reversal of the electrodes (not shown) resulted in 

currents of similar magnitude and opposite polarity, confirming that a positive current is expected in a 

p-type semiconductor, while a negative current is expected in n-type.  

 

Fig. 3.9 Thermally-induced currents for p- and n-type reference samples p-CdTe (a) and n-InSb (b). 

The ammeter was saturated at -105 μA for large temperature gradients in measurements of the InSb 

(b). 

a) b) 
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3.5.2 Hall Effect 

The Hall effect provides a means of measuring the carrier type, density and mobility within a 

sample. This occurs as carriers flowing in a current are deflected by an applied magnetic field to 

produce an additional (Hall) voltage across the sample. It is possible to observe the Hall effect and 

measure the Hall coefficient, RH using van der Pauw geometry. Ideal van der Pauw geometry requires 

edge contacts, but this not always practical, and in this work, contacts were placed in a square as 

illustrated in fig. 3.10. This is expected to introduce additional uncertainties as, for instance, the non-

zero contact widths may produce additional potential gradients across the sample, complicating the 

measurement of Hall voltage. Nevertheless this approximate van der Pauw geometry is usually 

considered adequate for the first trials in research work. 

 

Fig. 3.10 Illustration of contacts placed in an approximate van der Pauw geometry, where A, B, C, D 

are electrodes and Bz is the magnetic field vector and points out of the page. 

 

For a sample measured in van der Pauw geometry, the change in resistance due to magnetic 

field is defined by eq. 3.5[30].  

 𝑅𝐻 =
𝑤

𝐵𝑧
∆𝑅𝐵𝐷𝐴𝐶   (3.5) 

where RH is the Hall coefficient, Bz is the magnetic induction field (applied orthogonal to page), w is 

the sample thickness, and ΔRBDAC is the change in resistance between diagonal contacts (A-C and B-

D), for a given magnetic field. This diagonal measurement scheme is in contrast to a van der Pauw 

resistivity measurement, where adjacent contacts are used. 

Bz 

A B 

D C 
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Additionally, the term Hall conductance, Gxy, is defined in eq. 3.6. 

 𝐺𝑥𝑦 =
∆𝑅𝐵𝐷𝐴𝐶

𝑅0
2  (3.6) 

where R0 is the sheet resistance measured at zero magnetic field in the conventional van der Pauw 

scheme (adjacent contacts). Given the non-ideal geometry used in this work (see fig. 3.10) additional 

potential gradients may be expected, causing a non-zero parasitic sheet resistance value to be 

measured with diagonal contacts and zero magnetic field. This may be corrected for in analysis by 

setting Gxy to zero at zero magnetic field. 

In order to extract the Hall coefficient, eq. 3.6 may be rearranged as eq. 3.7. 

where Hz is the auxiliary magnetic field and μ0 is the permeability of free space. By setting Gxy to zero 

where the field Hz is zero, parasitic sheet resistance may be neglected and symmetrical data plotted. 

From eq. 3.7 it is clear that a linear fit of Gxy against Hz allows the Hall coefficient to be derived. The 

Hall coefficient may be related to carrier density as defined in eq. 3.8. 

 𝑅𝐻 =
1

e𝑁𝑆
 (3.8) 

where NS is the carrier density and e is the charge on an electron. 

The carrier mobility may then be calculated based on the carrier density and sheet resistance 

from eq. 3.9. 

 μ =  
𝑤𝑅0

𝑁𝑆
 (3.9) 

 In this work, Hall measurements were carried out on Sb2Se3 single crystals growth by vertical 

Bridgman from Alfa Aesar (5N) Sb2Se3 on square cleaved samples of around 3 x 3 mm area. Given 

that the hot probe results for crystals of this type suggested n-type conductivity, In contacts were used 

to ensure an Ohmic contact and eliminate contact barriers which could complicate the measurement 

 𝐺𝑥𝑦 =
𝑅𝐻μ0

𝑤𝑅0
2 𝐻𝑧 (3.7) 
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(if p-type conductivity were suspected, Au contacts would have been used to ensure Ohmic contacts). 

The contacts were soldered to the surface in a square configuration to approximate van der Pauw 

geometry (see fig. 3.10). R0 and Gxy were measured using a Keithley 2400 source meter and a 

Quantum Design Physical Property Measurement System (PPMS). Auxillary magnetic field strengths 

of up to 60 or 90 kOe were used and all measurements were taken at 300 K (The PPMS instrument is 

a modular multi-functional measurement platform but in this case it was simply used to provide the 

magnetic field for the Hall measurements). 

 

3.5.3 Barrier Height Estimation from I-V-T Measurements 

The barrier height of a Schottky barrier at the back-contact of a solar cell may be estimated 

from the temperature-dependent series resistance, measured via I-V profiling. The expression in eq. 

3.10[31] indicates the relationship between series resistance and Schottky barrier height: 

 𝑅𝑠 = 𝑅Ω0 +
𝜕𝑅Ω0

𝜕𝑇
𝑇 +

𝐶

𝑇2
exp (

Φ𝐵

k𝑇
)  (3.10) 

Where T is temperature, k is the Boltzmann constant, Rs is series resistance, RΩ0 is resistance 

at 0°C, ∂RΩ0/∂T is the Ohmic temperature coefficient, ΦB is barrier height, and C is a constant. The 

exponential part of equation 3.11 is assumed to dominate the form of the curve if ΦB >> kT in the 

temperature range, and as such, is linearised as eq. 3.11, allowing barrier height to be extracted from a 

linear plot of In(RST2) against 1/T. 

 ln (𝑅𝑠𝑇2) =  
Φ𝐵

k𝑇
+ ln(𝐶)   (3.11) 

This allows the barrier height of a Schottky diode to be estimated from measurements of Rs 

against temperature. 

Current-voltage (I-V) measurements for Sb2Se3 single crystals were taken using a Keithley 

2400 source meter. Room-temperature measurements were taken in air and temperature dependent 

measurements were taken in a CTI Cryogenics Model 22 Cryodine Refrigerator closed cycle helium 
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cryostat under 10-2 mbar pressure, with a Lakeshore 331 temperature controller. A temperature range 

of 290-380 K was applied for the p-type single crystal (Sn-doped, grown from 5N Sb2Se3), and a 

range of 220-320 K was used for the n-type Sb2Se3 single crystals (consisting of MgCl2-doped Se-rich 

and both undoped and MgCl2-doped crystals grown from 5N Sb2Se3). Temperature increments of 10 

K were used in all cases. 

 

3.5.4 C-f Measurements and ‘Roll-Off’ at High-Frequency 

Capacitance-frequency (C-f ) profiling provides a means to assess the reliability of carrier 

densities measured using capacitance-voltage at a given frequency. C-V measurements taken at low 

AC frequencies have the issue that the capacitance may be strongly influenced by the presence of 

carrier traps[30], which will have a strong frequency dependence determined by the emission rates of 

the defects, typically on the order of ms[30]. As a result, high frequency measurements (>1kHz) are 

preferred. However, there is a drop-off in measured capacitance at high-frequencies, as described by 

the relationship shown in eq. 3.12[30]. 

 𝐶𝑚𝑒𝑎𝑠 =
𝐶𝑡𝑟𝑢𝑒

(1 + (ω𝐶𝑡𝑟𝑢𝑒𝑅𝑠)2)
 (3.12) 

 

Here, Cmeas is the measured capacitance, Ctrue is the true diode capacitance, ω is the 

measurement frequency, and Rs is the series resistance of the diode. As can be seen, the larger the 

measurement frequency, the more the measured capacitance will underestimate the true capacitance. 

Essentially, the diode acts as a low pass filter to the AC voltage signal. Therefore, a region with a 

minimal variation of capacitance with frequency will indicate the regime where ωCtrueRs << 1 and 

therefore Cmeas ≈ Ctrue. The “roll-off” effect will have a lower frequency cut-off the larger the series 

resistance of the diode, meaning that for more resistive samples, the frequency-window in which Cmeas 

≈ Ctrue, but frequency is also high enough to ignore traps, is narrowed. 
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In this work, capacitance-frequency (C-f) measurements were taken in the dark using a 

Solartron 1260 Frequency Response Analyser and 1296 Dielectric Interface. AC frequency was varied 

from 1 to 1 MHz and DC bias varied from –1 V to +1 V. 

3.5.5 C-V Measurements and Carrier Density 

The capacitance of a rectifying junction, assuming the ‘one-sided junction’ approximation, 

may be expressed by eq. 3.13[30]: 

 𝐶 = 𝐴 (
ε𝑟ε0𝑞𝑁𝑆

2
)

1
2

(𝑉 −
k𝑇

e
)

1
2
 (3.13) 

 

where NS is carrier density (shallow doping density), A is contact area, εr is relative dielectric 

permittivity of Sb2Se3, ε0 is the permittivity of free space, V is applied DC bias. The width of the 

space charge region is given by eq. 3.14: 

 𝑥𝑑 =
ε𝑟ε0𝐴

𝐶
 (3.14) 

Taking the expression in eq. 3.13 [30] and re-arranging to eq. 3.15 means that carrier density 

may be estimated from a plot of C 
-2 against voltage (Mott-Schottky plot). 

 
𝑁𝑆 =

2

𝑞𝐴2ε𝑟ε0
𝑑(𝐶−2)

𝑑𝑉

 
(3.15) 

For resistive samples, the phenomenon of frequency-dependent roll-off may affect the carrier 

density that is measured, leading to inaccuracies. The dependence of the measured carrier density on 

AC frequency may be described in eq. 3.16[30] as: 

 𝑁𝑆(𝑚𝑒𝑎𝑠) =
𝑁𝑆(𝑡𝑟𝑢𝑒)

1 − (ω𝐶𝑡𝑟𝑢𝑒𝑅𝑠)4
 (3.16) 

indicating a very strong dependence of the measured carrier density upon frequency when ω𝐶𝑡𝑟𝑢𝑒𝑅𝑠 

is close to a value of 1, and effectively no dependence when ω𝐶𝑡𝑟𝑢𝑒𝑅𝑠 << 1. It can also be seen that 

for any ω𝐶𝑡𝑟𝑢𝑒𝑅𝑠 values greater than 1, the measured value of NA will very rapidly drop relative to the 
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true value, i.e. as ∝ ω−4. Estimating the value of ω𝐶𝑡𝑟𝑢𝑒𝑅𝑠 is therefore important to assess the 

reliability of carrier density measurements. 

C-V measurements were taken with the same equipment as the C-f measurements, at AC 

frequencies from 100 Hz to 1 MHz, with DC bias ranging from -1 to 1 V. 

 

3.5.6 Deep-Level Transient Spectroscopy 

Deep-level transient spectroscopy (DLTS) works using the principle that if a voltage pulse is 

applied to a junction, e.g. a Schottky diode, deep-level traps in the space-charge region will populate 

with majority charge carriers and then depopulate in the time following the pulse. This depopulation 

will cause a transient decay in the capacitance, with the form of the transient given by eq. 3.17[32]: 

 𝐶(𝑡) = 𝐶𝑅 − ∆𝐶exp (−
𝑡

τ𝑒
) (3.17) 

where CR is the capacitance observed during the pulse, due to the movement of free-carriers, while τe 

is the time constant of the decay and ΔC is the magnitude of capacitance change due to the presence 

of deep-level carrier traps. ΔC is related to the density of deep-level traps NT as expressed in eq. 

3.18[32]: 

 ∆𝐶 ≈ 𝐶𝑅

𝑁𝑇

2𝑁𝑆
 (3.18) 

assuming all of the impurities in the space charge region are occupied. 

The transient emission time constant τe may be related to the energy level and capture cross 

section of a charge carrier (electron or hole) trap with eq. 3.19[32]: 

 τ𝑒 = (σn𝑣𝑡ℎχn𝑁𝐶,𝑉 exp (−
𝐸𝐴

k𝑇
))

−1

 (3.19) 

where σn is the capture cross section, vth is the charge carrier thermal velocity, χn is the entropy factor, 

NC,V is the density of states in the conduction band for n-type doping, or the density of states in the 

valence band for p-type doping. EA is the activation energy, where for n-type conductivity EA = EC - 
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ET, and for p-type, EA = ET - EV. EC is the energy level of the conduction band, Ev is the energy level 

of the valence band and ET is the trap energy level. The expression in eq. 3.19 may then be linearised 

to produce eq. 3.20: 

 ln(τ𝑒𝑣𝑡ℎ𝑁𝐶,𝑉) =
𝐸𝐴

k

1

𝑇
− ln(χnσn) (3.20) 

meaning that for a linear plot of ln(τevthNC,V) against 1/T (Arrhenius plot), the activation energy of the 

trap  may be determined from the gradient, while the capture cross section may be determined from 

the intercept. 

A typical DLTS scan is performed by measuring the change in the magnitude of the transient 

signal over a range of temperatures and for varied measurement period widths. For a given decay time 

constant, τe there will be a specific temperature at which the magnitude change of the transient will 

peak (see fig. 3.11), and it is this temperature which is applied in the Arrhenius plot. Typically, 

temperature sweeps are repeated with variation of the time constant to construct the Arrhenius plot 

and extract EA and σA values. 
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Fig. 3.11 Illustration of the change in capacitance transient with temperature, and the magnitude of 

change in the measured capacitance C(t1) - C(t1) for a given rate window t1 – t2. 

 

In earlier experiments, due to equipment limitations, the transient signal was sampled only 

twice per measurement, with time constant defined by a specific ‘rate window’. The magnitude 

change of the transient was determined from the difference in single values of capacitance measured 

at the start and end of the rate window. As the rate window defined the value of τe, multiple 

temperature sweeps with different rate windows were then required to produce Arrhenius plots. This 

method is often referred to as ‘classical DLTS’.  

More recently, the method of ‘deep-level transient Fourier spectroscopy’ (DLTFS) has 

become standard, as advances in digital signal processing allow an entire transient to be sampled at 

high time resolution. The signal may then be processed with a discrete Fourier transform to generate 

the series of Fourier coefficients cn
D that constitute the signal, eliminating the need for multiple 

temperature sweeps to produce an Arrhenius plot. The magnitude of these coefficients, such as the 

frequently-used sinusoidal correlation function b1, is a measure of the capacitance change in the 

transient, so may be expressed more simply as ΔC, and each Fourier coefficient will have a specific 

emission time constant associated, depending on measurement period width. This means that DLTFS 

works on the same principles as classical DLTS, and may be understood in similar terms. Full details 
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of the signal processing are not included in this work, but a more detailed discussion can be found in 

[32]. 

Based on eq. 3.19, ΔC peak positions will shift with temperature depending on the time 

constant of the Fourier coefficient. The position of a given peak may then be plotted in Arrhenius 

form against the time constants used. In this way, a single temperature-transient scan may be 

employed to produce an Arrhenius plot for any peaks that appear in the scan, from which values of 

activation energy and capture cross-section may be estimated. The amplitude of the peaks may also be 

used to determine the value ΔC, from which trap density may be estimated using eq. 3.18. 

DLTS measurements in this work were carried out on n-type Sb2Se3 single crystal samples 

using a Phys Tech HERA FT1030 system. An MgCl2-doped selenium-rich single crystal and an 

undoped crystal grown from 5N Sb2Se3 were examined, both with two evaporated Au contacts 0.1 

cm2 in size. A pulse width of 1 ms and a measurement time of 19.2 ms was used, with a temperature 

range of 150-400 K. Temperature increments of 1 K were used for the MgCl2-doped crystal and 2 K 

for the 5N crystal. 

 

3.5.7 Photoluminescence 

Photoluminescence (PL) works through laser excitation of a semiconductor sample with a 

photon energy greater than the bandgap of the semiconductor. This process excites electrons from the 

valence to the conduction band, where they thermalise to the band minimum. Carriers may then 

recombine through non-radiative or radiative channels, the latter producing luminescence radiation 

which is observed as peaks in a spectrum. Besides simple band-to-band recombination (where the 

peak energy matches the bandgap), there are many possible radiative recombination channels 

following PL excitation, which may be mediated by defects that lie within the band gap of the 

semiconductor. This means that PL peaks of energy smaller than the bandgap may appear in the 

spectra. 
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The type of transition taking place may be inferred from measurements of PL intensity with 

different excitation power, based on the relation in eq. 3.21[33]: 

 𝑃𝐿~𝑃𝑚 (3.21) 

where PL is the photoluminescence intensity and P is the laser power. The exponent m is influenced 

by the type of recombination present in the sample, meaning that a log-log (Schmidt) plot of PL 

intensity against laser power allows the recombination type to inferred from the value of m[33]. 

The PL peak intensities will also vary with temperature, as expressed in eq. 3.22[34]: 

 

 Φ(𝑇) =
Φ0

1 + α1𝑇
3

2⁄ + α2𝑇
3

2⁄ exp(− 𝐸𝑇 k𝑇⁄ )
 (3.22) 

 

where ET is the thermal activation energy, T is temperature, α1 and α2 are the process rate parameters 

and Φ is integrated intensity[34]. 

Photoluminescence measurements were carried out on undoped stoichiometric, Se-rich Sn-

doped, Se-rich MgCl2-doped and undoped 5N Sb2Se3 single crystals grown by vertical Bridgman. The 

442 nm line of a He-Cd laser at a range of power levels from 0.27 mW to 37 mW, with a spot size of 

100 μm diameter, monochromated using a 0.64 m focal length single grating of 600mm-1, was used as 

the excitation source. A Hamamatsu InGaAs photomultiplier tube was used as detector. 

Measurements were taken within a closed-cycle helium cryostat in order to avoid laser-induced 

oxidisation of the sample surface, as well as controlling temperatures from 10 K to 300 K. 

 

3.5.8 J-V Curves and Photovoltaic Working Parameters 

Of central importance to the study of solar cells is the power-conversion efficiency, or PCE 

(η), which for a photovoltaic cell under illumination, is given by eq. 3.23[35]. 
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 η =
𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹

𝑃𝑆
 (3.23) 

where JSC is the short-circuit current density (current density that flows when V = 0), VOC is the open-

circuit voltage (the bias at which J = 0), PS is the power density of a standardised illumination source 

usually having the AM1.5 spectrum and an intensity of 1000 Wm-2, and FF is the fill factor, a 

measure of the ‘squareness’ of the J-V curve. FF is defined by eq. 3.24: 

 𝐹𝐹 =
𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐽𝑆𝐶𝑉𝑂𝐶
 (3.24) 

where Jmax and Vmax are the current density and voltage at the maximum power point (where the 

product of J and V is largest). FF is strongly affected by the values of shunt resistance Rsh (resistance 

where V = 0) and series resistance Rs (resistance where J = 0), with larger values of Rsh producing a 

larger FF and larger values of Rs decreasing FF. 

JSC, VOC, FF, Rs and Rsh are therefore all key working parameters that determine the power 

conversion efficiency of a solar cell, each with dependences upon different properties of the solar 

cell[35]. Conveniently, all of these working parameters may be derived from a J-V curve of a solar 

cell, making J-V measurements crucial in measuring the performance of a solar cell. Measuring J-V is 

as simple as taking an I-V measurement of a solar cell with a back contact of a defined area. 

J-V measurements for the single-crystal and thermally evaporated Sb2Se3 devices were taken 

in the dark and under AM1.5 illumination using a TS Space Systems AAA100 solar simulator 

calibrated with a PV Measurements photodiode. Individual cells for the thermally evaporated Sb2Se3 

devices were identified as being shorted if the resistance measured using the source meter was below 

1 kΩ for a 10 μA probe current. 

 

3.5.9 External Quantum Efficiency 

External quantum efficiency (EQE) quantifies the carrier yield of a device compared to the 

number of incident photons for each wavelength across a scan range, i.e. the probability of an incident 
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photon of a given wavelength generating an electron which is collected by the circuit, with the 

expression for EQE in eq. 3.25: 

 𝐸𝑄𝐸 =  
𝐼 · hν

e · 𝑃
 (3.25) 

where I is device current, hν is photon energy and P is the power of the incident light. As such, the 

EQE spectrum of a solar cell is independent of a specific illumination spectrum (such as AM1.5), 

allowing the conversion efficiency of specific wavelengths to be known. An EQE spectrum may be 

compared to the absorption edge of solar cell materials as well as that of expected secondary phases to 

identify absorption features. 

External quantum efficiency (EQE) measurements were carried out with a Bentham PVE300 

EQE system with a TMC300 Monochromator and Bentham 605 power supply. White light bias was 

applied. 
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4. Vegard Relation and Raman Mode Evolution 

for the Kesterite Solid Solution Series 

Cu2ZnSnS4xSe4(1-x) 
 

4.1 Introduction 

This chapter details work carried out on the synthesis, crystallisation and properties of the 

kesterite solid solutions Cu2SnSnS4xSe4(1-x), specifically, the lattice parameters, Raman mode 

frequencies and control of sulphur-selenium content (defined by the value of x, where x = 0 for 

Cu2ZnSnSe4 and x = 1 for Cu2ZnSnS4). It was motivated by the high efficiencies that have been 

achieved for thin films utilising solid solutions of CZTSe and CZTS, relative to the pure end 

members, as well as the difficulty in knowing the compositions of these films to high accuracy 

(Section 2.3.3). Additionally, an initial aim was the production of single crystals of CZTSSe in order 

to carry out electrical characterisation of point defects, although this was not ultimately achieved. 

Section 4.2 describes the outcomes of direct synthesis from the elements (DSE) and crystal 

growth from solution in either Sn or a NaCl/KCl mix. Sn-based solution growth through the vertical 

gradient freeze technique was intended to produce CZTS single crystals, while the NaCl/KCl mix was 

used to produce monograin crystals across the composition range of Cu2ZnSnS4xSe4(1-x) from x = 0 

(CZTSe) to x = 1 (CZTS) in steps of 0.1, with the nucleation of thick plates onto a quartz seed plate 

also investigated. Metallographic analysis, scanning electron microscopy (SEM), optical microscopy 

and single-crystal x-ray diffraction (XRD) were applied to determine crystal grain sizes in the 

crystallised material, while energy dispersive x-ray spectroscopy (EDX) and inductively-coupled 

plasma optical emission spectroscopy (ICP-OES) were employed to measure precise elemental 

proportions. The combination of chemical analysis methods was hoped to reveal sources of systematic 

error and allow for a more accurate assessment of composition. Such a combination of techniques to 

measure crystal structure and composition simultaneously is difficult to achieve with thin films 

because while EDX is a frequently-applied non-destructive method of chemical analysis, ICP-OES 
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requires destruction of the film. Chemical analysis of thin films may also be complicated by the 

presence of substrate layers. For instance, samples grown on Mo and analysed with EDX may 

overestimate the quantity of sulphur as the S K (2.47 keV) and Mo L (2.52-2.87 keV)[1] emission 

lines may interfere. Additionally, direct comparison between separate thin film samples is difficult as 

small variations in homogeneity and processing conditions can introduce significant differences. 

 In contrast to the problems encountered with thin films, a batch of well-homogenised bulk 

material may, in principle, be separated into multiple samples, each with a different characterisation 

method applied, and the results applicable to the batch as a whole. In this work, such an approach is 

intended to allow direct relation of lattice parameters, Raman band positions and compositions as 

determined from comparison of weighed source elements, EDX and ICP-OES. Section 4.3 details 

powder XRD measurements and subsequent Rietveld refinement, carried out to provide a precise 

estimate for the crystal lattice parameters at each composition and determine the Vegard relation. 

Section 4.4 reports a set of Raman spectra measured from samples across the solid solution series 

Cu2ZnSnS4xSe4(1-x), which indicates linear two-mode Raman band evolution, as well as a shift in the 

ordering of the kesterite phase that is sensitive to the crystallisation process. Metallography and XRD 

suggested that large monograins were produced in the growth process, thereby allowing Raman 

measurements on individual crystals, eliminating the influence of grain boundaries. While both the 

Vegard relation and Raman mode evolution have been characterised previously (Section 2.3.5), with 

Raman measurements also taken of CZTSSe monograins, a relatively small number of data points 

were examined in those studies, and so the intention of this work was to provide a higher density of 

data points, to provide greater precision than in previous work1.  

  

 
1 The experimental results presented in this chapter formed the basis of Article 1 detailed in the List of 

Publications at the end of this thesis. 
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4.2 Synthesis and Crystal Growth Outcomes 

4.2.1 Direct Synthesis of Polycrystalline CZTSSe ‘Feedstock’ from the Elements 

Samples of polycrystalline Cu2ZnSnS4xSe4(1-x) (CZTSSe) feedstock with compositions in the 

range 0 ≤ x ≤ 1 were successfully synthesised directly from the elements (DSE) as described in 

Section 3.2.1 and confirmed by powder XRD and Raman spectroscopy as described later in this 

chapter. The synthesised material was black and powdery, matching the expected form of CZTSSe, 

with a homogenous appearance. SEM images were taken of these samples, with an image for the x = 

0.5 sample being shown in fig. 4.1. This image shows sharp-edged, irregular shaped features ~ 1 μm 

in size, suggesting a polycrystalline structure, as opposed to an amorphous state, which would 

produce a relatively featureless image, perhaps with smooth undulations. This suggests that synthesis 

and crystallisation of CZTSSe both occurred, although other techniques, such as x-ray diffraction and 

Raman, were necessary to fully confirm crystallisation and phase purity. 

 

 

Fig. 4.1 SEM image of polycrystalline CZTSSe feedstock of composition (x = 0.5), with features 

consistent with crystal grains ~ 1 μm in size demonstrated. 
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EDX scans were carried out on the CZTSSe feedstock across the composition range 0 ≤ x ≤ 1, 

with the number of measurements for each composition ranging from 2-12. These results are shown in 

Table 4.1, compared to weighed quantities, and are seen to be broadly consistent. It may therefore be 

inferred that the synthesis process preserved the weighed ratios of the elements in the compounds. 
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x-value Cu At% Zn At% Sn At% S At% Se At% N 

Cu/ 

(Zn+Sn) 

Cu/Zn Cu/Sn Zn/Sn 

Feedstock 

- Weighed 
          

0 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 02 50 ± 0.01  1 2 2 1 

0.1 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 5 ± 0.01 45 ± 0.01  1 2 2 1 

0.2 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 10 ± 0.01 40 ± 0.01  1 2 2 1 

0.3 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 15 ± 0.01 35 ± 0.01  1 2 2 1 

0.4 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 20 ± 0.01 30 ± 0.01  1 2 2 1 

0.5 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 25 ± 0.01 25 ± 0.01  1 2 2 1 

0.6 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 30 ± 0.01 20 ± 0.01  1 2 2 1 

0.7 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 35 ± 0.01 15 ± 0.01  1 2 2 1 

0.8 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 40 ± 0.01 10 ± 0.01  1 2 2 1 

1 25 ± 0.01 12.5 ± 0.01 12.5 ± 0.01 50 ± 0.01 02  1 2 2 1 

           

Feedstock 

-EDX 
          

0 
30.10 ± 

0.09 
12.71 ± 0.16 

11.30 ± 

0.09 
02 45.92 ± 

0.25 
4 1.254 2.370 2.664 1.124 

0.1 27.3 ± 1.0 12.6 ± 0.5 15.8 ± 1.4 7.3 ± 1.0 37.3 ± 1.0 9 0.961 2.167 1.728 0.797 

0.3 27.3 ± 0.5 12.2 ± 0.5 12.0 ± 0.5 20.8 ± 2.0 27.8 ± 0.6 7 1.128 2.238 2.275 1.017 

0.5 28.1 ± 0.6 11.6 ± 0.5 15.8 ± 1.7 26.0 ± 0.6 18.6 ± 0.5 12 1.026 2.422 1.778 0.734 

0.6 
28.32 ± 

0.16 
13.04 ± 0.25 14.0 ± 1.4 28.5 ± 0.4 

16.11 ± 

0.25 
9 1.048 2.177 2.021 0.929 

0.7 28.0 ± 1.4 14.29 ± 0.04 13.3 ± 1.2 32.8 ± 0.4 11 ± 4 2 1.015 1.959 2.105 1.074 

0.9 23 ± 6 20 ± 6 9.93 ± 0.16 42.3 ± 1.4 3.73 ± 0.16 2 0.759 1.120 2.354 2.101 

1 25.4 ± 1.7 17.4 ± 2.3 
10.90 ± 

0.02 
46.31 ± 0.16 02 2 0.898 1.460 2.330 1.596 

Table 4.1 Measurements of the proportions of elements present in the Cu2ZnSnS4xSe4-4x feedstock, 

with compositions determined by weighing and EDX. The errors on EDX values are the variance, 

with up to 12 sites per sample being measured. 

  

 
2 Values of zero were given as the element was not added to the growth tube, so if detected in EDX spectra, a false positive 

was thought more likely than contamination of the growth tube, and the element was excluded from analysis. 
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4.2.2 Growth of Large-Grained Crystalline CZTSSe Solid Solutions from 

KCl/NaCl Molten Salts 

 In order to grow crystalline CZTSSe from solution in the NaCl/KCl mix, an estimate of the 

melting point for each composition of feedstock in the series was desired, in order to select an 

appropriate temperature range for solution growth. Differential scanning calorimetry (DSC) of 

feedstock samples were taken across the whole composition range with several of these scans shown 

in fig. 4.2. In all cases, an endotherm was observed in the vicinity of 800°C on the heating curve 

(heating at a rate of 5°C min-1), in some cases consisting of a single clear peak, such as for CZTS (fig. 

4.2f), and seeming to consist of multiple peaks in others, such as for x = 0.4 (fig. 4.2c). 

What is interesting to note about these results is that, in the scan shown in 4.2f, a peak was not 

observed at the expected melting point of CZTS, at 986°C, (reported in the phase diagram by 

Nagaoka in [4]) despite this material having been confirmed as CZTS by Raman spectroscopy later in 

this work (Section 4.4.1). In addition, all the endotherms seen in fig. 4.2 coincided with a significant 

loss of mass, which continued as the temperatures increased (note the green TGA curve), suggesting 

that these are sublimation rather than melting transitions. If this is the case, these transitions are likely 

to involve the loss of sulphur and/or selenium, due to their high vapour pressures[1]. In all cases, the 

remaining mass after heating was ~ 50 % which, for the pure-selenide sample (fig. 4.2a) would be 

consistent with complete Se loss. However, this is not a convincing explanation for the pure-sulphide 

sample (fig. 4.2f) which lost ~ 45% of its mass despite consisting of only ~ 30% sulphur by weight, so 

the nature of these transitions is still not fully understood. Regardless of the exact process at work, 

this dramatic vaporisation may have occurred because a small quantity (~ 5 mg) of CZTSSe was 

analysed under vacuum in a comparatively large chamber, meaning that vaporised material did not 

increase the pressure sufficiently to prevent further sublimation, and a large enough quantity of 

material was lost to change the phase of the analysed material. CZTSSe was not expected to 

decompose at these temperatures, being significantly below the melting point, but it seems the most 

likely explanation, especially as endotherms matching the expected melting points do not appear at 

higher temperatures. Additionally, the endotherms that are seen during heating do not appear on the 

cooling curves, suggesting a change in chemical composition. 
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Fig. 4.2 DSC (right axis, blue) and TGA (left axis, green) plots for a series of CZTSSe samples in the 

range 0 ≤ x ≤ 1, with x equal to a) 0, b) 0.2, c) 0.4, d) 0.6, e) 0.8, f) 1, with endotherms highlighted.  
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Additionally, while the endotherm peaks for CZTSe and CZTS (figs. 4.2a and f) looked to consist 

of a single peaks, some intermediate compositions such as the x = 0.2 and x = 0.4 samples (figs. 4.2b 

and c) exhibited multiple-component peaks, which may reflect both S and Se being lost, rather than 

only one of these elements for the series end members. 

Despite this, one important thing to note about of these curves is that prior to the mass loss during 

heating, additional endotherm peaks corresponding to the melting points of sulphur, selenium, zinc or 

tin (115, 685, 420 and 232°C respectively[1]) were not observed on the heating curve, suggesting that 

in their initial form, the directly synthesised CZTSSe samples were effectively homogenised, with no 

significant quantities of source elements remaining.  

Fig. 4.3 shows the position of the observed sublimation endotherms (position taken from the 

higher-temperature, deeper minimum) plotted against the weighed x-values for the feedstock. These 

results indicate a linear relationship between weighed x-value and the endotherm temperature, across 

the whole range, with fitting estimating a trend of Tendotherm(°C) = 87.9x + 775.6. As the exact nature of 

the sublimation transition is not known, the reason for linear behaviour is also unknown, but it likely 

relates to the fact that CZTS has a higher reported melting point (986°C) than CZTSe (801°C)[4]. 

This may have caused the sulphur-rich samples to decompose at higher temperatures, despite S having 

a higher vapour pressure than Se. If we can assume therefore that the temperatures of these 

decompositions correlate with the melting point, these results would provide (indirect) evidence that 

the melting point of CZTSSe follows a linear trend with x. 

This investigation did not succeed in identifying the melting points of the feedstock series, but 

nonetheless influenced the choice of temperatures used for the growth of crystallised CZTSSe in 

NaCl/KCl, where the top temperature followed a linear rule with x-value from 785°C (x = 0) to 875°C 

(x = 1). This choice of temperature was also influenced by literature reports using the same solution 

(see Section 3.2.2). Evidence for complete melting at these temperatures across the whole series was 

provided by the results of these crystallisation runs (see below). 
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Fig. 4.3 Positions of endotherms associated with decomposition of CZTSSe (0 ≤ x ≤ 1) measured by 

DSC. A linear relationship between endotherm position and weighed x - value is observed. 

 

Crystallisation of CZTSSe from the solution formed of CZTSSe feedstock and the NaCl/KCl 

salt mix was successful for 10 compositions across the range 0 ≤ x ≤ 1. Evidence for this was 

provided through characterisation with EDX, XRD, Raman and ICP-OES, which were all consistent 

with the formation of  CZTSSe solid solutions, with XRD and Raman demonstrating the samples 

were crystallised. This re-crystallisation offers evidence that full melting of the samples occurred at 

the top temperatures used (see Section 3.2.2). XRD results are covered in Section 4.3, with Raman 

covered in Section 4.4. The results of the analysis with EDX and ICP-OES techniques are as follows: 

EDX measurements were taken to determine the composition of the crystallised samples for 

each x-value at 3-11 sites, with the results shown in Table 4.2. These results indicate better agreement 

with weighed proportions than were observed for the CZTSSe feedstock. The increased match most 

likely results from the long homogenisation time of the liquid solution phase followed by slow 



CHAPTER 4. VEGARD RELATION AND RAMAN MODE EVOLUTION FOR THE KESTERITE SOLID 
SOLUTION SERIES Cu2ZnSnS4XSe4(1-x)____________________________________________________________________________________ 
 

100 
 

cooling at 0.4°C hr-1. In contrast, the feedstock synthesis relied upon vapour-solid and solid-solid 

diffusion for homogenisation, with a relatively rapid cooling rate of 30°C hr-1. Additionally, the EDX 

measurements of the crystallised solid solutions were taken from flat, polished faces while those for 

the feedstock were taken from rough surfaces which could lead to errors. This provides additional 

evidence that both the synthesis and growth processes preserved the weighed ratios of elements. ICP-

OES measurements were also carried out on the crystallised series, with results shown in Table 4.2. 

  



CHAPTER 4. VEGARD RELATION AND RAMAN MODE EVOLUTION FOR THE KESTERITE SOLID 
SOLUTION SERIES Cu2ZnSnS4XSe4(1-x)____________________________________________________________________________________ 
 

101 
 

Table 4.2 Measurements of the proportions of elements present in the Cu2ZnSnS4xSe4-4x solid 

solutions crystallised from the NaCl/KCl mix, with compositions determined by weighing, by EDX 

and ICP-OES. The errors are variance with up to 11 sites per sample being measured by EDX and the 

ICP-OES compositions being the average of measurements taken using three different wavelengths. 

 
3 Values of zero were given as the element was not added to the growth tube, so if detected in EDX spectra, a false positive 
was thought more likely than contamination of the growth tube, and so the element was excluded from analysis. 

x-value Cu At% Zn At% Sn At% S At% Se At% N 

Cu/ 

(Zn+Sn) 

Cu/Zn Cu/Sn Zn/Sn 

Crystallised-

EDX 
          

0 25.48 ± 0.05 12.11 ± 0.06 
13.00 ± 

0.01 
03 

49.41 ± 

0.08 
9 1.014 2.104 1.960 0.931 

0.3 24.72 ± 0.16 13.65 ± 0.04 
12.62 ± 

0.03 

15.60 ± 

0.08 

33.45 ± 

0.08 
6 0.940 1.809 1.957 1.081 

0.5 24.97 ± 0.04 11.89 ± 0.03 
12.74 ± 

0.02 

26.96 ± 

0.05 

23.43 ± 

0.15 
7 1.013 2.100 1.959 0.933 

0.6 27.7 ± 1.2 13.8 ± 0.6 12.4 ± 0.8 28.6 ± 0.4 
17.5 ± 

0.8 
3 1.057 2.007 2.233 1.112 

0.7 24.82 ± 0.27 12.00 ± 0.04 
13.17 ± 

0.09 

37.02 ± 

0.04 

12.98 ± 

0.06 
8 0.986 2.068 1.884 0.911 

1 24.58 ± 0.02 11.61 ± 0.03 
12.75 ± 

0.02 

51.06 ± 

0.07 
03 11 1.009 2.117 1.927 0.910 

           

Crystallised-

ICP-OES 
          

0 27.11 ± 0.03 11.44 ± 0.03 
12.480 ± 

0.007 
03 49.96 ± 

0.16 
3 1.132 2.368 2.171 0.917 

0.1 27.54 ± 0.05 
12.278 ± 

0.005 

12.318 ± 

0.003 

4.808 ± 

0.007 

43.05 ± 

0.05 
3 1.119 2.243 2.236 0.996 

0.2 26.653 ± 0.011 
13.344 ± 

0.012 

12.06 ± 

0.021 
9.87 ± 0.07 

38.1 ± 

0.1 
3 1.049 1.997 2.210 1.106 

0.3 27.24 ± 0.06 
12.961 ± 

0.006 

12.120 ± 

0.005 

14.78 ± 

0.03 

32.911 ± 

0.022 
3 1.085 2.101 2.247 1.069 

0.4 27.294 ± 0.016 
12.987 ± 

0.016 

12.139 ± 

0.007 

20.388 ± 

0.014 

27.202 ± 

0.014 
3 1.085 2.100 2.247 1.069 

0.5 27.750 ± 0.016 
12.452 ± 

0.009 

12.186 ± 

0.005 

24.50 ± 

0.05 

23.11 ± 

0.04 
3 1.126 2.228 2.277 1.021 

0.6 27.579 ± 0.009 
12.3975 ± 

0.0023 

12.137 ± 

0.055 

29.62 ± 

0.14 

18.27 ± 

0.06 
3 1.124 2.224 2.272 1.021 

0.7 
28.1713 ± 

0.0012 
12.28 ± 0.04 

12.290 ± 

0.010 

33.45 ± 

0.16 

13.7 ± 

0.01 
3 1.146 2.294 2.292 0.999 

0.8 27.883 ± 0.007 
12.413 ± 

0.010 

12.253 ± 

0.009 
38.6 ± 0.4 

8.857 ± 

0.021 
3 1.130 2.246 2.276 1.013 

1 26.74 ± 0.04 12.66 ± 0.04 
12.138 ± 

0.009 

48.462 ± 

0.017 
03 3 1.07 2.111 2.202 1.043 
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The results of the EDX and ICP-OES measurements of the CZTSSe solid solutions are 

compared to the weighed quantities of the elements in fig. 4.4 for the anions Se (a) and S (b), where 

good agreement is found for both methods with the weighed quantities. The values of Se and S 

concentration from EDX and ICP-OES were used to calculate the x – values of the series, which also 

demonstrated good agreement with the weighed quantities (fig. 4.4c). The strong agreement between 

analysis methods supports these conclusions, suggesting that both methods provided accurate values, 

while indicating that the weighed quantities were reliably carried through into the final compositions 

via the direct synthesis from elements and crystal growth processes. 

ICP-OES and EDX results are presented in fig. 4.5 for the cation (metal) constituents of the 

crystallised CZTSSe series (a-c), as well as the total quantities of anion elements Se and S (c). Values 

are presented for copper (a), zinc (b), tin (c) and anions [Se + S] (d). Given that, within experimental 

uncertainty, the EDX and ICP-OES support the interpretation that the weighed concentrations are 

carried through to the crystallised samples, the weighed values of x were used in the plot. These plots 

demonstrate consistency of all measured elements with the weighed quantities, except that the ICP-

OES measurements indicate a copper excess of ~ 2 at% (fig. 4.5a), which accounts for the overall 

anion deficiency (fig. 4.5d). This is in disagreement with the values measured with EDX and 

represents a deviation from the stoichiometric proportions observed at the weighing stage. 
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Fig. 4.4 Chemical analysis of anion (Se and S) concentrations in CZTSSe crystallised solid solutions, 

with the results of EDX and ICP-OES compared to the weighed compositions of the samples, for a) 

selenium, b) sulphur and c) x-value. Weighed compositions were found to be consistent with both 

EDX and ICP-OES in all cases, with the dashed lines having a slope of 1. 

  

a) b) 

c) 
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Fig. 4.5 Chemical analysis of cation (metals) and anion (Se and S) concentrations in crystalline 

CZTSSe solid solutions, with the results of EDX and ICP-OES compared to the weighed 

compositions, as shown by the dashed lines. The x-values were based on weighing prior to synthesis. 

Results are shown for a) copper, b) zinc, c) tin and d) total content of anions Se and S. 

 

Given that the EDX and ICP-OES results agree with the weighed quantities in all other 

respects, the apparent copper excess is taken to be a systematic error in the ICP-OES measurement, 

with the weighed Cu concentration considered more reliable. A systematic error in Cu concentration 
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measured by ICP-OES would most likely result from uncertainties in the fitting of the Cu calibration 

curve. Based on this series of measurements, the weighed quantities of elements before synthesis 

provide a reliable estimate for elemental concentrations in the crystallised samples, and have the 

highest precision, so are used in subsequent analysis.   

Two crystal types were observed in the ingots of CZTSSe solid solutions crystallised in the 

NaCl/KCl mix: a hard, densely packed shell deposited on the surface of the growth tube; and loosely 

packed, larger monograins inside the shell, grown within the solution volume. The hard shell was ~ 

0.5 mm thick and had a smooth, black surface, with an optical microscope image of a mechanically 

polished (Section 3.3.1) section treated with Br-MeOH shown in fig 4.6a, for the sample where x = 

0.3. The Br-MeOH treatment revealed dark grain boundaries, consistent with crystal grains ~ 100 μm 

in size and providing evidence that this treatment worked as a chemical etch. The grain sizes for all 

solid solutions in the series, determined as described in Section 3.3.2, are plotted against x - value in 

fig. 4.6c, demonstrating that there were variations in the average size of the crystal grains with x-

value, ranging from 100-200 μm., This scatter was slightly larger than the standard deviation for a 

given sample (represented by the error bars), but there were no clear trends relating grain sizes to x-

value, suggesting crystallisation occurred similarly across the series. These crystal grains likely 

formed by heterogenous nucleation of CZTSSe on the surface of the growth tube, resulting in a high 

density of grains, as a given grain’s growth terminated as soon as it encountered another. 

Apart from the hard shell formed of dense crystal grains on the walls of the growth tubes, the 

CZTSSe solid solutions crystallised in the NaCl/KCl mix also consisted of an assembly of crystal 

monograins, nucleated within the solution volume, rather than seeded by the tube walls. The polished 

surfaces of several of these monograins in the case of CZTS (x = 1) are imaged with optical 

microscopy in fig. 4.6d. 

These monograins were larger than the dense grains found in sections of the hard shell, being 

up to 700 μm in size. The size difference was most likely because grains in the melt volume require 

homogenous nucleation sites, of which a lower density would be expected than the heterogenous 

nucleation sites on the tube walls, so grains within the melt volume were able to grow to a larger size 
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before encountering another grain. Straight boundaries on the surface of the monograins separating 

bright and dark regions of the image are suggestive of twin defects.  

 

    

Fig. 4.6 a) Optical microscope image of a polished section of the hard shell of the CZTSSe ingot 

crystallised from solution in the NaCl/KCl mix, where x = 0.3. b) Optical microscope image of 

polished surface of compact crystalline CZTS (x = 1) section grown on a quartz seed plate. c) Graph 

of grain size vs composition. d) Polished surface of crystal monograins of CZTS (x = 1) formed 

within the solution volume, at < 700 μm in size. 

 

Both these large monograins and the densely-packed grains comprising the hard shell of the 

samples were significantly larger than the crystal grains observed in the feedstock (fig. 4.1), at ~ 1 

μm. This demonstrates that the crystallisation process from solution in the NaCl/KCl mix was 

a) 

d) 

b) 
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effective in producing larger crystals compared to the direct synthesis method. This is to be expected, 

given the slow cooling rates of 0.4°C hr-1 (Section 3.2.2) and the long homogenisation times. 

XRD was carried out on the polished surface of the monograin samples, with the results 

shown in fig. 4.7a (middle and bottom). These scans indicate only one prominent diffraction peak in 

each case, the 112 peak for the CZTS (x = 1) sample, and the 220 peak for the CZTSSe sample where 

x = 0.6. This offers evidence that the individual monograins were indeed single crystals, although as 

mentioned in Section 3.3.3, XRD measurements can only confirm the presence of a single plane, and 

are insensitive to a columnar growth situation with strong preferred orientation, where grains may 

share a plane, but are rotated relative to one another. The etching may not pick up on this if adjacent 

grains share a planar orientation, so it remains a possibility. Additionally, other crystal orientations 

may be present, but will not show up in the XRD scan if the planes are not lined up with the substrate 

holder. Full confirmation would require an imaging method such as Laue diffraction or EBSD. 

If it can be assumed that the grains revealed by the etch were single crystals of CZTSSe, they 

were large enough to characterise with Raman spectroscopy, as the laser spot size in the Renishaw 

instrument is ~ 1 - 2 μm (Section 3.3.5). Results of powder XRD and Raman measurements  of the 

crystallised solid solution series are presented in Sections 4.3 and 4.4. 

 

4.2.3 Growth of Thick-Film Polycrystalline CZTSSe Using Quartz Seed Plates 

Since crystallisation from molten salts could be seeded by the quartz surface of the tube, a flat 

seed plate 10 x 10 mm in size was also placed within the tube for some growth runs to encourage this 

form of nucleation. The result was a deposit of CZTSSe ~ 0.5 mm thick and 10 x 10 mm in size, with 

the same appearance as the hard black shell deposited on the walls of the growth tube. The size and 

flatness of these sections meant that they provided a practical surface for optical characterisation 

techniques such as Raman spectroscopy. An optical microscope image of the mechanically polished 

surface of the CZTS sample crystallised this way, etched with the Br-MeOH treatment, is shown in 

fig. 4.6b, where etching revealed crystal grains ~ 100 μm in size. This is consistent with the growth 

results for the hard shell (fig. 4.6a) indicating that the same form of growth occurred. 
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4.2.4 Directional Gradient Freeze Growth of CZTS Crystals from Sn 

The growth of CZTS crystals from a solution of CZTS (x = 1) and Sn via the directional 

freezing method produced an ingot around 15 mm long. Cutting and polishing produced the surface 

shown in fig. 4.7b, where orientation-selective etching by the Br-MeOH treatment revealed columnar 

grains 10 mm long and 2 mm wide, oriented along the growth axis. Fig, 4.7a (top) shows XRD 

measurements taken for single grains on the polished surface in the same way as for the monograin 

samples grown in the NaCl/KCl mix (Section 4.2.2). The 415 diffraction peak is the only significant 

peak observed for the Sn-grown CZTS, offering strong evidence that the grains shown fig. 4.7b 

(outlined in red) are single crystal grains. 

Despite large crystal grains being evidenced, single crystals were not ultimately grown 

through this method, greatly reducing the possibility of examining the electrical and point defect 

properties of CZTSSe, one of the original aims of this work. As a result, focus was shifted into 

investigating the structural properties of the CZTSe-CZTS series using the sample series grown in the 

NaCl/KCl mix, as described in the following sections. 
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Fig. 4.7 a) XRD measurements (linear y-axis) taken from the polished surface of: i) crystallised 

CZTSSe solid solution grown with a ratio CZTSSe:NaCl:KCl of 1:16:16, where x = 0.6 (bottom); ii) 

crystallised CZTS (x = 1) grown by the same method with a ratio of CZTSSe:NaCl:KCl of 1:32:32 

(middle); iii) Crystalline CZTS (x = 1) grown by the directional gradient freeze method in solution 

with Sn. Observed diffraction peaks are assigned on the plot. b) Photograph of the cut, polished and 

etched surface of the same CZTS polycrystal, with grain boundaries outlined in red. 
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4.3 Powder XRD Investigation 

This section reports determination of the Vegard relations for CZTSSe for both the feedstock 

material and that crystallised from molten salts. 

 

4.3.1 Diffraction Patterns 

θ-2θ powder XRD measurements were taken for powderised sections of the CZTSSe 

feedstock directly synthesised from the elements and for the CZTSSe solid solutions crystallised in 

NaCl/KCl mix, as shown in figs. 4.8 and 4.9 respectively. The strong, sharp peaks observed in all 

scans offer further confirmation of the successful crystallisation of CZTSe, CZTS and intermediate 

solid solutions by both methods. The peaks at 27.14°, 45.05° and 53.44° correspond to the 112, 220 

and 332 diffraction peaks for CZTSe, while these shift to 28.46°, 47.36° and 56.15° for CZTS. 

It should be noted that ZnS/Se may also produce these peaks (see Section 2.3.3)[2]. However, the 

Raman study of these samples (Section 4.4) indicates that ZnS/Se is not present in significant 

quantities, meaning that these peaks may be attributed to CZTS/Se. For the solid solutions as a whole, 

the XRD scans exhibited a linear shift in peak positions from low to high with increasing x, 

suggesting that the lattice parameter shifted similarly from large to smaller values. This provides 

confirmation that the intermediate compositions are, in fact, solid solutions, rather than phase-

separated CZTSe and CZTS. This behaviour is observed for both the feedstock series and the CZTSSe 

solid solutions crystallised in NaCl/KCl. As is usual for conventional XRD in the study of CZTSSe, 

these measurements were unable to assess the relative ordering of Cu and Zn atoms in the two series 

(see Section 2.3.3). However, it has been suggested[3] that order and disorder have an impact on the 

value of the unit cell volume as a result of shifts in the c parameter. 
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Fig. 4.8 XRD θ-2θ scans (linear y-axis) for a) CZTSSe feedstock for the composition range 0 ≤ x ≤ 1 

in increments of 0.1 (weighed x - values) with all peaks indexed. b) Same sample set, showing the 

shift in the 220 peak with x to higher angles, a doublet peak as both the Cu K-α1 and K-α2 lines were 

used.  

  

a) 

b) 
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Fig. 4.9 XRD θ-2θ scans (linear y-axis) of: a) CZTSSe solid solutions crystallised in NaCl/KCl mix. 

b) Same sample set, showing the shift in the 220 peak, a singlet peak as the monochromated Cu K- α1 

line was used. a) shows prominent 112, 220 and 332 peaks, with all peaks assigned. Peaks shift to 

higher angles in all cases with increasing x. 

 

  

a) 

b) 
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4.3.2 Rietveld Refinement 

Example plots of the Rietveld refinement of the patterns for crystallised CZTSSe (same 

patterns as shown in fig. 4.9) are shown in fig. 4.10 for x – values of a) 0, b) 0.4, c) 0.6 and d) 1. The 

small residuals (blue line) shown in fig. 4.10 provide indication of a good fit between the model and 

experiment. 

Fig. 4.10 Results of the Rietveld refinement (linear y-axis) carried out on the powder XRD patterns 

for the CZTSSe solid solutions crystallised in NaCl/KCl mix, with x - values of a) 0, b) 0.4, c) 0.6 and 

d) 1. The observed patterns (red circles), the fit (black line), and the residuals (blue line) are shown. 

 

 

a) b) 

c) d) 
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Table 4.3 shows that values of χ2 ranging from 2 to 4 were found for the Rietveld refinement 

across the composition range of crystallised CZTSSe, demonstrating a good fit between the model and 

the experiment (see Section 3.3.3), while small values of the other conventional Rietveld parameters 

(not shown) were found. 

 

4.3.3 Lattice Parameters 

Table 4.3 presents the structural parameters determined by the Rietveld refinement process 

for the full composition series of the crystallised CZTSSe solid solutions: lattice parameters, atomic 

position and the overall isotropic thermal parameter BIso. BIso is a quantification of the average volume 

occupied by the atoms in the unit cell due to thermal motion, as measurements were taken at room 

temperature (the value of BIso , in units of Å2, corresponds to the area of the circular cross-section of 

the sphere occupied by the atom), which causes broadening of the diffraction peaks. 

Table 4.4 presents the lattice parameters determined in this work from Rietveld refinement for 

the feedstock and crystallised sample series, for the series end members CZTSe (x = 0) and CZTS (x 

= 1). These values are presented with the cation (metals) ratios based on weighing prior to synthesis 

and compared to lattice parameter values taken from the literature on CZTSe and CZTS.  
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x – value 

(Weighed): 
0 0.1 0.2 0.3 0.4 

Lattice 

parameters (Å) 

     

a 5.69258(3) 5.67077(3) 5.64406(3) 5.61520(3) 5.58530(3) 

c 11.34351(8) 11.29954(8) 11.24646(8) 11.1876(8) 11.13394(7) 

Anion positions      

x 0.765(5) 0.7574(11) 0.7544(7) 0.7567(9) 0.7505(6) 

y 0.755(4) 0.7645(8) 0.7677(5) 0.7669(7) 0.7710(4) 

z 0.87047(16) 0.87033(17) 0.87049(18) 0.87003(18) 0.86964(19) 

      

BIso (Å2) 0.953(19) 0.941(21) 1.184(22) 0.996(21) 0.949(21) 

       

χ2 3.08 3.47 3.36 2.74 2.93 

      

x – value 

(Weighed): 
0.5 0.6 0.7 0.8 1 

Lattice 

parameters (Å) 

     

a 5.56237(4) 5.53041(3) 5.50522(3) 5.47855(3) 5.43170(3) 

c 11.09142(9) 11.03185(8) 10.98109(7) 10.92823(7) 10.83919(8) 

Anion positions      

x 0.7527(7) 0.7518(7) 0.7503(7) 0.75040(8) 0.7674(15) 

y 0.7701(5) 0.7711(5) 0.7735(5) 0.7727(6) 0.7551(17) 

z 0.86993(21) 0.86949(22) 0.86992(24) 0.86973(28) 0.8701(3) 

      

BIso (Å2) 1.298(21) 1.011(22) 1.053(22) 0.677(23) 0.819(22) 

      

χ2 2.64 3.15 2.66 2.96 2.86 

Table 4.3 Crystal structure parameters for the CZTSSe solid solution series, determined from the 

Rietveld refinement process: lattice parameter; positions of the anions (Se and S); and the overall 

isotropic thermal parameter BIso. The ‘x - value’ in the column headers refers to composition based on 
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weighed quantities, while the values of ‘x’ presented under ‘Anion positions’ refer to the position of 

the anions in space. χ2 values indicate the goodness-of-fit. 

Sample Set  Composition 

  CZTSe (x = 0) CZTS (x = 1) 

This work: feedstock 

a / Å 5.69193(5) 5.43296(8) 

c / Å 11.34416(15) 10.84387(22) 

Cell volume / Å3 367.529(7) 320.079(9) 

This work: material crystallised in 

NaCl/KCl mix 

a / Å 5.69258(3) 5.43170(3) 

c / Å 11.34351(8) 10.83919(8) 

Cell volume / Å3 367.591(7) 319.792(6) 

Cu/(Zn+Sn) 14 14 

Zn/Sn 14 14 

Adachi[4] – 

compiled data 

a / Å 5.688 5.430 

c / Å 11.341 10.845 

Cell volume / Å3 366.92 319.76 

Sample #3 – Lafond[5] 

a / Å  5.43006 

c / Å  10.8222 

Cell volume / Å3  319.098 

Cu/(Zn+Sn)  0.79 

Zn/Sn  1.19 

Sample #4 – Lafond[5] 

a / Å  5.43097 

c / Å  10.8415 

Cell volume / Å3  319.777 

Cu/(Zn+Sn)  0.95 

Zn/Sn  1.08 

Sample #6 – Lafond[5] 

a / Å  5.42936 

c / Å  10.8391 

Cell volume / Å3  319.53 

Cu/(Zn+Sn)  1.14 

Zn/Sn  0.8 

Table 4.4 Crystal unit cell lattice parameters and cell volumes for the CZTSe and CZTS samples 

directly synthesised from the elements and grown from solution in a NaCl/KCl melt. Averaged 

 
4 Ratio based upon weighed proportions of elements before synthesis, where precision is < 0.001 at% 
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experimental values reported by Adachi in [4], as well as to the values reported by Lafond et al.[5], 

which investigated cation composition, are included. Lattice parameter values from the latter study 

which most closely match our values are shown in bold. 

 These results show good agreement with the values for CZTSe and CZTS averaged by Adachi in 

[4] from several sources of published data. The feedstock and crystallised series from this work 

exhibit a small difference in cell volumes, with the volume for the CZTS feedstock sample larger, at 

320.08 Å3, than for the crystallised CZTS, at 319.79 Å3. Based on work reported in Choubrac et al.[3] 

this would suggest that the crystallised CZTS sample was more highly-ordered than the CZTS 

feedstock, as that work reported cell volumes of 319.80 Å3 for an ordered sample, and 320.10 Å3 for a 

disordered sample. Choubrac et al. argues that the observed change in cell volume resulted solely 

from changes to the c parameter, but this was not found to be the case for the CZTS samples in this 

work, where the c parameter shifted by ~ 0.04% but the a parameter also shifted by ~ 0.02%. The 

difference was in spite of the fact that the crystallised samples in this work were demonstrated to have 

compositions in line with the stoichiometric proportions engineered at the weighing stage (fig. 4.5a), 

matching closely with the composition of samples reported on in Choubrac et al.[3]. The difference 

may therefore result from the different processing methods used. In our work, samples were 

crystallised between 820°C and 875°C then cooled from 820°C, while the samples in Choubrac et al. 

were annealed at 750°C before cooling. 

There is no comparable change in the unit cell volumes found for the CZTSe samples, with a 

volume of 367.53 Å3 for the CZTSe feedstock and 367.59 Å3 for the crystallised CZTSe. The ordering 

effect within CZTS and CZTSe may be characterised with Raman spectroscopy (Section 4.4) 

providing a more direct assessment of ordering in these samples. 

The lattice parameters in CZTSSe are sensitive to cation ratios, as well as anion ratios, as is 

reported in the work of Lafond et al.[5]. Lattice parameters for several samples of CZTS from that 

work, where close matches were found, are compared to our values in Table 4.4, with the cation ratios 

in each case also presented. For the case where the a values match most closely (Lafond sample #4), 

the metals stoichiometry is very similar to our sample, however the closest match for c is found with a 
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sample (Lafond sample #6) with significantly different stoichiometry, demonstrating that the 

relationship between lattice parameters and metals stoichiometry is complicated, with no simple 

trends forthcoming based on these datasets. 

Fig. 4.11 shows the lattice parameter values for the whole CZTSSe compositions series (0 ≤ x 

≤ 1), for directly synthesised feedstock (fig. 4.11a-b) and CZTSSe solid solutions crystallised in 

NaCl/KCl mix (fig. 4.11c-d). All datasets demonstrated linear Vegard relationships, with the series 

fitted linearly to produce trends of: a (Å) = -0.264(7)x + 5.691(4) and c (Å) = -0.504(6)x + 11.343(4) 

for the feedstock. Meanwhile, a trend where: a (Å) = -0.268(3)x + 5.6949(17) and c (Å) = -0.516(6)x 

+ 11.345(3) was found for the crystallised series. Uncertainty values were determined based on the 

goodness of the linear fits, with the no. of significant figures in the coefficients reflecting this. These 

results may be compared to the trends identified by Nagaoka et al.[6] as a (Å) = -0.26x + 5.71 and c 

(Å) = -0.53x + 11.45), while He et al.[7] reported trends of a (Å) = -0.28x + 5.68 and c (Å) = -0.55x + 

11.38. These trends are compared in fig. 4.12, where the values of a (fig. 4.12a) and c (fig. 4.12b) 

parameters showed close agreement between the feedstock and crystallised sample sets in this work. 

However, the samples reported in Nagaoka et al.[6] demonstrated lattice parameters of systematically 

higher values than those reported in this work for both a and c, with shifts across the whole 

composition series of approximately + 0.02 Å in the a-value and + 0.01 Å in the c-value. In 

comparison, the values reported by He et al.[7] were smaller for a, with a shift of -0.01 Å at x = 0 and 

-0.03 Å at x = 1, but larger for c, with a shift of +0.04 Å at x = 0, converging on our value at x = 1. It 

should be noted that the series for a in this work was situated directly in the middle of the two series 

from the literature, placing it firmly within the range of flexibility that may be expected based on prior 

work. 
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Fig. 4.11 Plots showing the lattice parameter values for the whole CZTSSe compositions series (0 ≤ x 

≤ 1), with results shown for directly-synthesised feedstock for the a) a parameter and b) c parameter. 

Results are shown for the CZTSSe solid solutions crystallised in NaCl/KCl mix for the c) a parameter 

and d) c parameter. All are plotted against weighed quantities before synthesis. Linear fits are shown 

with the dashed lines, and the uncertainties on the lattice parameter values were multiplied by 100 in 

the error bars. 

 

a) b) 

c) d) 
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Fig. 4.12 Vegard plots for the linear trends in a) a and b) c lattice parameters determined in this work, 

compared to Nagaoka et al.[6] and He et al.[7]. The lines for both the CZTSSe feedstock crystallised 

material match closely, but differ from the literature data. See text for details. 

 

One of the key uses for a comprehensive set of Vegard data is the ability to back-correlate 

material stoichiometry from the lattice parameters. However, the discrepancies in fig. 4.12 

demonstrate that there are issues with this approach. For example, if the lattice parameter c were used 

to determine composition, with a value of x = 0.5 determined from our data, the data from Nagaoka et 

al. [6] would provide a value of x = 0.69, while the data from He et al.[7] would mostly agree with 

ours. Similarly, if the lattice parameter a were used, the trend from Nagaoka et al. would estimate a 

value of x = 0.58 and He et al. would provide an estimate of x = 0.43. 

The reason for the difference in linear trends between studies is most likely down to 

deviations from stoichiometry in the ratio of metals, which are known to influence lattice 

parameters[5]. Furthermore, there was a strong similarity between the Vegard trends for the CZTSSe 

feedstock and crystallised solid solutions produced in this work (fig. 4.12), despite very different 

processing conditions, with the similarity lying in the elemental compositions (Tables 4.1 and 4.2). 

Given that CZTSSe has been shown to support large deviations from stoichiometry (Table 4.4), this 
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leaves room for significant variations in lattice parameter as a result. In this case, the samples 

characterised in Nagaoka et al. had metal ratios where 0.91 < Cu/(Zn+Sn) < 0.96, 1.69 < Cu/Zn < 

1.76 and 1.13 < Zn/Sn < 1.26, whereas metals ratios of Cu/(Zn+Sn) = 1, Cu/Zn = 2 and Zn/Sn = 1 

were chosen for the crystallised samples in this work (Table 4.2). Further investigation with varied 

metal ratios is required to fully understand the origins of the systematic error, although we can have 

high confidence in the self-consistency of the values of lattice parameter reported in this work. This is 

due to the large number of closely-spaced data points and small errors on the linear coefficients, 

which allow reporting to three or four decimal places. Meanwhile, earlier works plotted lattice 

parameter values but did not provide numerical values, meaning that results may only be read-off to 

two decimal places. Additionally, it may be argued that the Zn-rich stoichiometry in Nagaoka et al. 

primarily caused a constant shift in the linear trend compared to our values, opening up the possibility 

of corrections in cases where metal ratios vary. Besides the cation issue, it may be that strain within 

the material influenced the lattice parameters and contributed to observed discrepancies. The samples 

in Nagaoka et al. were cooled naturally from 1100°C to room temperature, while very slow cooling 

over a 55°C window < 875°C was employed for the crystallised samples in this work, and the 

feedstock was cooled from 800°C to 350°C at 0.5°C / min, assumed to be slower than natural cooling. 

As a result, reduced strain may be expected for the samples in this work compared to those in 

Nagaoka et al., contributing to a difference in lattice parameters. 

    

4.4 Raman Spectroscopy Investigation 

 Raman spectroscopy was carried out for the CZTSSe feedstock and CZTSSe crystallised in 

the NaCl/KCl mix on the series end members CZTSe (x = 0) and CZTSe (x = 1), while Raman was 

carried out across the whole composition series (0 ≤ x ≤ 1) for the crystallised CZTSSe solid 

solutions. Sample fragments were set in epoxy blocks and polished to provide suitably flat surfaces 

for measurement. 
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4.4.1 Raman of the Series End Members CZTSe and CZTS (x = 0 and 1) 

 Fig. 4.13 shows the Raman spectra for the CZTSSe series end members CZTSe and CZTS in 

the form of both the feedstock (a and c) and after crystallisation (b and d). 

Prominent peaks centred on 170.9 and 194.3 cm-1
 were observed in the spectrum for the CZTSe (x = 

0) feedstock (fig. 4.13a), with a smaller peak at 233.6 cm-1. All of these peaks were consistent with 

the values reported for solution-processed CZTSe thin films, such as those fabricated by 

electrodeposition[8] and by spray pyrolysis[9], where the smaller peak is placed at 235 cm-1. 

These values may also be compared to the averages reported by Adachi in [4], where the vibrational 

symmetry modes A1, A1 and B1 were assigned to the peaks 170, 195 and 231 cm-1. These peak 

positions are consistent with the values in our work, further confirming the synthesis of the CZTSe 

phase, and suggesting that the peaks in fig. 4.13a may be assigned to modes with symmetry A1 (170.9 

cm-1), A1 (194.3 cm-1) and B1 (233.6 cm-1). In addition to representing CZTSe, the peak at 233.6 cm-1 

may also contain a small peak indicating the secondary phase Cu2SnS3 at 236 cm-1 although since the 

resolution of the spectrum was ~ 1 cm-1, additional peaks of this kind were not distinguishable. A 

contribution at 232 cm-1 corresponding to pure selenium (Rruff ID: R060137.2), may also be present, 

although it also cannot be resolved given the resolution of these scans. Furthermore, surface selenium 

was not expected on the polished sample, and the low laser irradiance of 0.3 mW μm-2 was not 

expected to induce degradation of the CZTSe surface. 
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Fig. 4.13 Raman spectra for feedstock series end members a) CZTSe and c) CZTS, and after 

crystallisation of b) CZTSe and d) CZTS. Small additional peaks in the CZTS spectra (c-d) suggest 

the presence of secondary phases. Peaks shift to higher wavenumber in the crystallised compared to 

the feedstock spectra. 

 

 

 The Raman spectrum for the crystallised CZTSe (fig. 4.13b) exhibited peaks similar to those 

observed in the feedstock, except that all peaks were shifted to a higher wavenumber, to 173.8, 195.7 

and 235.1 cm-1. This upward shift is in line with that reported by Rey et al.[10], where a shift from 

194.5 to 196.4 cm-1 was associated with a transition from disordered (194.5 cm-1) to ordered (196.4 

a) b) 

d) c) 
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cm-1) kesterite phases. Furthermore, theoretical work reported in Khare et al.[11] predicts a higher 

wavenumber value for the kesterite A symmetry mode in CZTSe compared to the A1 symmetry mode 

for disordered kesterite. As a result, we assigned the symmetry modes A (173.8 cm-1), A (195.7 cm-1) 

and B (235.1 cm-1) to the peaks observed in this spectrum. Just as for the CZTSe feedstock, small 

secondary phase peaks may be present in the 235.1 cm-1 peak in addition to the peak representing the 

CZTSe B mode. If so, their proportions are likely to be small, as the observed shift suggests that the 

CZTSe B mode dominates this peak (secondary phase peaks would not be expected to shift also). 

Fig. 4.13c shows the Raman spectrum for the CZTS feedstock sample, where prominent 

peaks centred on 286.7 cm-1 and 333.5 cm-1 are observed, as well as a small shoulder at 355.4 cm-1. 

The 286.7 cm-1 peak is consistent with kesterite CZTS[12], while the 355.4 cm-1 peak may result from 

the secondary phases ZnS[8] or Cu2SnS3[13]. Peaks associated with elemental sulfur (154, 220, 436 

and 473 cm-1) (Rruff ID: R040135.2) were generally not observed, although the 247 cm-1 sulfur peak 

may be responsible for the small bump observed at 250 cm-1 in the spectrum. Either way, the 

spectrum is not dominated by sulfur peaks, consistent with the low laser irradiance, which would not 

be expected to induce surface degradation. The prominent peak at 333.5 cm-1 is intermediate between 

the 331 cm-1 peak associated with the disordered kesterite A1 symmetry mode[14] and the 337 cm-1 

peak associated with the ordered kesterite A mode[15]. This peak therefore indicates the formation of 

partially disordered kesterite, where the Cu and Zn atoms are distributed on the 2c and 2d Wyckoff 

sites in a regime intermediate between fully random and fully ordered. The work of Grossberg et 

al.[15] reports on a CZTS spectrum containing coexisting kesterite A and disordered kesterite A1 

modes, supporting this interpretation. 

In the Raman spectrum for CZTS crystallised in the NaCl/KCl mix, shown in fig. 4.13d, large 

peaks appear at 289.7 and 337.7 cm-1, with smaller shoulder peaks at 254.0 and 358.5 cm-1. This 

represents a shift to higher wavenumbers compared to the feedstock (fig. 4.13c), similar to the 

phenomenon observed in the CZTSe (fig. 4.13a-b). This suggests that the CZTS similarly transitioned 

to a more ordered kesterite configuration in the crystallised sample, justifying the assignment of the 

kesterite A symmetry mode to the 289.7[12] and 337.7 cm-1 peaks[15]. The peak at 254.0 cm-1 was 
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also associated with the CZTS phase, but a symmetry assignment was not found[16]. The additional 

peak at 358.5 cm-1 may indicate the presence of ZnS[12], Cu2SnS3[13], or both, suggesting that 

despite improved ordering, secondary phases were still present in the crystallised material, although 

the fact that this peak also shifted compared to feedstock suggests that CZTS dominates the spectrum. 

Improved ordering was evidenced in the crystallised samples despite the slow-cooling step 

(0.4°C hr-1) taking place at temperatures of  > 730°C (Section 3.2.2), significantly higher than the 

reported order-disorder transitions for CZTSe at 200°C[17] and CZTS at 260°C[18]. This may 

suggest that during the natural cooling step (after the slow-cooling) while at temperatures below the 

order-disorder transition temperature (< 200°C), the material experienced an effective anneal which 

influenced the ordering. The rate of natural cooling was not known, so it is unclear how long the 

samples remained at temperatures close to (but below) the order-disorder transitions temperature. 

However, crystallised samples may have stayed at these temperatures for a longer period than the 

CZTSSe feedstock due to heat retention by the large mass of salt in the growth tube, offering an 

explanation for the differing levels of ordering. 

 

4.4.2 Raman of the Full Composition Series 0 ≤ x ≤ 1 

The Raman spectra for the whole composition series (0 ≤ x ≤ 1) of the CZTSSe crystallised in 

the NaCl/KCl mix are shown in fig. 4.14a. The assumed single crystal nature of the monograins 

(Section 4.2.2) likely produced the clean spectra with strong Lorentzian peaks . 

Fig. 4.14a shows the Raman spectra for the crystallised series (0 ≤ x ≤ 1). For the series end 

members CZTSe and CZTS, one large, principal peak (assigned to kesterite A symmetry mode) was 

observed in each spectrum, while for the intermediate compositions (0 < x < 1), two principal peaks 

were observed in each spectrum, with wavenumber values similar to the principal CZTSe and CZTS 

peaks, so were described as ‘CZTSe-like’ and ‘CZTS-like’. Fig. 4.15 presents their FWHMs vs. x 

determined from weighing. The larger peak widths found at intermediate x - values (compared to the 

series end members) most likely result from increased disorder in the placement of the Se and S 

anions. 
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In addition to the broadening that occurred at intermediate x - values, the CZTSe-like and 

CZTS-like peaks, representing the kesterite A mode, both shifted to larger wavenumbers (represented 

by ω in this work) with increasing x - value. Figs. 4.14b-c plot the positions of the CZTSe peak (fig. 

4.41b) and CZTS peak (fig. 4.41b) against x - value determined from weighing, and show a linear 

shift in each case. 

The Raman measurements of the crystallised CZTSSe solid solutions clearly exhibit ‘two-

mode’ behaviour, with separate vibrational modes associated with either selenium or sulfur atoms 

coexisting, rather than the selenium mode smoothly transitioning into the sulfur mode, as for ‘one-

mode’ behaviour. The two-mode behaviour is in line with the results reported by Grossberg et al.[19] 

and by Adachi in [4]. 
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Fig. 4.14 a) Raman spectra taken for every CZTSSe composition crystallised from NaCl/KCl mix 

over range (0 ≤ x ≤ 1). Two principal Raman peaks are observed for each intermediate composition (0 

< x < 1), each shifting to higher wavenumber with increasing x - value. b-c) Plotted positions of 

principal kesterite A mode peaks for crystallised b) CZTSe and c) CZTS against x - value (weighed). 

Linear trends for this work are shown with dashed black lines and compared to the linear trends 

reported in Adachi[4], shown with solid red lines. 

 

 

Fig. 4.15 Plot of the FWHM values for the ‘CZTSe-like’ and ‘CZTS-like’ peaks in the series of 

CZTSSe samples crystallised in the NaCl/KCl mix, against weighed x - value. Peaks experience 

broadening for intermediate compositions. 
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The modified random-element isodisplacement model, outlined by Chang and Mitra[20], 

forms the theoretical framework for the two-mode evolution. The model considers a mixture of two 

binary compounds, so CZTSe and CZTS are treated as pseudobinary compounds, with the CZTSSe 

solid solutions a mixture of the two. The CZTSe-CZTS system may be defined as ABxC1-x where A is 

Cu2ZnSn, with a mass of MCu2ZnSn = MCu2 + MZn + MSn, while B is defined as S4 and C as Se4. The 

criterion for two-mode behaviour is that the mass of B is smaller than the reduced mass for the A-C 

system, i.e. MB < μAC where μAC is the reduced mass of the A-C system. As reported by Adachi in [4], 

the CZTSe-CZTS system is expected to exhibit two-mode behaviour as defined by this model, 

because the mass of sulphur is smaller than the reduced mass of MCu2ZnSn and MSe. The Raman results 

presented in this work (fig. 4.14b) therefore provide confirmation of this. 

Given that the two-mode system predicts linear shifts in peak positions, the linear fit applied 

in fig. 4.14b is valid, producing expressions for the trend in Raman mode evolution with x – value. 

The CZTSe-like A mode shifted as: ωCZTSe (cm-1) = (44.6 ± 1.6)x + (194.6 ± 0.8) while the CZTS-like 

A mode shifted as: ωCZTS (cm-1) = (7.1 ± 1.3)x + (329.0 ± 0.8). The review in by Adachi in [4] 

combines the data presented in Grossberg et al.[19] and He et al.[7] to report a trend in the Raman 

mode evolution of the CZTSe-like A mode of: ωCZTSe (cm-1) = 46.8x + 194.9 and for the CZTS-like A 

mode of: ωCZTS (cm-1) = 12.2x + 324.5. These trends are consistent with our values for the CZTSe-like 

A mode, as can be seen from the comparison in fig. 4.14b, but with some difference for the CZTS-like 

A mode, where we observed a less rapid variation in the peak position with x – value: a total shift of 

7.1 cm-1 over the range as opposed to 12.2 cm-1 for Adachi. This difference is clear to see in fig. 

4.14c. Much of this discrepancy may be put down to the larger value of ωCZTS at x = 0 estimated in this 

work, at 329.0 cm-1 compared to 324.5 cm-1 for Adachi. In both cases this value is an extrapolation, as 

no CZTS-like mode appears in pure CZTSe. We may have confidence in our extrapolation given the 

large number of data points, although there was more scatter about the linear trendline for ωCZTS than 

for ωCZTSe. 

It should also be noted that the sample sets covered by Adachi in [4] by way of Grossberg et 

al.[19] and He et al. were copper-poor, something that has been demonstrated to affect lattice 
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parameters[5], which followed a different trend with x – value in He et al.[7], as compared to our data 

in fig. 4.12. The differing cation ratios may therefore be responsible for the value of ωCZTS at x = 0 

while simultaneously producing a shift in the value of c. The good agreement of the CZTSe-like peak 

with literature suggests that this series may be less sensitive to metals stoichiometry than lattice 

parameters while the good linear fit achieved suggests it may be applied in an analogous way to the 

lattice parameters to determine the anion ratio in a thin film, especially as the CZTSe A mode is less 

sensitive to ordering than the CZTS A mode (see fig. 4.13). This also offers some advantage over 

using lattice parameters because refining the XRD pattern for a thin film to extract lattice parameters 

is often complicated by preferred crystal orientations. Raman also allows the characterisation of sites 

1 – 2 μm in size, while conventional XRD provides an average over an area of at least several square 

mm. It should be noted, however, that as these results were derived from highly-crystalline bulk 

samples, they are most applicable to highly-crystalline CZTSSe thin films, and have less relevance for 

amorphous or poorly crystalline films, as non-crystalline material would not be identifiable with XRD 

or Raman. Additionally, given the possibility of lattice strain influencing lattice parameters, these 

results may be less useful for films grown under highly non-equilibrium conditions. 
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4.5 Conclusions 

While an original aim of this work was to produce single crystals of CZTSSe to examine 

point defects, as well as structural properties, this was not ultimately achieved. Instead, a key 

synthesis result presented in this chapter is the growth of crystal monograins of CZTSSe ~ 100 μm in 

size from solution in a NaCl/KCl salt mix with controlled stoichiometry and strong evidence of 

ordering. This was achieved across the composition range 0 ≤ x ≤ 1 to a precision of Δx = 0.1. Due to 

these sample synthesis results, more focus was placed on measuring the structural properties of this 

series to high precision, rather than continuing attempts to grow single crystals, with results as 

follows. 

XRD measurements provided a linear Vegard relation where relations a (Å) = -0.268(3)x + 

5.6949(17) and c (Å) = -0.516(6)x + 11.345(3) were determined, while Raman mode evolution data 

was produced for the same sample set, where two-mode behaviour was clearly observed. The 

evolution of the CZTSe-like and CZTS-like A Raman modes were determined as ωCZTSe (cm-1) = (44.6 

± 1.6)x + (194.6 ± 0.8) and ωCZTS (cm-1) = (7.1 ± 1.3)x + (329.0 ± 0.8) respectively. Meanwhile, 

accurate determination of the cation and anion content of the sample series was carried out, allowing 

the lattice parameters and Raman data to be examined in the context of precise stoichiometric ratios. 

The gathering of fundamental reference data for CZTSSe has utility in the fabrication of highly 

crystalline thin films, for instance, in allowing the back-correlation of anion composition based on 

lattice parameters and/or Raman mode position. Determination of composition using these techniques 

offers advantages over EDX, as no matrix correction step (and associated systematic errors) is 

necessary, while XRD and Raman are also non-destructive, in contrast to secondary ion mass 

spectrometry or ICP-based chemical analysis methods. However, they have the disadvantage of being 

less applicable to amorphous or poorly-crystalline samples, as an amorphous material will not 

produce a clear contribution to the signal observed with these methods, even if it, in fact, dominates 

the sample. 

These results provide a higher level of precision in the compositional control than previous 

studies of this type, and probe a regime with different stoichiometry in the cations (metals). This 
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allows additional confidence to be placed in these trends, as well as demonstrating the differences 

(and similarities) that emerge when cation ratios are different. Additionally, the results presented in 

this work add to the body of evidence on the effects of ordering within CZTSSe, demonstrating a 

transition from a disordered to a more ordered kesterite phase. While the mechanism behind this 

improved ordering is not known for certain, it is possible that ordering occurred while the sample was 

being cooled, if it remained close to, but below, the order-disorder transition temperature (~200°C) for 

an extended period of time. As well as providing reference data for experimentalists, it is hoped that 

theorists will find utility in these results to inform their models, for instance, in modelling the impact 

of the a and c lattice parameters on the frequency of vibrational modes. 
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5. Growth and Physical Characterisation of 

Doped Crystalline Sb2Se3 and Sb2S3xSe3(1-x) 
 

5.1 Introduction 

This chapter details work carried out to investigate the growth of bulk crystalline samples of 

Sb2Se3 and Sb2S3xSe3(1-x) solid solutions. Sb2Se3 was synthesised from elemental Sb and Se with 

controlled stoichiometry, both with and without extrinsic dopants, and used as source material for 

crystal growth. Commercial Sb2Se3 source material was also used. Additionally, the formation of solid 

solutions of Sb2S3xSe3(1-x) was investigated. These crystals allowed examination of the lattice 

parameters and Raman modes. Another key motivation of the crystal growth studies was to determine 

the most effective methods to produce single crystals suitable for electrical characterisation (see 

Chapter 6). 

In Sections 5.2-5.6, the use of several techniques to prepare crystals of Sb2Se3 is reported 

(details may be found in Sections 3.2.4 and 3.2.5). These were: direct synthesis from elements (DSE) 

or from compounds (DS) in a sealed tube, Piper-Polich (PP) growth, self-selecting vapour growth 

(SSVG) and vertical Bridgman (VB) growth. 

The process of direct synthesis of Sb2Se3 from the elements used elemental Sb (6N purity) 

and Se (5N purity) shot as the source material. The Piper-Polich, SSVG and vertical Bridgman 

techniques utilised either commercial 5N Sb2Se3 or Sb2Se3 directly synthesised in-house from the 

elements, as above. The largest single crystals were produced via the vertical Bridgman method and 

these proved to be the most suitable for further characterisation. As a result, small quantities of 

extrinsic dopant elements were incorporated into some growth runs, with their impact on electronic 

properties covered in Chapter 6. 

In Section 5.5, direct synthesis from compounds was employed to investigate the formation of 

sulfo-selenide solid solutions Sb2S3xSe3(1-x). Commercial 5N Sb2Se3 and Sb2S3 (x = 0 and 1 

respectively) were used to synthesise the solid solutions. 
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All samples prepared by these techniques were examined with optical microscopy, powder x-

ray diffraction (XRD), scanning electron microscopy (SEM) and energy-dispersive x-ray 

spectroscopy (EDX) to evaluate the phase, composition and crystallite size. For the Sb2S3xSe3(1-x) solid 

solutions, these techniques were also used to determine the extent of intermixing and measure the 

Vegard relation. 

Section 5.6 reports the physical properties of Sb2Se3 single crystals grown by the vertical 

Bridgman method using XRD, differential interference contrast (DIC) microscopy, electron 

backscattered diffraction (EBSD) and Raman spectroscopy. 

Section 5.7 reports chemical analysis by inductively-coupled plasma optical emission 

spectroscopy (ICP-OES) mass spectrometry (ICP-MS), and secondary ion mass spectrometry (SIMS). 

The successful incorporation of Sn and Mg from extrinsic doping is demonstrated, and a significant 

quantity of Cl is found in the 5N Sb2Se3 source material, both of which have great relevance to the 

electrical properties of Sb2Se3 as investigated in Chapter 6. 

Table 5.1 details all of the sample types synthesised in this work, with sample codes applied 

in this and the following chapter (Chapter 6). The deviation from stoichiometry in the samples 

synthesised from the elements (DSE) was controlled by weighing, while the exact stoichiometry of 

the commercial 5N Sb2Se3 was not known. The stoichiometry and percentage of extrinsic dopants in 

the vertical Bridgman crystals (where relevant) were inferred from the stoichiometry of the source 

material and the mass of dopant measured during weighing. For most sample types, several individual 

samples were synthesised. 
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Growth Technique Source Material Stoichiometry Extrinsic Dopants Sample Code 

Piper-Polich growth 

- PP 

Commercial pre-

synthesised Sb2Se3 – 

5NAA 

 Undoped - Un PP-5NAA-Un 

Self-selecting 

vapour growth – 

SSVG 

Commercial pre-

synthesised Sb2Se3 – 

5NAA 

 Undoped – Un SSVG-5NAA-Un 

Direct synthesis 

from elements 

(Sb2Se3) - DSE 

Elemental Sb shot, 

Elemental Se shot – 

6NSb5NSe 

Stoichiometric (< 

0.01 at% variation) - 

St 

Undoped – Un DSE-St-Un 

Se – poor (> 0.1 at% 

variation) – SeP 

 

Undoped – Un DSE-SeP-Un 

Se – rich (> 0.1 at% 

variation) - SeR 

Undoped - Un DSE-SeR-Un 

Sn-doped (~0.1 

at%) – Sn 

 

DSE-SeR-Sn 

Direct synthesis 

from compounds 

Sb2S3 and Sb2Se3 

(Sb2S3xSe3(1-x)) - DS 

Commercial pre-

synthesised Sb2Se3 – 

5NAA, Commercial 

pre-synthesised 

Sb2S3 

Sb2S0.6Se2.4  DS-x02 

Sb2S1.5Se1.5  DS-x05 

    (Continued) 
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Vertical Bridgman - 

VB 

Commercial pre-

synthesised Sb2Se3 – 

5NAA 

 Undoped - Un VB-5NAA 

 

Sn-doped (~0.1 

at%) – Sn 

 

VB-5NAA-Sn 

 

MgCl2-doped (~0.1 

at%) – MgCl2 

 

VB-5NAA-MgCl2 

Direct synthesis 

from elements 

(DSE) 

Stoichiometric (< 

0.01 at% variation) - 

St 

Se – poor (> 0.1 at% 

variation) - SeP 

Undoped - Un VB-St-Un 

Undoped - Un VB-SeP-Un 

Sn-doped (~0.1 

at%) – Sn 

 

VB-SeP-Sn 

MgCl2-doped (~0.1 

at%) – MgCl2 

 

VB-SeP-MgCl2 

Se – rich (> 0.1 at% 

variation) - SeR 

Undoped - Un VB-SeR-Un 

Sn-doped (~0.1 

at%) – Sn 

 

VB-SeR-Sn 

MgCl2-doped (~0.1 

at%) – MgCl2 
VB-SeR-MgCl2 

Close-space 

sublimation – CSS 

Commercial pre-

synthesised Sb2Se3 – 

5NAA 

 Undoped - Un CSS-5NAA-Un 

 

Table 5.1 Details of the growth technique, source material, stoichiometry (where controlled) and 

extrinsic dopants for all samples investigated in this work. Sample codes are given in bold. 
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5.2 Piper-Polich Growth of Sb2Se3 

Piper-Polich growth (Section 3.2.4.1) was carried out using 5N Sb2Se3 source material and 

sealed under vacuum. This growth method was feasible due to the high vapour pressure of Sb2Se3[1]. 

 6.2.1 Piper-Polich Crystal Growth Outcomes 

Typical results of Piper-Polich growth are shown in Fig. 5.1, indicating an ingot of Sb2Se3 

formed from vapour transport of material from the charge end (now empty) where temperature was 

high, to the growth tip, where the temperature was lowest. The process formed a polycrystal around 

15 mm long and up to 10 mm wide. It bore similar lustre and colour to the source material with no 

clear signs of segregation. The clean transport suggests that congruent vaporisation of the Sb2Se3 

occurred. The majority of the Sb2Se3 was deposited on the cooler top-side of the tube interior, as 

shown in fig. 5.1a. This results from lower temperatures expected at the upper edge of the ampoule, 

closer to the axis of the furnace tube, as explained in Section 3.2.4.1. 

 

Fig. 5.1 Photographs of Sb2Se3 polycrystal grown via the Piper-Polich method from 5N Sb2Se3 source 

material (PP-5NAA-Un), within quartz growth tube, showing: a) position as during growth and b) 

same sample upturned to present the growth surface. The charge region of tubes (right hand side) is 

now empty of material and the vapour transport has proceeded from right to left. 

10 mm 

Grown Sb2Se3 Ingot 
Initial 
Charge 
Position Vapour 

Transport 

a) 

10 mm 

Initial 
Charge  
Position 

Grown Sb2Se3 Ingot 

Vapour 
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b) 

Furnace Centre 

Furnace Centre 
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5.2.2 XRD Evaluation of Piper-Polich-Grown Sb2Se3 

A fragment of the polycrystal grown using the Piper-Polich method (PP-5NAA-Un) was 

finely ground and powder XRD was carried out. The θ-2θ scan was compared to a control from the 

unprocessed 5N Sb2Se3 source material and fig. 5.2 shows the results of both scans. 
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Fig. 5.2 XRD θ-2θ scans (linear intensity scale) for: (black) powdered unprocessed 5N source 

material, (red) powdered fragment of Piper-Polich-grown polycrystal (PP-5NAA), (blue) polished 

surface of polycrystal cut orthogonal to growth direction. Covering angular range a) 20-40°, b) 40-

60°, c) 60-80°, with all Sb2Se3 peaks indexed, and expected positions for Sb and Se peaks also shown. 
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The two patterns very closely match, with no peaks appearing for the polycrystal that were 

not also present for the source material, the only difference being in peak intensity. For both patterns, 

the 121 and 221 peaks (dashed lines) are the most prominent. For both samples, every peak that 

appears may be indexed to a reflection associated with Sb2Se3, indicating that Sb2Se3 is present in 

both cases. Additionally, peaks associated with elemental Sb and Se (positions shown in fig. 5.2) do 

not appear, except at positions where they overlap with possible Sb2Se3 peaks, such as for the Sb 111, 

200, 321 and 310 peaks; and for the Se 110, 021 and 210 peaks. As a result, the presence of the 

elements is unlikely, but cannot be entirely ruled out. 

Furthermore, in both cases Rietveld refinement (fig. 5.3) indicated that the patterns matched 

the orthorhombic Pbnm structure of Sb2Se3[2]. The differences in relative peak intensity are likely to 

be due to a preferred orientation, while the lattice parameters calculated for the 5N source material 

are: a (Å) = 11.6393(3) b (Å) = 11.78897(26) c (Å) = 3.97913(8) and for the polycrystal grown by 

Piper-Polich are: a (Å) = 11.63061(21) b (Å) = 11.78079(20) c (Å) = 3.97648(7). 
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Fig. 5.3 a) Rietveld refinement results (linear intensity scale) for the 5N Sb2Se3, showing a good 

match to the Pbmn crystal structure[2]. b) Rietveld refinement for the powderised polycrystal grown 

from Piper-Polich, also showing a good match to the Pbmn crystal structure. 

 

In order to assess crystallinity and growth axis, material was cut orthogonal to the growth 

direction and polished. A θ-2θ scan was carried out (fig. 5.2 blue) which exhibits several small peaks, 

as well as a prominent peak at 66.8°, split into the K-α1 and K-α2 diffraction lines, and indexed as 062. 

All peaks in the crystallised material were present in the source material, with peak assignments 
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shown in fig. 5.2, but the large peak for 062 indicated a polycrystalline sample with a strong preferred 

orientation towards the [062] axis. This suggests preferential growth along [062], although the sample 

is evidently polycrystalline and it cannot be confirmed from this single observation that this 

orientation is generally preferred for vapour-transport experiments. 

The congruent vaporisation and transport of Sb2Se3 demonstrated in these results means that 

other vapour-based techniques, such as self-selecting vapour growth (SSVG), may be carried out 

without the issue of elemental segregation. 

 

5.3 Self-Selecting Vapour Growth of Sb2Se3 

Self-selecting vapour growth (SSVG) was carried out using 5N Sb2Se3, with the details 

outlined in Section 3.2.4.2. As discussed, SSVG works by vapour transport, but utilises the radial 

temperature-gradient present in a horizontal tube furnace, rather than the horizontal gradient as for 

Piper-Polich (see fig. 3.2). 

 

 5.3.1 Optical Microscopy 

Following the SSVG process, the Sb2Se3 formed a solid ingot on the bottom surface of the 

growth tube (fig. 5.4a). The top-facing side of one of the ingots had visible crystal habit planes. These 

pieces cleaved crystallographically to reveal reflective cleavage facets. 

The distribution of the material in the tube (fig. 5.4a) comes as a consequence of the radial 

temperature profile in the furnace tube, as is intended for SSVG. However, the horizontal distribution 

indicates that the horizontal temperature profile was not ideal, with material having transported from 

right to left. This is to be expected for a single zone furnace, as in our setup (fig. 3.3). Specialist 

SSVG furnaces have a three-zone design with a cool centre zone to confine the material to the centre 

of the furnace (Section 3.2.4.2). 
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Fig. 5.4 a) Photograph showing a Sb2Se3 ingot grown by SSVG, within growth tube, with position of 

furnace centre (i.e. horizontal temperature peak) shown by the red dashed line. b) Optical micrograph 

of a cleaved face of the crystal showing cleavage steps. c) Optical micrograph of a narrow, needle-like 

Sb2Se3 crystal extracted from the free volume of the growth ampoule and showing crystal habit 

planes. 

 

 

 5.3.2 Scanning Electron Microscopy 

Ingots were cleaved manually and imaged by optical microscopy (fig. 5.4b and c). The largest 

single crystal (fig. 5.4b) exhibited cleavage planes and a large square facet around 1 x 1.5 mm in size 

and had parallel cleavage steps. Another fragment of the ingot contained a narrow, columnar 

crystallite (fig. 5.4c) several hundred μm long. These secondary crystallites are a known feature of the 

SSVG method[3]. 

10 mm 

Furnace Centre a) 

b) c) 
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Figs. 5.5a-b show crystallites of unprocessed 5N source material ranging from 0.5 to 10 μm in 

size with no clear long-range order. In contrast, the images of the sample grown from SSVG (SSVG-

5NAA) (fig. 5.5c-d) indicate larger crystals, up to 400 μm in size (fig. 5.5c) and showing 

crystallographic cleavage. 

 

 

Fig. 5.5 a-b) Scanning electron microscope images of 5N Sb2Se3 source material (5NAA) and (c-d) 

crystallites grown by SSVG (SSVG-5NAA) showing an increase in grain size from 0.5- 10 μm (a-b) 

up to 400 μm (c-d) in size. This confirms that the SSVG process stimulates crystal growth. 

 

The grains formed in these samples (fig. 5.5c-d) demonstrate a significant increase in size 

compared to the unprocessed source material following growth over a timescale of weeks (fig. 5.5a-

a) 5NAA b) 5NAA 

c) SSVG-5NAA d) SSVG-5NAA 
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b), with clearly observed grain boundaries and cleavage planes indicating individual crystal grains. 

These millimetre-scale grains demonstrate the success of the SSVG method, but the grains remain 

fairly small, despite the long time periods (2 weeks) involved in processing, with the crystals shown 

in figs. 5.4b and c likely to be at the upper limit of size without changes to the thermal conditions. It is 

concluded that other growth methods may produce larger single crystals, more suitable for 

characterisation. 

 

5.4 Direct Synthesis of Doped and Undoped Sb2Se3 from the 

Elements 

Direct synthesis of Sb2Se3 from the elements was carried out so as to allow preparation of 

material intentionally doped with Sn and MgCl2, and also to provide source material having different 

and lower levels of impurities than the 5N Sb2Se3. Here, 6N Sb and 5N Se shot were reacted in sealed 

quartz tubes at 615°C for 24 hrs. 

The reaction was expected to occur as follows: 

1. Se vaporises under the high temperature and low pressure 

2. Se vapour reacts with the surface of the Sb shot, forming Sb2Se3 

3. Since Sb2Se3 has a higher vapour pressure than Sb, it evaporates from the surface of the shot 

4. The surface of the Sb underneath is exposed, allowing further reaction between Sb and the Se 

vapour 

5. The highly mobile Sb2Se3 vapour allows for the rapid mixing of Sb and Se-rich material, 

resulting in good homogeneity 

Both stoichiometry and doping were controlled to the precision achievable by weighing (see 

Section 3.2.3). 
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 5.4.1 Inspection 

Photographs of undoped stoichiometric and Se-rich Sb2Se3 directly synthesised from the 

elements (DSE-St-Un and DSE-SeR-Un) are shown in figs. 5.6a and b respectively. For both, most of 

the synthesised material formed at the site of the source elements, close to the tube tip, and consisted 

of a mixture of dense material and thin, needle-like crystals. Further away from the tube tip, separate 

pieces of material formed, with a similar appearance to the sections closer to the tube tip. 

This morphology most likely arises from the liquid and gas phases present in the ampoule. 

The long sections of Sb2Se3 away from the tube tip appear to have formed from solidified pools of 

liquid, which extend along the full length of the ingot. Meanwhile, the needle-like crystals most likely 

result from condensation of vaporised Sb2Se3. It is not known whether the needle-like crystals 

developed while the ampoule was held at high temperature, or whether they condensed only as the 

tube was cooled, or a combination of the two. Either way, it is likely that the radial temperature 

gradient of the tube furnace played a role. While the SSVG phenomenon was not intended during this 

growth process, these results may indicate that a large free volume encourages the growth of these 

needle-like crystals. 
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Fig. 5.6 Photographs of samples synthesised via direct synthesis from elements (DSE): a) undoped 

stoichiometric Sb2Se3, b) undoped Se-rich Sb2Se3, c) Sn-doped Se-rich Sb2Se3. The ingots consisted of 

dense, crystalline sections most likely resulting from solidified melt, coexisting with smaller, needle-

like crystals, most likely formed from condensed Sb2Se3 vapour. 

10 mm 

DSE-St-Un a) 

10 mm 

DSE-SeR-Un b) 

10 mm 

DSE-SeR-Sn c) 
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Although intended as a synthesis method, some of the material formed by direct synthesis 

from the elements contained grains large enough for electrical characterisation, without the need for 

further crystallisation. This is reported in Chapter 6. 

 

 5.4.2 Powder XRD of Sb2Se3 Directly Synthesised from the Elements 

Powder XRD was carried out on powderised fragments of an undoped stoichiometric ingot 

directly synthesised from the elements, as shown in fig. 5.7 (black). The pattern matches well with the 

crystal diffraction pattern for the 5N source material (fig. 5.2, black). Rietveld refinement (fig. 5.8) 

indicates that this pattern matches closely with the Pbnm orthorhombic structure of Sb2Se3 and thus 

confirming formation of the compound. The lattice parameters were a (Å) = 11.63061(21), b (Å) = 

11.78079(20), c (Å) = 3.97648(7). 

A Se-rich Sn doped sample was also prepared by direct elemental synthesis with 0.1 at% Sn 

added. An ingot resulting from this process (DSE-SeR-Sn) is shown in fig. 5.6c. The appearance is 

very similar to the undoped samples, with small-needle-like crystals and dense underlying sections of 

the ingot. 

Fig. 5.7 compares powder XRD of the Se-rich Sn-doped and the stoichiometric undoped 

samples. They are similar, the only notable difference being the presence of an additional peak at 

28.64° for the Sn-doped sample (fig. 5.7a, blue arrow) which does not appear in the pattern for the 

stoichiometric undoped sample. Rietveld analysis is shown in fig. 5.8 and confirmed a match to the 

Pbnm crystal structure, with lattice parameters determined as: a (Å) = 11.63231(18), b (Å) = 

11.78126(21), c (Å) = 3.97777(9). This represents a slight expansion of the unit cell volume compared 

to the undoped sample. 
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Fig. 5.7 θ-2θ scans (linear intensity scale) of powderised samples of undoped stoichiometric and Sn-

doped Se-rich Sb2Se3. Apart from the peak that appears at 28.64° (Sb*), all peaks that appear are 

indexed to expected diffraction peaks for Sb2Se3. 
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Fig. 5.8 Rietveld refinement (linear intensity scale) for the same patterns shown in fig. 5.7: a) 

undoped stoichiometric and b) Se-rich Sn-doped Sb2Se3 synthesised from elements.  

 

The additional peak at 28.64° in fig. 5.7a is not easily assigned to any peak expected for 

Sb2Se3, nor may it be assigned to peaks expected from elemental Se, Sn or the compound SnSe. It is 

possible that it corresponds to the Sb 110 diffraction peak, although shifted slightly from its expected 

position at 28.8° [Rruff R050654]. A small Sb excess in the synthesised material may result, despite 
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the Se-excess in the source, from Sb being displaced by Sn during the reaction, so this assingment is 

plausible.  

5.5 Direct synthesis of Sb2S3xSe3(1-x) Solid Solutions from 

Compounds 

 5.5.1 SEM and EDX 

Samples of Sb2S3xSe3(1-x) were prepared with values of x of 0.2 and 0.5, by a combining 5N 

Sb2Se3 and Sb2S3 source material (Section 3.2.3). These ratios were chosen because the bandgap of 

Sb2S3, at 1.74 eV, is larger than the optimal bandgap for solar cells at 1-1.5 eV (see Section 2.2.6), so 

the selenium-rich side of the composition range was expected to be more technologically relevant. 

Furthermore, time pressures only permitted two samples to be synthesised, so these compositions 

were expected to effectively cover the technology-relevant compositional range. Upon removal from 

the tube, the ingots had a similar lustre and grey colour to the source materials, with no signs of 

segregation. 

SEM images were taken of fragments of both samples and shown in fig. 5.9a-b, showing 

crystalline, columnar structures, which bore similar appearance to the 5N source material and crystals 

grown by SSVG (see fig. 5.6). EDX was carried by exposing two analysis areas to the electron beam, 

each around 1 x 1 mm2 in size, for each sample, with measurements taken on 7-10 sites for each area. 

Typical spectra for these scans are shown in fig. 5.9c-d, where all expected elements produced peaks, 

and a more intense S peak relative to Se was seen in the x = 0.5 compared to the 0.2. The elemental 

concentrations derived from these scans are shown in Table 5.2 and indicated that the samples were 

sulphur-rich compared to the weighed quantities, with values of x = 0.28 for 0.2 weighed, and x = 

0.55 for 0.5 weighed, with a homogeneity of ~ 2 at% across the sampled area. The sulphur excess 

compared to the weighed proportions is not expected, and would not be explained by selenium loss, as 

the total chalcogen ratio [S+Se] compared to Sb is at the level expected. With no clear physical 

explanation, it may be that the matrix correction step of the analysis was unable to accurately translate 

the EDX peak intensity into elemental ratios for these scans. 
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Fig. 5.9 a-b) SEM images of Sb2S3xSe3(1-x) samples synthesised by direct reaction of the compounds 

Sb2Se3 and Sb2S3 with weighed x - values of: a) 0.2 (DS-x02) and b) 0.5 (DS-x05). Images show 

columnar crystalline morphology with no evidence of segregation. c-d) Typical EDX spectra for 

compounds with weighed x-values of c) 0.2 (vertical scale is 2257 cts) and b) 0.5 (vertical scale is 

1841 cts) demonstrating the presence of all key elements. 
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Weighed x – 

value: 
0.2 0.5 

Appearance 
Analysis Area 1 

(N=10) 

Analysis Area 2 

(N=7) 

Analysis Area 1  

(N=10) 

Analysis Area 2 

(N=7) 

Elements at%     

Sb 41 ± 2.5 40.2 ± 1.1 40.7 ± 1.7 40.8 ± 1.2 

S 16.6 ± 0.6 15.7 ± 2.3 33.2 ± 1.8 31.9 ± 1.0 

Se 42.6 ± 1.8 44.1 ± 2.0 26.9 ± 1.3 27.3 ± 0.7 

Measured x - value 0.28 0.26 0.55 0.54 

 

Table 5.2 Atomic percentage values measured by EDX for Sb, S and Se in the directly synthesised 

Sb2S3xSe3(1-x) samples with weighed x - value = 0.2 (DS-x02) and 0.5 (DS-x05). The x – value 

measured from EDX is also shown, indicating a higher S concentration than the weighed values. The 

number of measurement sites N is indicated for each area examined. 

 

SEM and EDX results suggest that segregation has not occurred in the Sb2S3xSe3(1-x) samples, 

offering evidence for the formation of solid solutions. XRD was carried out to confirm this. 

 

5.5.2 Powder XRD of Sb2S3xSe3(1-x) 

XRD of the Sb2S3xSe3(1-x) samples where x = 0.28 and x = 0.55, was compared to that of 

unprocessed 5N Sb2Se3, as well as literature data for Sb2S3 or ‘stibnite’ from Kyono and Kimata [4] as 

shown in fig. 5.10. All are similar, with the key difference being the expected shift in position of all 

XRD peaks to higher angles with increasing x – value, as indicated for the 221, 303, 311 240 and 420 

peaks. 
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Fig. 5.10 θ - 2θ scans (linear intensity scale) of powderised fragments of 5N Sb2Se3 (5NAA, black), 

Sb2S3xSe3(1-x) with x values estimated from EDX as 0.28 (DS-x02, red), and 0.55 (DS-x05 blue) 

compared to a θ - 2θ scan for Sb2S3 [4] (green). The shift of the diffraction peaks to higher angle with 

increasing x - value can be observed. 

 

The absence of new peaks and the shift in XRD peaks with x - value indicates the formation 

of a homogenous solid solution of Sb2S3 and Sb2Se3. The shift in peak position is consistent with the 

expected decrease in lattice parameters as Se is replaced with S. 

Rietveld refinement (Section 3.3.3.2) results for the same XRD patterns are shown in figs. 

5.11a and b respectively. The positions of the peaks matched well between the data and the modelled 

structure, providing a good fit to the structure expected for a Sb2S3xSe3(1-x) solid solution, assuming S 

replaces Se atoms in the unit cell, with starting lattice parameters interpolated between the values of 

lattice parameter for the end members Sb2S3 and Sb2Se3. However, the peak intensities had significant 

residuals, which were largest for peaks in the {010} plane family in both cases, suggesting a preferred 

orientation of the powder as deposited on the sample plate towards [010]. 
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The lattice parameters for the solid solutions were estimated from the refinement as a (Å) = 

11.56616(15), b (Å) = 11.71360(16), c (Å) = 3.94809(4) for Sb2S3xSe3(1-x) where x = 0.28 and a (Å) = 

11.43982(20), b (Å) = 11.58394(19), c (Å) = 3.90251(5) for Sb2S3xSe3(1-x) where x = 0.55, with x-

values determined from EDX. Plots of the lattice parameters derived from Rietveld refinement are 

plotted against x – value in fig. 5.11c-d. Values are included for undoped stoichiometric Sb2Se3 

directly synthesised from the elements (Section 5.4.2) and from literature for Sb2S3[4]. 

The lattice parameters do not exhibit a linear Vegard relation, with slight upward bowing 

observed. A quadratic fit to the trends yielded relations as follows: a (Å) = 11.635(16) – 0.24(8)x – 

0.179(7) x2, b (Å) = 11.783(7) – 0.173(3)x – 0.33(3)x2, c (Å) = 3.978(5) – 0.110(23)x – 0.039(22)x2. 

The shift in the lattice parameters with composition provides further evidence for the 

formation of solid solutions. Given the small number of data points, further investigation beyond the 

scope of the present work is necessary to confirm the extent of bowing. Uncertainty in the value of x 

as measured by EDX would also need to be addressed. 
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Fig. 5.11 a-b) Rietveld refinement (linear intensity scale) of the powder XRD patterns for Sb2S3xSe3(1-

x) samples with x values of a) 0.28 (DS-x02) and b) 0.55 (DS-x05) as determined from EDX, with the 

measured XRD pattern shown in red, the fits in black and the residuals in blue. Fits and data matched 

well on peak position, but less well for peak intensity. c-d) Vegard plots (Sb2S3 data from [4]) 

showing a slight upward bowing from linear (dotted line) behaviour. 

a) 

b) 
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5.6 Vertical Bridgman Growth of Doped and Undoped Sb2Se3 

Single Crystals 

5.6.1 Crystal Growth Outcomes 

Crystals grown by the vertical Bridgman technique are listed in Table 5.1 and included 

crystals grown from commercial 5N Sb2Se3 and from Sb2Se3 directly synthesised from the elements 

(DSE), the latter being either stoichiometric, Se-rich or Se-poor. 

The samples prepared from the 5N Sb2Se3 source material were grown either under vacuum 

(1 x 10-5 mbar) or under an argon pressure of 100 mbar, both in tubes of 4 mm inner diameter, with 

samples denoted VB-4mm-5NAA-Vac and VB-4mm-5NAA-Ar. 

The Sb2Se3 crystals grown by the vertical Bridgman method are photographed in fig. 5.12. in 

both cases the ingot consisted of multiple pieces, separated by voids, with a greater number of voids 

in the sample grown under vacuum than that grown under argon. The voids contained small, long thin 

crystals, with growth following a helical path, as illustrated by the sketches in figs. 5.12c-d. 
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Fig. 5.12 a-b) Photographs showing Sb2Se3 crystals grown via vertical Bridgman in 4 mm tubes a) 

under vacuum (VB-5NAA-Vac-4mm) and b) under argon (VB-5NAA-Ar-4mm), within quartz 

growth tubes. Samples comprised solid portions separated by voids (indicated by red stars) inhabited 

by needles as shown in the diagrams in c) and d). 

 

The greater prevalence of voids appearing under vacuum than under argon could be explained 

by greater sublimation of Sb2Se3 during the growth process, due to the lower pressure used, however 

under the argon pressure used, boiling of the Sb2Se3 is expected to be suppressed (see Section 

3.2.5.1), so the formation of voids as bubbles is not a satisfactory explanation. More likely, therefore, 

is that the voids formed due to uneven melting of the powder, as the entire length of the tube would 

10 mm 

VB-5NAA-Vac-4mm 

 

a) 

* * * * * * 

VB-5NAA-Ar-4mm 

20 mm 

b) 

* * 

c) d) 
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not have been heated above the melting point of Sb2Se3 at one time. The powder was also not packed 

to high density prior to growth (see Section 3.2.5.1), so with melting and the resulting increase in 

density, grains are likely to have coalesced, with the adhesion of material to the tube walls allowing 

them to remain separate. Pre-melting of the entirety of the powder would most-likely prevent this 

from happening. The small crystals present within the voids most likely condensed from vapour, with 

the helical path resulting from the rotation of the ampoule during growth. These secondary crystals 

were too small to be of any value in further work. 

Photographs of the same crystals after extraction from the growth tubes are shown in fig. 

5.13. The assumption of single crystals was based on the cleavage behaviour of the solid pieces: 

Several large sections were found to very easily cleave along oriented parallel planes, as illustrated in 

fig. 5.13b and d. The cleaved surfaces were flat and reflective, and further cleavage allowed thin, flat 

sections of material to be separated, as shown in fig. 5.13c. 

Figs. 5.13e-f) show a Sb2Se3 sample grown under 100 mbar Ar in a 10 mm diameter tube 

(VB-5NAA-Ar-10mm). This crystal fractured irregularly, with crystal facets (fig. 5.13e) becoming 

larger at greater distance from the bottom of the tube (along arrow of growth direction). An especially 

large facet is shown in fig. 5.13f, the size of which increased with distance from the bottom of the 

growth tube in tapering fashion. These features demonstrate that small grains formed at the growth tip 

expanded into larger crystals as the process progressed. 
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Fig. 5.13 Cleaved sections of Sb2Se3 crystals grown by vertical Bridgman a-b) under vacuum and c-f) 

under argon in a-c) 4 mm and e-f) 10 mm diameter tubes, with sample identifiers in the images. The 

red arrows indicate the direction of crystal growth, from the bottom to the top of the growth tube. The 

parallel cleavage planes in b-d demonstrate the extent of single crystal domains.  

 

Based on these results, two growth mechanisms are proposed for the crystals grown by 

vertical Bridgman, shown in fig. 5.14. Fig. 5.14a concerns the growth mechanism for the sample in 

the larger, 10 mm diameter tube, where multiple nucleation points in the conical tube tip means that 

many grain orientations are present. However, a crystal grain having its fastest-growing crystal axis 

(most likely [001]) most-closely aligned with the tube axis will outgrow the surrounding crystals. As 
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this crystal grows, it is able to incorporate more of the melt until it is the only orientation present at 

the top of the tube. Fig. 5.14b proposes a growth mechanism for the 4 mm diameter samples, where 

the initial nucleation in the conical region of the tip proceeds in the same way, except that large voids 

filled with Sb2Se3 vapour may form, maintained by the surface tension of the melt within the smaller-

diameter tube. Within these voids, vapour-solid growth of small, narrow crystals (similar to those 

observed in direct synthesis from the elements, see Section 5.4.1) follows, of which one or more may 

nucleate crystal growth in the melt above. This would explain why large voids often separate 

polycrystalline sections from single crystal sections in these samples, without gradual transitions as is 

observed for the growth regime proposed in fig. 5.14a. The abrupt appearance of single crystals for 

samples grown in 4 mm tubes means that this growth process provided a greater yield of single 

crystals for the initial mass of Sb2Se3 used. 

These results would suggest that single crystals ~1 cm long and 4 mm wide may be grown by 

the vertical Bridgman method using 4 mm internal diameter tubes, a significantly larger size than 

those achieved in the Piper-Polich or SSVG methods (see Sections 5.2 and 5.3 respectively). Further 

evidence for monocrystalline nature is provided by XRD, carried out on the cleaved face of a Sb2Se3 

single crystal grown under argon in a 4 mm tube, in Section 5.6.3, which suggested that the cleaved 

surface is (010). The XRD measurement alone does not provide proof of single crystals, as a 

columnar polycrystalline sample with strong preferred orientation would produce the same results. 

However, the narrow, intense diffraction peaks, combined with the observation of a continuous, clean 

reflective surface coming as a natural product of sample cleavage, provide consistency with single 

crystals. As a result, these samples are treated as single crystals in later analysis, even though this is 

not confirmed. Laue diffractometry would be necessary to unambiguously confirm single crystals, 

which could also be achieved through the imaging of Kikuchi patterns resulting from electron-

backscattered diffraction. But the equipment was not available for the former and time constraints did 

not allow for the latter. 
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Fig. 5.14 Diagram of proposed growth processes for Sb2Se3 single crystals grown by vertical 

Bridgman method in a) 10 mm diameter and b) 4 mm diameter ampoules. For the case of 10 mm 

diameter ampoules (a) nucleation occurs in the region of the conical tube tip, with the crystal with 

fastest-growing crystal axis (most likely [001]) outgrowing the competing crystals. For the smaller 

diameter ampoules (b) vapour-filled voids may form due to uneven melting and grain coalescence, 

within which small, narrow crystals condense from vapour, and may then orient growth in the melt 

above them, leading to rapid growth of large single crystals. 

b) 

a) 
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 5.6.2 Orientation of Indexed Faces by Visual Inspection 

An optical micrograph of the cleaved surface of Sb2Se3 single crystal grown by vertical 

Bridgman under argon in a 4 mm tube (VB-5NAA-Ar-4mm) is shown in fig. 5.15a. This shows a flat, 

reflective surface with crystallographic cleavage steps. Sections of Sb2Se3 crystal were cut orthogonal 

to the cleaved surface ((010) plane), both parallel and perpendicular to these cleavage steps. These 

surfaces are shown in fig. 5.15c and d respectively. The cut and polished surfaces were flat and 

reflective, with some voids also being visible on both surfaces along with some lines from polishing 

damage and irregular crystallographic cracks. 

Fig. 5.15 a) Optical micrograph of a cleaved (010) surface of a Sb2Se3 crystal grown by vertical 

Bridgman (VB-5NAA-Ar-4mm). XRD results suggested that the cleavage steps lie parallel to [001]. 

b) Photograph of Sb2Se3 single crystal prepared by cleaving on (010) then cutting with a diamond saw 

both parallel and perpendicular to the cleavage steps, and perpendicular to the cleaved surface, so as 

to cut on (100) and (001). c-d) Optical micrographs of the (100) and (001) surfaces after mechanical 

polishing. 

VB-5NAA-Ar-4mm 
Cleaved face 

a) 

10 mm 

[010] 

[001] [100] 

VB-5NAA-Ar-4mm 
 

b) 

VB-5NAA-Ar-4mm 
Orthogonal-cut face 

d) VB-5NAA-Ar-4mm 
Parallel-cut face 

c) 
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The cleavage steps observed on the (010) surface of the crystals (fig. 5.15a) are expected to 

run parallel to the [001] crystal axis, as Sb2Se3 is covalently bonded in this direction, with 1-

dimensional molecular nanoribbons structured with van der Waals interactions in the [100] and [010] 

axes. This means that any secondary cleavage would be expected to involve (100) planes, leaving 

cleavage steps that lie perpendicular to both [100] and [010], i.e. parallel to the [001] axis. As the 1-

dimensional nanoribbons lie along this axis, this provides a macroscopic indication of crystallographic 

orientation. These assumptions are supported by the XRD results in the following section. 

 

 5.6.3 Single Crystal XRD 

XRD θ – 2θ scans were carried out on the cleaved and cut planes of the Sb2Se3 single crystal 

grown by vertical Bridgman under argon, shown in fig. 5.16. All exhibit sharp peaks, which match 

very well with the positions expected from the Bragg formula (eq. 3.2 and 3.4) for the a) {100}, b) 

{010} and c) {001} families of planes, using the values of lattice parameter determined from powder 

XRD of Sb2Se3 (Section 5.4.2). 

These results are consistent with the samples studied being single crystals, as the crystal 

orientations of planes at right-angles to each other would be unlikely to occur in a polycrystalline 

sample with a preferred orientation. Furthermore, they suggest that the plane cut parallel to the 

cleavage steps is (100), while the plane cut perpendicular to them is (001). This provides evidence 

that the cleavage steps do, in fact, run parallel to the covalent-bonded [001] crystal axis, as expected, 

and suggests that they may be used as a guide to orient the crystal without the need for Laue 

equipment, although the latter would provide more reliable information on orientation. 
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Fig. 5.16 XRD θ – 2θ scans (linear intensity scale) of cleaved and cut Sb2Se3 single crystal surfaces as 

shown in fig. 5.15, with a) the surface cut parallel to the cleavage steps (fig. 5.15c) and mechanically 

polished, b) the cleaved (010) plane (fig. 5.15a), c) the surface cut perpendicular to the cleavage steps 

(fig. 5.15d) and mechanically polished. The appearance of the even numbered peaks corresponding to 

planes in the: a) {100}, b) {010} and c) {001} plane families confirmed that these are the (100), (010) 

and (001) crystal planes respectively. 
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5.6.4 Low-Angle Boundary Defects in Sb2Se3 

 5.6.4.1 DIC Microscopy of a Deformed Sb2Se3 Crystal 

Differential interference contrast (DIC) microscopy allows for the enhancement of the 

contrast in topographic features of a surface (Section 3.3.2.1). Figs. 5.17a-b show optical micrographs 

of a cleaved (010) surface of a Sb2Se3 single crystal sample grown by vertical Bridgman under Ar in a 

4 mm diameter tube. In addition to the cleavage steps aligned with [001], there were dark and bright 

bands that ran perpendicular to them. The DIC micrographs of these areas (figs. 5.17c-d) show bands 

of high contrast running orthogonal to the [001] direction, confirming that these features are 

topographic. 
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Fig. 5.17 a-b) Bright-field optical micrographs of cleaved (010) surface from Sb2Se3 single crystal 

sample grown by vertical Bridgman under Ar in 4 mm diameter tubes, with crystal axes indicated. 

Dark and bright bands orthogonal to cleavage steps are visible. c-d) DIC micrographs of the same 

locations, where shade represents the gradient of the surface and confirming that the dark and bright 

bands are topographic features. 

 

These features correspond to abrupt undulations in the surface ~ 100-200 μm in width and, 

given that they are oriented parallel to [100] and perpendicular to [001] covalently-bonded chains, 

would represent a rotation about the [100] crystal axis. These distortions are evidently 

crystallographically aligned, and are associated with undulations in surface height. As such they do 

not resemble conventional defect structures that are known for metals and cubic semiconductors. For 

example, dislocation tilt boundaries (polygonization walls) can arise from arrays of dislocations and 
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they are never seen to be straight and parallel. Similarly large angle random grain boundaries are not 

straight. A case could be made that they constitute high symmetry grain boundaries, namely twins, 

which lie on distinct crystal planes with the twin bands lying parallel to one another. If this were the 

case, then each twin band would have a large and systematic crystal axis misorientation with its 

neighbour. However, since the structure of Sb2Se3 comprises covalent ribbons connected by van der 

Waals forces, an alternative defect type should be considered, namely, the ‘kink-band’ resulting from 

‘ripplocations’, in which the ribbons systematically buckle in response to stress. These defects were 

introduced in Section 2.4.3 and are described in ref 5. This possibility is investigated further by EBSD 

reported in the following section. 

 

 5.6.4.2 Electron Backscattered Diffraction of Deformed Sb2Se3 Crystal 

Electron backscattered diffraction (EBSD) was carried out (see Section 3.3.7) on the cleaved 

(010) face of a Sb2Se3 single crystal sample grown by vertical Bridgman in a 4 mm tube  under Ar, 

but a different sample to that examined with DIC microscopy. A secondary electron SEM map is 

shown in fig. 5.18a, with a single band ~600 μm wide brighter than its surroundings, suggesting 

changing topography. 

An orientation map of the same region, formed from the fitting of Kikuchi patterns of 

backscattered electrons for each pixel, is shown in fig. 5.18b. The blue areas correspond to regions 

where the (010) plane lies in the plane of measurement. It shows abrupt changes in orientation at two 

boundaries, with relatively constant orientations elsewhere. These form the boundaries of a band ~ 

600 μm wide where the crystal orientation is rotated from the reference point (red cross) by up to 3°. 

The angular misorientation from the reference point along the line AB is plotted in fig. 5.18c. The 

misorientation profile suggests that low-angle crystallographic boundaries are present at 130 μm and 

820 μm, corresponding to the boundaries in the orientation map. Fig. 5.18d represents the likely 

arrangement of the crystal planes based on the misorientation linescan, with low-angle boundaries 

included. The inferred topography resulting from this arrangement matches the features observed with 
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DIC microscopy (Section 5.6.4.1) meaning that both represent crystallographic distortions in the 

crystal, specifically a rotation about the [100] crystal axis. The deformation feature observed here is 

wider than the bands that appear in DIC microscopy, but otherwise matches their form, suggesting 

that these features do not have a characteristic wavelength and that the two low-angle boundaries 

observed here are independent. 

The low-angle boundaries may be grain boundaries resulting from highly-oriented growth, 

explaining the straightness of the boundaries and the similar orientation either side, although the fact 

that they are found on the surface of what appears to be a continuous, otherwise clean cleavage facet 

makes this possibility less convincing. Twin boundaries also look relatively unlikely as an 

explanation, as they usually represent a significant rotation of the crystal lattice, rather than the small-

angle rotation observed here. Twin boundaries may also be expected to be abrupt, i.e. occurring 

within only a few crystal planes, while the boundaries observed here are ~ 100 nm in extent. These 

features make the presence of kink-bands resulting from ripplocations a possibility, although it does 

not provide direct observation of ripplocations, which are usually smaller-scale than kink bands 

(which may result from their accumulation). Analysis employing transmission electron microscopy, 

such as that employed in [5] may be necessary to confirm the presence of ripplocations. 

If the low-angle boundaries result from stress in the crystal, it could mean that Sb2Se3 in 

general relieves stress through similar mechanisms to 2D van der Waals crystals, through rippling and 

buckling of crystal monolayers, rather than through slip of dislocations, with the deformation process 

possibly mediated by ripplocations . Since the sample was not under stress during examination, these 

would be permanent kink-bands, and not the reversible type[6].  Given that ripplocations do not 

involve the breaking of covalent bonds, while slip-plane dislocations do, this could be an advantage to 

Sb2Se3 as a photovoltaic material, as dangling bonds may form sites for carrier recombination. Further 

consideration of benign boundaries is given in Section 5.8.4. 
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Fig. 5.18 SEM and EBSD images of a deformed Sb2Se3 single crystal a) secondary electron image b) 

EBSD misorientation map where blue represents zero tilt of the (010) plane. c) Misorientation line 

scan of the map section A-B. d) Representation of the crystal planes as inferred from the 

misorientation map, with undulating topography. 
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5.6.5 Raman Spectroscopy 

Raman spectroscopy was employed to confirm the phase purity of the Sb2Se3 single crystals 

and to investigate differences in the spectra that result from anisotropy. Oxidisation of Sb2Se3 to 

Sb2O3 was also investigated by air annealing experiments. 
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  5.6.5.1 Identification of the Sb2Se3 Phase and Sb2O3 

The Raman spectrum for a (010) plane of the Sb2Se3 single crystal grown by vertical 

Bridgman under Ar is shown in fig. 5.19a. It exhibits prominent peaks at 190 and 212 cm-1, with 

smaller peaks appearing at 104, 124 and 150 cm-1. In addition to the single crystal, Raman was carried 

out on four films synthesised via close-space sublimation (see Section 3.2.7) which were either 

unannealed or air-annealed for 30 mins at 100, 200 and 400°C, in order to examine the process of 

oxidisation. The intensity-normalised Raman spectra for these samples are shown in fig. 5.19b, where 

there are strong similarities between the unannealed sample and the samples annealed at 100, and 

200°C. Prominent peaks were observed at 190 and 212 cm-1, and smaller ones at 100, 120 and 155 

cm-1. The sample annealed at 400°C exhibited clear differences from the other spectra: while peaks 

were also observed at 191 and 120 cm-1, the peaks at 100 and 155 and 212 cm-1 peaks were absent.  

 

Fig. 5.19 a) Raman spectrum for cleaved (010) plane of Sb2Se3 single crystal grown by vertical 

Bridgman under Ar. Prominent peaks at 190 and 212 cm-1 with smaller peaks at 104, 124 and 150 cm-

1, are observed. b) Raman spectra for Sb2Se3 thin films synthesised by close-space sublimation, 

unannealed (CSS-5NAA-Un-25), or air-annealed at 100, 200 and 400°C (CSS-5NAA-Un-100, 200, 

400) for 30 mins. 
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Meanwhile, a very strong peak was present at 253 cm-1, together with a small peak at 85 cm-1, 

neither of which appear in the other spectra. 

The Raman spectra for single crystal and thin film samples are compared to one another and 

to literature peak positions in Table 5.3. There is good agreement between the peaks observed for the 

Sb2Se3 single crystal and Sb2Se3 in the literature. 

Sb2Se3 

Symmetry 

Modes [7] 

Peak Position (cm-1) 

Literature This Work 

Peaks for 

Sb2Se3 [7] 

Peaks for 

Sb2O3 [8] 

Single 

Crystal 

VB-5NAA-

Ar-4mm 

(010) Plane 

CSS Film – 25, 

100 and 200 °C 

(CSS-5NAA-

Un-25,-100,-

200) 

CSS Film – 

400°C 

(CSS-5NAA-

Un-400) 

Bxg 102.6 82 104 100 85 

Bxg 109.3     

Ag 118.7  124 120 120 

Bxg 127.5     

Bxg 132.2     

Bxg 154.4  150 155  

Ag 184.7     

Ag 191.5 189 190 191 191 

- 207.8     

Ag 212.8  212 212  

  254   253 

 

Table 5.3 Literature values of Raman peak position for Sb2Se3 and Sb2O3 compared to experimental 

values observed for the (010) Sb2Se3 plane and also for annealed and unannealed Sb2Se3 films 

synthesised by CSS. B symmetry modes are subscripted with ‘xg’ as ref 7 was unable to distinguish 

the symmetry modes B1g, B2g etc. 
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For the CSS films, with the exception of the 400°C annealed sample, there was good 

agreement between spectra and the literature, confirming the dominance of Sb2Se3 in these samples. 

The 400°C annealed film meanwhile provides strong agreement with the peaks reported for Sb2O3. 

This suggests that the CSS film annealed at 400°C was highly oxidised, while those annealed 

at lower temperatures remained Sb2Se3. The plots in fig. 5.19 were normalised, but the counts per 

second for the 400°C annealed film were ~ 20x larger than for the other samples (for the same laser 

power), suggesting that Raman scattering is more efficient for Sb2O3. The Sb2Se3 films appear to 

withstand temperatures of up to 200°C in air without significant oxidisation after 30 mins. There is a 

small spike in the vicinity of 250 cm-1 in the spectrum for the single crystal also (fig. 5.19a), but this is 

comparable to the noise level and is too narrow to match the Raman peak at 253 cm-1 in fig. 5.19b, so 

is unlikely to represent the formation of Sb2O3, although its presence would not be surprising. 

Shongalova et al.[8] investigated the oxidisation of Sb2Se3, demonstrating that Sb2O3 will form under 

high laser powers in air. That study also demonstrated that Sb2O3 formed even under vacuum, though 

in much reduced quantity, with the only probable oxygen source being atoms previously adsorbed 

onto the surface. It seems likely, therefore, that Sb2O3 on the surface of Sb2Se3 may be detected in 

Raman spectra. 

Finally, the results from Vidal-Fuentes et al.[7] presented in Table 5.3, report a greater 

number of peaks for Sb2Se3 than those observed here, suggesting that multiple closely-spaced 

(overlapping) peaks are present, especially at low wavenumber. The subscript ‘xg’ in the table is used 

as the axes of the crystal studied in [7] were not known, so the specific symmetries of the Bxg modes 

could not be fully assigned. Vidal-Fuentes et al. argues that due to the strongly-anisotropic structure 

of Sb2Se3, different peaks will be prominent depending on the angular relationship between the crystal 

axes and the polarisation of the excitation laser. This may explain why peaks reported in Vidal-

Fuentes et al., such as the 184.7 cm-1 peak, are not present in fig. 5.19a. The effects of crystal 

anisotropy on the Raman spectra are explored further in the following section. 

 



CHAPTER 5. GROWTH AND PHYSICAL CHARACTERISATION OF DOPED CRYSTALLINE Sb2Se3 AND 
Sb2S3xSe3(1-x)________________________________________________________________________ 
 

176 
 

5.6.5.2 Results when Rotating Cut/Cleaved Planes 90° 

Raman spectra are shown in fig. 5.20 for the cut and polished a) (100) and b) (001) planes, 

and cleaved c) (010) plane of Sb2Se3. Measurements were taken for a given (arbitrary) orientation, 

then after rotating axially by 90°. Polarised laser excitation was expected (see Section 3.3.5), but the 

relative angle between the laser polarisation and the crystal axes was not known, and the scattered 

light did not pass through a polariser. Nevertheless, significant differences in the observed spectra 

were observed, due to the anisotropy of Sb2Se3. The main peaks identified in each spectrum are shown 

with dashed lines on the figure, with the positions for all peaks being shown in Table 5.4. 
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Fig. 5.20 Raman spectra for the crystal planes: cut and polished a) (100) plane, b) cleaved (010) plane 

and c) cut and polished (001) plane. All exhibit strong peaks at around 190 cm-1, but with shifts 

resulting from the rotation of the samples by 90°. All peaks exhibit changes in intensity with rotation. 
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 Peak Position (cm-1) 

Literature [7] This Work 

  (100) plane (010) plane (001) plane 

Sb2Se3 

Symmetry 

Modes 

Peaks for 

Sb2Se3 
0° 90° 0° 90° 0° 90° 

Bxg 102.6 100  104  104 104 

Bxg 109.3       

Ag 118.7  120 124    

Bxg 127.5       

Bxg 132.2       

Bxg 154.4   150 155   

Ag 184.7  189  187   

Ag 191.5 192  190 190 192 191 

- 207.8       

Ag 212.8 212 212 212 212 212  

 

Table 5.4 Positions of Raman peaks observed in this work for the Sb2Se3 crystal planes (100), (010) 

and (001) taken at 0° and 90° orientations and compared to literature values for Sb2Se3 single 

crystals[7]. ‘xg’ subscript could be 1g, 2g or 3g. 

 

The spectra were all taken under the same laser power (1 mW) and acquisition time, with flat 

surfaces, meaning that the intensities are expected to be comparable. These results therefore indicate 

that the intensities of certain Raman modes are sensitive to the axial rotation of the sample, even when 

a polariser is not used (the polarisation of the laser being responsible for the difference). These results 

indicate that more of the peaks reported for Sb2Se3 single crystals in the literature[7] (mainly peaks in 

the range 187-9 cm-1) may be observed if several different sample orientations are used. Moreover, 

this orientation sensitivity may be exploited to determine preferred orientations in thin films, as 

discussed in Section 5.8.3. 
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5.7 Chemical Analysis of Sb2Se3 Single Crystals (Doped and 

Undoped) 

In this section, the results of chemical analysis for samples of Sb2Se3 single crystals grown by 

vertical Bridgman are reported. This was motivated by the fact that the primary origin of conductivity 

in Sb2Se3 has not been definitively pinned down (Section 2.4.2). Inductively-coupled plasma optical 

emission spectroscopy (ICP-OES), inductively-coupled mass spectrometry (ICP-MS) and secondary-

ion mass spectrometry (SIMS) were carried out on samples of Sb2Se3 grown by vertical Bridgman 

from Alfa Aesar (5N) Sb2Se3 (VB-5NAA-Un), stoichiometric undoped (VB-St-Un), and Se-rich 

undoped (VB-SeR-Un) source material synthesised directly from the elements. 

 

5.7.1 ICP-OES 

For inductively-coupled plasma optical emission spectroscopy (ICP-OES), a survey (Section 

3.4.1.1) was carried out for all detectable elements, with a single elemental reference concentration 

and a blank (i.e. a sample of pure DI water without no acid or material added, with negligible 

concentrations of impurity elements expected) used to calibrate emission intensity. The blank samples 

used in this work indicated a concentration of <0.0001 ppm of all elements examined, based on the 

intensity of emission, scaled to the single elemental reference used. Therefore, these concentrations 

are listed as 0 ppm for the level of precision used in Table 5.5. For the samples measured, the 

concentration of Sb2Se3 in the diluted solution was estimated at around 100 mg / l in each case, 

meaning that the concentration of trace (<0.1 at%) elements was expected to be at levels < 0.1 ppm in 

the solution. The acid solution itself was also analysed as a control. 

Table 5.5 shows the results of the ICP-OES survey measurements. Given that concentration 

was determined based on the intensity of two characteristic emission wavelengths for each element 

(Section 3.4.1.1), the concentrations are listed for the two emission lines used, together with the mean. 

The at% concentration of each element was determined relative to the mean concentration of Sb2Se3. 

Sb was used to estimate the level of Sb2Se3, as the intensity of emission was higher for Sb than for Se, 

giving a reduced uncertainty. 
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  Concentration (ppm) 
Concentration (at%) – Relative to 

Sb2Se3 Based on Sb Conc. 

Element 

Emission 

Wavelength 

/ nm 

Blank 
Acid 

Solution 

VB-St-

Un 

VB-

5NAA-

Un 

VB-SeR-

Un 
VB-St-Un 

VB-

5NAA-

Un 

VB-SeR-Un 

Ca 393.366 0.0000 0.123 0.339 0.393 0.329 0.215 0.219 0.304 

 396.847 0.0000 0.159 0.436 0.506 0.423 0.276 0.281 0.390 

 Mean 0.0000 0.141 0.387 0.449 0.376 0.245 0.250 0.347 

Cu 324.754 0.0000 0.009 0.009 0.007 0.024 0.003 0.004 0.014 

 327.395 0.0000 0.005 0.005 0.004 0.018 0.001 0.002 0.010 

 Mean 0.0000 0.007 0.007 0.005 0.021 0.002 0.003 0.012 

Fe 238.204 0.0000 0.003 0.003 0.009 0.003 0.004 0.001 0.002 

 259.940 0.0000 0.007 0.007 0.015 0.007 0.006 0.003 0.005 

 Mean 0.0000 0.005 0.005 0.012 0.005 0.005 0.002 0.003 

K 766.491 0.0000 0.148 0.512 0.552 0.463 0.309 0.339 0.439 

 769.897 0.0000 0.402 0.762 0.808 0.728 0.452 0.504 0.690 

 Mean 0.0000 0.275 0.637 0.680 0.596 0.381 0.422 0.564 

Mg 279.553 0.0000 0.022 0.096 0.115 0.077 0.105 0.104 0.119 

 280.270 0.0000 0.022 0.097 0.116 0.079 0.106 0.105 0.121 

 Mean 0.0000 0.022 0.097 0.116 0.078 0.105 0.104 0.120 

Na 588.995 0.0000 1.034 2.431 2.824 2.645 2.681 2.729 4.249 

 589.592 0.0000 0.982 2.342 2.731 2.545 2.593 2.630 4.090 

 Mean 0.0000 1.008 2.387 2.778 2.595 2.637 2.680 4.169 

Sn 189.925 0.0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

 283.998 0.0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

 Mean 0.0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Sr 407.771 0.0000 0.001 0.003 0.006 0.003 0.001 0.001 0.001 

 421.552 0.0000 0.001 0.002 0.005 0.003 0.001 0.001 0.001 

 Mean 0.0000 0.001 0.003 0.005 0.003 0.001 0.001 0.001 

       (continued) 
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Sb 206.834 0.0000 0.000 231.178 273.716 161.500    

 217.582 0.0000 0.000 146.761 173.310 102.620    

 Mean 0.0000 0.000 188.969 223.513 132.060    

Se 196.026 0.0000 0.000 128.449 154.343 121.659    

 203.985 0.0000 0.000 107.202 131.094 100.600    

 Mean 0.0000 0.000 117.825 142.719 111.130    

 

Table 5.5 ICP-OES concentrations of elements in Sb2Se3 crystals grown by vertical Bridgman from: 

5N undoped (VB-5NAA-Un), stoichiometric undoped (VB-St-Un) and Se-rich undoped (VB-SeR-

Un) source material and also a sample of the digestion acid. Results are shown for two emission 

wavelengths and their average. Concentrations in at% were calculated relative to Sb. Values for blank 

(Pure DI water) indicated no concentration of element detected at level of precision shown. 

 

It should be noted that the atomic ratio of Sb to Se was not 2:3, as would be expected (even 

though all of the Sb2Se3 was digested for these samples), but ranged from 3:4 to 1:1 instead. This 

discrepancy is expected for the survey scans, as the intensity calibration curves were based on a single 

concentration and a blank for each element, rather than multiple concentrations (Section 3.4.1.1). 

Based upon this, the concentrations of impurity elements may vary by ±20% compared to the true 

values. While a very broad range of elements were studied in the scan, most peaks had an intensity 

below the level seen for the blank (pure DI water) used, and are therefore treated as indistinguishable 

from background levels (conc. = 0). The elements listed in Table 5.5 had detectable concentrations. 

Sn (not present) was included in the table as it is relevant to the doping study in Chapter 6. 

The metals Cu, Fe and Sr were detected in all Sb2Se3 samples at very small quantities (~0.001 

at%), while slightly higher quantities of Ca, K and Mg (0.01-0.1 at%) were also observed, and large 

concentrations of Na, at 2-4 at%. However, these metals were also detected in the acid sample at the 

same order of magnitude, and given the large uncertainties it is not clear that these metals originated 

in the Sb2Se3, rather than from the acid. Even assuming these metals originated in the Sb2Se3 samples, 
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their concentration was independent of the type of source material used, meaning that they are 

unlikely to produce significant differences in the electronic properties of the single crystals examined 

in Chapter 6. Finally, detectable levels of Sn ≥ 0.001 at% (shown in Chapter 6 to be a p-type dopant) 

were not found in any of these undoped samples. 

 

5.7.2 ICP-MS 

ICP-MS was carried out (Section 3.4.1.2) on digested Sb2Se3 crystals grown by the vertical 

Bridgman method, from undoped 5N Sb2Se3 and stoichiometric Sb2Se3 directly synthesised from the 

elements. Crystals doped with Sn and MgCl2 (~0.1 at% by weight), grown from source material 

directly synthesised from the elements, were also included in the study. The results are shown in 

Table 5.6 with concentrations presented in units of ppm (μg of element per g of Sb2Se3) and atomic 

percentage (at%). For each sample and element, the measurement was taken twice. The ‘blank’ used 

was pure DI water, as for the ICP-OES, and it indicated no concentration of the elements (based on 

emission intensities scaled to the elemental references) at the level of precision used in Table 5.6. 

The ICP-MS results suggest the presence of small quantities of Mg, P, V, Fe, Ge, Sn, Te, Cs, 

Au, Hg and Pb in all samples. Of these, Mg, P, V, Fe, Ge, Sn, Te and Au are detected in quantities ≥ 

0.001 at% in some samples.  The impurity content of the samples was found to be independent of 

source material type, with similar impurity levels observed in 5N crystals as in those grown from in-

house source material directly synthesised from the elements, in line with what was observed with 

ICP-OES. 

Additionally, these results indicate the presence of Mg in the MgCl2-doped crystal, at a 

concentration of ~ 0.1 at%, in line with the quantity added before growth. Similar quantities of Mg 

were also detected in the Sn-doped crystal, which was not expected, but may result from the 

interference of C2-ions (as they have the same mass as Mg ions). Sn was observed in the Sn-doped 

crystal for one of the measurements taken, at a concentration of 0.1 at% and so matching the quantity 

added before growth. This concentration was not observed in the other measurement, which may 
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result from the difficulty in resolving the signal of Sn from that of SeCl, especially if the latter is also 

produced during the analysis, leading to the Sn-signal being discounted as interference. Worth noting 

is that the average of these two values was still significantly larger than the Sn-content in any of the 

other samples. The Sn signal in the Sn-doped crystal was at risk of interference from SeCl, but this 

also holds for the other samples, where significant quantities of ions matching the mass of Sn and 

SeCl were not observed. 

 

  



CHAPTER 5. GROWTH AND PHYSICAL CHARACTERISATION OF DOPED CRYSTALLINE Sb2Se3 AND 
Sb2S3xSe3(1-x)________________________________________________________________________ 
 

184 
 

 

Table 5.6 ICP-MS measurements of Sb2Se3 single crystals grown by vertical Bridgman from: 5N 

undoped (VB-5NAA-Un), stoichiometric undoped (VB-St-Un), Se-poor Sn-doped (VB-SeP-Sn) and 

Se-rich MgCl2-doped (VB-SeR-MgCl2) source material, for detected elements. Concentrations are 

reported in ppm (μg of element per g or Sb2Se3) and at%. Elements in bold are extrinsic dopants 

added before growth. Values for blank (pure DI water) indicate no concentration of element detected 

at level of precision shown. 

 

 Concentration – ppm (μg/g) Concentration (at%)  

Element Blank VB-

5NAA-

Un  

VB-St-

Un 

VB-

SeP-

Sn 

VB-

SeR-

MgCl2 

VB-

5NAA-

Un  

VB-St-

Un 

VB-

SeP-Sn 

VB-SeR-

MgCl2 

Possible 

Interferences 

Mg 0.00 0.00 0.00 60.14 63.64 0.000 0.000 0.119 0.126 C2 

 0.00 0.00 0.00 0.00 49.79 0.000 0.000 0.000 0.098  

P 0.00 0.00 0.42 0.00 0.00 0.000 0.001 0.000 0.000 
 

 0.00 0.00 0.40 0.00 1.01 0.000 0.001 0.000 0.002  

V 0.00 0.00 0.00 12.21 11.14 0.000 0.000 0.012 0.011 ClO 

 0.00 0.00 0.00 2.46 16.37 0.000 0.000 0.002 0.015  

Fe 0.00 0.00 13.14 2.65 14.07 0.000 0.011 0.002 0.012 ArO 

 0.00 0.00 6.97 0.00 0.00 0.000 0.006 0.000 0.000  

Ge 0.00 0.04 0.26 0.54 0.59 0.000 0.000 0.000 0.000 ClCl 

 0.00 0.00 0.14 0.97 0.76 0.000 0.000 0.001 0.001  

Sn 0.00 0.13 0.66 0.23 0.21 0.000 0.000 0.000 0.000 SeCl 

 0.00 0.55 0.12 270.75 0.21 0.000 0.000 0.110 0.000  

Te 0.00 7.59 1.07 3.78 4.57 0.003 0.000 0.001 0.002 
 

 0.00 6.53 1.07 0.66 3.80 0.002 0.000 0.000 0.001  

Cs 0.00 0.38 0.00 0.02 0.03 0.000 0.000 0.000 0.000 
 

 0.00 0.00 0.00 0.09 0.25 0.000 0.000 0.000 0.000  

Au 0.00 2.44 4.74 6.50 8.54 0.001 0.001 0.002 0.002 
 

 0.00 1.10 4.62 7.56 21.31 0.000 0.001 0.002 0.005  

Hg 0.00 0.00 0.00 0.37 0.00 0.000 0.000 0.000 0.000 
 

 0.00 0.33 0.95 0.65 0.00 0.000 0.000 0.000 0.000  

Pb 0.00 0.07 0.36 0.15 0.13 0.000 0.000 0.000 0.000 
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These results indicate that the impurity elements have been incorporated into the Sb2Se3 

crystals. The Sb2Se3 single crystals doped with Sn and MgCl2 may be expected to contain a density of 

Sn and Mg atoms of around 7 x 1018 cm-3. The ICP methods cannot detect Cl, although an atomic 

density of 1.4 x 1019 cm-3 may be inferred in the MgCl2-doped crystal from the Mg concentration. 

Despite evidence for incorporation, it is not known from chemical analysis whether the impurity 

atoms actually contribute towards extrinsic doping and, if so, what carrier density they may produce, 

as this depends on their electrical activation. Electrical measurements to address this question are 

reported in Chapter 6. While these results imply that Cl may be incorporated into Sb2Se3, SIMS 

measurements are necessary to directly detect Cl in samples of Sb2Se3, as well as other halogens 

which may be present as impurities, as presented in the next section. 

 

5.7.3 SIMS 

Quadrupole SIMS (Section 3.4.2) was employed in order to search for trace levels of Sn, 

halogens and oxygen in Sb2Se3 samples grown by vertical Bridgman. The detection of halogens was 

especially important, because as group-VII elements, they may be expected to act as n-type dopants if 

they occupied the Se (group-VI) site. Depth profiles showing the concentration of the elements 121Sb, 

78Se, 120Sn, 35Cl, 127I and 16O measured by SIMS are shown in fig. 5.21, with all of the scans showing 

a plasma start-up artefact. 
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Fig. 5.21 SIMS profiles (logarithmic y-axis) of the Sb2Se3 single crystals grown by vertical Bridgman 

from: 5N undoped (VB-5NAA-Un), Se-rich Sn-doped (VB-SeR-Sn) and stoichiometric undoped 

(VB-St-Un) source material. Ion counts are plotted against sputtering time (analogue for depth) for the 

following ions: a) 121Sb b) 78Se, c) 120Sn, d) 35Cl, e) 127I, f) 16O. 
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The chemical information in the scans, in the same order as presented in fig. 5.20, is as 

follows: 

i) The measured quantities of antimony (fig. 5.20a) were consistent across the 5N crystal and 

the Sn-doped Se-rich crystal but were much lower for the undoped stoichiometric crystal. The latter 

result was not expected, and given the difference is several orders of magnitude (note the logarithmic 

scale) for very similar samples, it is unlikely to be a physical result, and is more likely to be a 

measurement error. This may result from a negative charge building up in the sample and deflecting 

the O2- ion beam, while also preventing the ejection of the positive Sb ions. Charging could occur if 

the undoped stoichiometric crystal has low conductivity compared to the other samples, as is 

confirmed in Chapter 6. 

ii) For selenium (fig. 5.20b) the results were similar to Sb, with high counts in the 5N crystal 

and Sn doped crystal, but lower counts in the stoichiometric undoped crystal, possibly due to 

deflection of the ion beam by the charged sample. The lower levels of Se in the undoped 

stoichiometric crystal are less dramatic than Sb, possibly because the negative charge of Se ions 

meant they were ejected more easily from a negatively charged crystal.  

iii) The magnitude of the tin concentration indicated in fig. 5.20c is < 1% of the levels of Sb 

and Se observed in the 5N undoped crystal and the Se-rich Sn-doped crystal, while the levels for the 

stoichiometric undoped crystal are significantly lower. The Sn quantity observed in the 5N crystal 

contradicts the ICP measurements (Tables 5.5 and 5.6) and may be an overestimate (see iv) or result 

from a greater concentration of Sn near the crystal surface. Meanwhile as Sn is a positive ion, its 

prevalence may be underestimated in the undoped stoichiometric sample due to charging, although 

significant quantities were not expected from ICP measurements (Tables 5.5 and 5.6).  

iv) The quantities of chlorine (fig. 5.20d) in the undoped 5N crystal are significantly larger 

(around 10x greater) than the level in the Se-rich Sn-doped and stoichiometric undoped crystals, with 

this large difference clear on the logarithmic scale. The origin of this impurity is likely to be the 

source material itself, as growth conditions were identical otherwise. These results therefore also 
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indicate that the elemental Sb (6N) and Se (5N) source used for direct synthesis contained smaller 

quantities of Cl. The Cl-concentration in the 5N crystal may result in a higher concentration of donor 

defects, leading to n-type conductivity. This Cl may also have produced SeCl interference in the Sn 

measurement (iii), leading to an overestimate of the Sn concentration. Conversely, for the Sn-doped 

crystal, low levels of Cl mean that SeCl ions are less likely to interfere in the Sn concentration 

measurement (fig. 5.20c), placing greater confidence in the Sn concentration measured. 

v) The measured levels of iodine (fig. 5.20e) are around 104 x less than the levels of Sb and 

Se measured across all samples and at the level of noise, suggesting iodine is not present in any 

sample, ruling it out as a donor in these crystals. 

vi) The levels of oxygen (fig. 5.20f) were consistently below 104 counts for the Sn doped Se-

rich crystal. For the undoped stoichiometric crystal, a clear drop-off, from 105 to <104 counts, was 

observed with increased sputtering time, meaning the O may result from surface oxidisation, with 

levels in the bulk matching the undoped crystal grown from the same (DSE) source material. O levels 

are more uniform in the undoped 5N crystal, at just below 105 counts, even for long sputtering times, 

suggesting the concentration in the bulk is greater than in the other crystals, perhaps as a result of the 

different source material used. O impurities may occupy a Se sites, acting as isoelectronic dopants, 

with implications for electrical properties, but it should be noted that unlike the other impurity 

elements examined here, O is expected to be prevalent, and establishing a baseline free from surface 

O contamination is difficult. Therefore, these results may simply reflect natural variations between 

these samples in the amount of oxygen incorporated from the air, rather than representing differences 

in the chemistry of the source material. 
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5.8 Further Discussion 

 5.8.1 Crystal Growth Outcomes 

The investigations into the Piper-Polich growth of Sb2Se3 crystals (Section 5.2) provide 

strong evidence that Sb2Se3 vapourises congruently, without segregation. This offers a great 

advantage for vapour-based growth techniques, such as thermal evaporation and close-space 

sublimation, as it ensures phase purity of the deposit. 

Of the direct synthesis (from elements and compounds) and crystal-growth techniques (Piper 

Polich, SSVG and vertical Bridgman) discussed in this chapter, direct synthesis from the elements 

(Section 5.4) and vertical Bridgman (Section 5.6) had the greatest success in producing large (> 1 mm 

scale) pieces with properties consistent with single crystals, with the results for the vertical Bridgman 

technique being especially promising. If these are single crystals, this is a significant result, as it has 

been demonstrated for CdTe and CZTS that large single crystals may be used for investigating 

properties relevant to PV[9,10]. Among other factors, the improved purity, structural and 

compositional homogeneity and lack of grain boundaries mean that the fundamental properties of a 

material may be examined with minimal interference from these other factors. Besides these 

advantages, cleaved crystal facets often provide a flatter, cleaner surface than can easily be achieved 

from polishing, making single crystals especially useful when applying optical characterisation 

techniques. Although the presence of single crystals could not be entirely confirmed without 

additional characterisation (Laue diffraction or EBSD, for instance), later sections work off the 

assumption that these pieces are, indeed, single crystals. Single crystal Sb2Se3 has been characterised 

in previous works[11], but reference to photovoltaics[12] is rare and therefore an opportunity remains. 

Accordingly, Chapter 6 reports studies of these crystals using C-V, J-V, DLTS, hot-probe and Hall 

effect measurements. 

The results of the study into the synthesis of Sb2Se3xSe3(1-x) solid solutions (Section 5.5) are 

significant, as they demonstrate that homogeneous solid solutions may indeed be formed, and suggest 

that the lattice parameters obey Vegard’s law with some bowing. The Vegard relation for this range of 

compositions was not characterised to the extent originally intended (see Section 1.2) as more focus 
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was ultimately placed on the electrical properties of Sb2Se3 (see Chapter 6). However, these results 

suggest the possibility of making single sources for fabrication of thin film Sb2(S,Se)3 with tuneable 

band gaps for high efficiency solar cells[13]. 

 

5.8.2 X-ray Diffraction 

The results of the single crystal x-ray diffraction measurements (Section 5.6.3) are significant 

as they suggest that Sb2Se3 surfaces of known crystal orientation can be prepared by cleavage and 

cutting guided by visual inspection of the cleavage steps (with an optical microscope) alone, without 

recourse to Laue equipment. However, the limitations of the combined XRD and visual inspection 

used in this work should be acknowledged: While cleaved surfaces are very likely to correspond to 

crystal planes, a single θ-2θ XRD scan cannot confirm if a sectioned surface is a single crystal plane, 

as a polycrystalline sample with a strong preferred orientation may produce the same result. Laue 

equipment or an imaging diffractometry method such as EBSD are therefore still necessary to fully 

confirm the nature of crystals, although for simplicity, these cleaved and cut surfaces are assumed to 

correspond to the crystal planes assigned to them in later sections of this work. Despite the 

limitations, it may be that this technique can also be applied to other 1D van der Waals crystals, such 

as Bi2Se3. 

  



CHAPTER 5. GROWTH AND PHYSICAL CHARACTERISATION OF DOPED CRYSTALLINE Sb2Se3 AND 
Sb2S3xSe3(1-x)________________________________________________________________________ 
 

191 
 

5.8.3 Raman Investigations 

The varying Raman peak intensities that resulted from rotating the sample relative to laser 

polarisation (Section 5.6.5.2) indicate that sample rotation may be applied to distinguish closely-

spaced peaks and provide a more detailed picture of vibrational modes in Sb2Se3. However, the 

assignment of vibrational modes was not possible with the investigation reported in this work, as the 

polarisation state of the laser was not known. The differences observed with rotation suggest that if 

the relationship between crystal axes and laser polarisation state were known, the vibrational modes 

could be associated with specific crystal axes,  allowing the assignment of a greater number of 

vibrational modes for Sb2Se3. 

Knowledge of the modes makes it feasible to identify crystal orientation based on a spectral 

‘fingerprint’. This has great relevance for Sb2Se3 photovoltaics, as the preferred orientation in films is 

of key importance to device efficiency [14,15]. These studies therefore greatly increase the utility of 

applying Raman spectroscopy to studies of thin films. 

Furthermore, in terms of phase identification, the Raman spectra taken for the Sb2Se3 single 

crystals and the annealed Sb2Se3 thin films (fig. 5.18) add to the body of evidence that the 253 cm-1 

peak is assigned to Sb2O3 and not Sb2Se3[8]. This is significant as many of the older papers that cover 

Raman spectroscopy of Sb2Se3 make the wrong assignment, an example being Wang, Deng and Li 

from 2002[16], or the highly cited paper on thermal evaporation of Sb2Se3 thin films from 2014[1]. 

 

5.8.4 Low-Angle Boundaries 

DIC microscopy and EBSD of the cleaved (010) plane of Sb2Se3 single crystals (Section 

5.6.4) reveals small and relatively gradual changes in misorientation organised into parallel bands. 

Their highly crystallographic appearance on a cleaved crystal facet makes low-angle grain boundaries 

arising from dislocation walls an unlikely explanation. While twin defects will introduce a rotation of 

the crystal lattice, the rotation observed here (3°) was too small for a twinning transformation and 

took place over a distance of ~ 100 nm, rather than a few crystal planes as may be expected for a twin 
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boundary. Similarly, stacking faults would be expected to produce distortion over a very much shorter 

distance, so are also thought unlikely [17]. As a result, the rippling and buckling of crystal planes, as 

has been observed in 2D materials, seems the most likely explanation, thus suggesting that Sb2Se3 

emulates the mechanical properties of 2D materials, despite being 1D in the stricter sense. 

While the properties of these defects were not extensively characterised in this investigation, 

the low-angle boundaries may be consistent with the ‘kink-bands’ described by Aslin et al.[18], which 

have been observed in 2D crystalline phylosillicate materials. These are mediated by ‘ripplocations’ a 

relatively new class of crystal defects that have only been reported since 2015, with the work of 

Kushima et al. [5]. Individual ripplocations are too small to appear on the scale of the images shown 

in figs. 5.16 and 6.16, being sub-nm in scale, but may explain the kink-band like behaviour. Further 

investigations employing transmission electron microscopy would be necessary to directly detect 

ripplocations in Sb2Se3, providing a valuable exploration of the strain-relief characteristics of this van 

der Waals material.  

Furthermore, if Sb2Se3 crystals support strain relief through deformation of monolayers 

themselves, without the breaking of covalent bonds (unlike crystal dislocations[5]), as this work 

suggests, this is significant. Dangling covalent bonds are expected to act as non-radiative 

recombination centres for charge carriers, but if deformation does not result in broken covalent bonds, 

sites of strain may be more electrically benign than for other materials, giving Sb2Se3 an advantage in 

solar cell technology. 

 

5.8.5 Doping of Sb2Se3 Single Crystals 

The results of chemical analysis (Section 5.7) have provided important information on the 

background impurities in Sb2Se3 from different sources and also on the viability of adding extrinsic 

dopants. Generally the ICP-MS confirmed that unintentional impurities were present in levels of > 

0.01 at%, or 7 x 1017 cm-3, this being an order of magnitude lower than the 7 x 1018 – 1.4 x 1019 cm-3 

introduced in intentional doping. Successful incorporation of Sn allows for p-type doping from SnSe 
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while MgCl2 should allow n-type doping from ClSe. p-type doping may also be expected from MgSb, 

but if this were to occur, the presence of 2x more Cl means the effects of the latter would be expected 

to dominate.  

The theoretical work carried out by Stoliaroff et al.[19] supports both of these possibilities. 

The incorporation of these impurity elements makes it feasible to investigate whether they may 

contribute to extrinsic doping in Sb2Se3, an area of study which has had limited attention to date. This 

would depend on whether the elements prove to be electrically active in the material. 

Finally, the SIMS results provide important information on the impurities present in different 

forms of Sb2Se3 source material, particularly the fact that a much larger quantity of Cl is present in the 

5N source material compared to the material made by direct synthesis from elements. This result may 

be significant given that Cl is predicted to act as an n-type dopant in Sb2Se3, which may have 

relevance for all crystals and devices formed from this particular commercial source material. Once 

again, doping will depend on the electrical activity of Cl within Sb2Se3, but these results suggest that 

comparing the electrical characteristics of samples grown from different source material may be 

fruitful. 
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5.9 Conclusions 

Several key findings resulted from the investigations into the growth, doping and physical 

characterisation of Sb2Se3 crystals and Sb2S3xSe3(1-x) solid solutions, which may be summarised as 

follows. The congruent vaporisation of Sb2Se3 was demonstrated through Piper-Polich and Self-

selecting-vapour growth (SSVG) experiments. In the Piper-Polich case, a preferred orientation along 

[062] was found to align with the growth axis, although this may not apply to vapour growth of 

Sb2Se3 in general. Furthermore, the SSVG experiments were successful in producing Sb2Se3 crystals ≤ 

1 mm in size. Similarly, the method of direct synthesis from elemental Sb and Se was able to produce 

~ 1 mm scale Sb2Se3 crystallites, large enough for electrical characterisation without further crystal 

growth, and most likely forming as a result of vapour condensation. 

Direct synthesis of polycrystalline Sb2S3xSe3(1-x) solid solutions from the pre-synthesised 

compounds Sb2Se3 and Sb2S3 was also carried out for compositions of x = 0.28 and 0.55 (based on 

EDX). These samples demonstrated upward bowing in the Vegard relation, but with only two samples 

synthesised, the evidence for this behaviour is limited and a greater range of compositions would be 

necessary to establish if this relation occurs overall. 

Meanwhile, vertical Bridgman growth produced solid pieces of Sb2Se3 which demonstrated 

cleavage in a single plane to produce flat, clean surfaces, consistent with the formation of single 

crystals up to 1 cm in length and 4 mm in diameter. XRD measurements supported this interpretation, 

but full confirmation with Laue equipment or EBSD was not possible. The observed growth appeared 

to be encouraged by the formation of vapour-filled voids during crystal growth, most likely as a result 

of uneven melting of the powder and subsequent grain coalescence. XRD also provided evidence that 

the cleaved surface of the Sb2Se3 crystals was the (010) plane, while surfaces cut perpendicular to this 

plane, then polished, produced diffraction patterns consistent with the (100) and (001) planes. If the 

single crystal interpretation is correct, these results indicate that the secondary cleavage steps on the 

surface of the cleaved Sb2Se3 crystals were aligned with [001]. 
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These cleaved surfaces also exhibited long-range defects in the form of low-angle 

crystallographic boundaries ~ 100 nm wide, as observed directly through EBSD, and indirectly 

through topographic DIC microscopy. Their exact nature is unknown, with low-angle grain 

boundaries a ready explanation, but the direct alignment of these boundaries with crystal axes 

suggests twin defects or stacking faults. However, although these options seem more likely, the width 

of the boundaries and the low angle of misorientation makes rippling and buckling of crystal 

monolayers (as is observed in 2D materials) more convincing. Such deformations are consistent with 

kink-bands, associated with ripplocations, but a more detailed study would be necessary to confirm if 

ripplocations are, in fact, present in Sb2Se3. 

Raman spectroscopy carried out on air-annealed Sb2Se3 thin films exhibited a peak at 253 cm-1 for 

a high-temperature anneal, consistent with the interpretation put forward in the literature that this peak 

corresponds to Sb2O3 as opposed to Sb2Se3. A chemical analysis technique such as EDX would allow 

this interpretation to be confirmed but was not carried out in this work. Anisotropy in Raman spectra 

was also demonstrated by rotating the sample axially relative to the laser polarisation. This approach 

allowed closely-spaced Raman peaks to be distinguished due to their varying intensities, but 

assignment of Raman modes was not possible as the explicit relationship between the crystal axes and 

polarisation state of the laser was not known. 

Chemical analysis through SIMS demonstrated that Cl was a key impurity present in 5N Sb2Se3 

but not present in crystals grown from in-house source material, with the content of other impurities 

between the two types of source material otherwise similar (as determined from ICP-OES and ICP-

MS). The incorporation of Sn and Mg impurities (the latter from MgCl2) into Sb2Se3 single crystals at 

a density of 7 x 1018 cm-3 was also demonstrated from ICP-MS analysis, with the incorporation of Cl 

(also from MgCl2) inferred at a density of 1.4 x 1019 cm-3. This control of elemental impurities in 

Sb2Se3 single crystals suggests that extrinsic doping may be investigated if Sn and Cl are found to be 

electrically active dopants, as has been suggested in the literature[19].  That investigation is described 

in the following chapter. 
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6. Sb2Se3: Electrical Characterisation and 

Photovoltaic Devices 
 

6.1 Introduction 

This chapter reports the electrical characterisation of the vertical Bridgman-grown single 

crystals of Sb2Se3 from Chapter 5, as well as the fabrication and testing of Sb2Se3 photovoltaic 

devices. Section 6.2 describes carrier measurements using the hot probe and Hall methods. Section 

6.3 reports a study of contacts and junction formation, while 6.4 gives an account of capacitive 

characterisation using C-f and Mott-Schottky plots. In Section 6.5 crystal point defects are examined 

with deep-level transient spectroscopy, and with photoluminescence for shallower defects. Section 6.6 

covers work on the fabrication and testing of single-crystal substrate solar devices, while 6.7 concerns 

thin-film Sb2Se3 solar cells fabricated by thermal evaporation from n-type, undoped and p-type source 

material. 

In this chapter, samples are named under the same scheme as employed for Chapter 5. The 

synthesis techniques employed for the single crystal samples in this chapter were: direct synthesis 

from elements (DSE); and vertical Bridgman growth (VB). Samples directly synthesised from the 

elements were assumed to be of higher purity than samples grown from the pre-synthesised 5N source 

material (5NAA). 

For the in-house synthesised material, the stoichiometry was assumed to correspond to the 

precise weighed ratios of Sb and Se used in the synthesis reaction. These ratios were chosen at the 

weighing stage so as to produce stoichiometric (St), with a deviation from exact stoichiometry of < 

0.01 at% (balance precision was 0.0013 at%) or either 0.1 at% Se-rich (SeR) or Se-poor (SeP) 

material. Table 6.1 summarises the sample types, with several examples of each type being fabricated 

for the work in this chapter. Samples had different stoichiometries, source material and dopants, but 

were nonetheless processed under identical conditions (ampoule volume, internal pressure, 

temperature, heating rates etc.) unless otherwise specified, to ensure consistency in results.  
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Growth Technique Source Material Stoichiometry Extrinsic Dopants Sample Code 

Direct synthesis 

from elements 

(Sb2Se3) - DSE 

Elemental Sb shot 

(6N), Elemental Se 

shot (5N) 

Stoichiometric (< 

0.01 at% variation) - 

St 

Undoped – Un DSE-St-Un 

Se – poor (> 0.1 at% 

variation) – SeP 
Undoped – Un DSE-SeP-Un 

Se – rich (> 0.1 at% 

variation) - SeR 
Undoped - Un DSE-SeR-Un 

Vertical Bridgman 

growth - VB 

Commercial Sb2Se3 

(5N) – 5NAA 

 Undoped - Un VB-5NAA 

 

Sn-doped (~0.1 

at%) – Sn 

 

VB-5NAA-Sn 

 

MgCl2-doped (~0.1 

at%) – MgCl2 

 

VB-5NAA-MgCl2 

Sb2Se3 directly 

synthesised from the 

elements (DSE) 

Stoichiometric (< 

0.01 at% variation) - 

St 

Undoped - Un VB-St-Un 

Se – poor (> 0.1 at% 

variation) - SeP 

Undoped - Un VB-SeP-Un 

Sn-doped (~0.1 

at%) – Sn 

 

VB-SeP-Sn 

MgCl2-doped (~0.1 

at%) – MgCl2 

 

VB-SeP-MgCl2 

Se – rich (> 0.1 at% 

variation) - SeR 

Undoped - Un VB-SeR-Un 

Sn-doped (~0.1 

at%) – Sn 

 

VB-SeR-Sn 

MgCl2-doped (~0.1 

at%) – MgCl2 
VB-SeR-MgCl2 

Table 6.1 Sample codes for all Sb2Se3 single crystal sample types examined in this chapter, including 

details of preparation (synthesis or growth) method, type of sample, stoichiometry and extrinsic 

doping.  
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6.2 Conductivity Type of Single Crystal Sb2Se3 

 6.2.1 Hot Probe 

Hot probe evaluation of carrier type was conducted as described in Section 3.5.1, on samples 

of material both synthesised directly from the elements and grown by vertical Bridgman. 

 

  6.2.1.1 Undoped Crystals 

Sections of the Sb2Se3 material directly synthesised from the elements were found to be 

sufficiently crystalline for contacting with Au for electrical measurements. This was achievable for 

samples with different stoichiometries in the source material which were therefore examined with the 

hot probe in order to explore native conductivity type. At first, measurements of thermally-induced 

voltage were attempted, as this is usually the measurement of choice for resistive samples, however 

for unknown reasons, doing so did not produce reliable or consistent measurements. However, 

consistency was found when measuring current, and as a result, thermally-induced current was 

measured throughout this investigation. 

Fig. 6.1a shows the level of thermally induced current from stoichiometric and Se-poor 

Sb2Se3 directly synthesised from the elements. The error bars refer to the level of fluctuation observed 

in the measured current at equilibrium. For the stoichiometric sample, a positive current was observed 

with increasing temperature gradient, while the current for the Se-poor sample remained at a low level 

for most temperature gradients, with a small negative current for large thermal gradients. These 

responses are compared to those from the Se-rich sample in fig. 6.1b, which exhibits positive currents 

of an order-of-magnitude greater than either of the other samples. Fig. 6.1c shows the thermally-

induced currents for the Sb2Se3 single crystals grown by vertical Bridgman with stoichiometric and 

Se-poor composition. For both samples, the currents observed were comparable to the uncertainty due 

to current fluctuations. The Se-poor crystal exhibited a small negative current at high thermal 

gradients, while the stoichiometric crystal did not exhibit significant thermally-induced currents, even 

at high thermal gradients. Fig. 6.1d includes the measured current for the Se-rich crystal, which 
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exhibited a significantly larger thermally-induced positive current than for the Se-poor and 

stoichiometric crystals.   

 

Fig. 6.1 Hot-probe results for undoped Sb2Se3 samples: directly synthesised from the elements with a) 

stoichiometric and Se-poor and b) Se-rich compositions. Results are also shown for crystals grown by 

vertical Bridgman with c) stoichiometric and Se-poor and d) Se-rich compositions. Se-rich 

compositions are p-type, stoichiometric are non-conductive, and Se-poor are non-conductive or n-

type. 

 

For the directly synthesised samples (fig. 6.1a-b), the positive current observed for the 

stoichiometric sample suggests p-type doping, while the negative gradient for the Se-poor sample 
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suggests n-type doping, based on the reference samples (Section 3.5.1). However, as these currents 

were not dramatically larger than the uncertainty, they suggest weak doping in each case. The positive 

thermally-induced current observed for the Se-rich sample (fig. 6.1b) also indicates p-type 

conductivity. For the vertical Bridgman-grown stoichiometric and Se-poor crystals (fig. 6.1c) the 

measured currents were not significantly larger than the uncertainty, meaning that the samples may be 

considered undoped. These results therefore indicate that p-type doping occurs within Se-rich Sb2Se3, 

with the results being consistent across samples both directly synthesised and grown by vertical 

Bridgman. Also, the stoichiometric, high purity Sb2Se3 was not self-doped to a significant level. There 

was some significant differences in the magnitudes of the currents observed for different samples, but 

there is no clear interpretation for this, as many factors may influence the current magnitudes, such as 

carrier mobility and deep-level carrier traps. Despite the limitations of the method, these results have 

important implications for the understanding of native defects within Sb2Se3 (Section 6.8.1). 

 

  6.2.1.2 Extrinsically Doped Crystals 

The results of the hot probe measurements on the extrinsically doped Sb2Se3 crystals grown 

by vertical Bridgman are shown in fig. 6.2. Briefly, these indicate a positive thermally-induced 

current for the Se-poor Sn-doped and Se-rich Sn-doped crystals, with the latter exhibiting a 

significantly larger current magnitude (fig. 6.2a-b). Furthermore, the undoped and Sn-doped 5N 

crystals exhibited clear negative and positive thermally-induced currents respectively (fig. 6.2c). 

Finally, the Se-rich MgCl2-doped crystal exhibited a negative thermally-induced current (fig. 6.2d). 

This current had a greater magnitude than any other sample examined, but as mentioned before, no 

concrete conclusions can be drawn from this observation. 

The hot probe results for the Sn-doped crystals grown from: Se-poor, Se-rich and 5N Sb2Se3 

(figs. 6.2a-b) indicate p-type doping in all cases. For the Se-poor crystal in particular, this suggests 

that Sn may act as an acceptor in Sb2Se3, as the undoped Se-poor crystal exhibited non-conductive or 

weakly n-type behaviour (figs. 6.1a and c). This is consistent with Sn (group-IV) acting as a 

substitutional acceptor as SnSb. 
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Fig. 6.2 Hot probe results for vertical Bridgman-grown Sb2Se3 single crystals with compositions: a) 

Se-poor and Sn-doped, undoped stoichiometric and undoped Se-rich b) with Se-rich Sn-doped 

included. c) Undoped and Sn-doped 5N crystals and stoichiometric undoped d) with Se-rich MgCl2-

doped included. Sn-doped crystals are p-type while undoped 5N crystals and MgCl2-doped crystals 

are n-type. 
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Preparation 

Technique 

Sample 

Name 
Composition 

Conductivity 

Type 

Resistivity / 

kΩcm 

Directly 

synthesised from 

elements 

DSE-SeP-Un Undoped Se-poor 
Intrinsic/weakly 

n-type 
2.0 x 103 

DSE-SeR-

Un 
Undoped Se-rich 

Intrinsic/weakly 

p-type 
4.9 

Vertical Bridgman 

VB-St-Un 
Undoped 

Stoichiometric 
Intrinsic 1.3 x 105 

VB-SeR-Un Undoped Se-rich p-type 2.5 x 102 

VB-SeP-Sn Sn-doped Se-poor p-type 4.4 x 103 

VB-SeR-Sn Sn-doped Se-rich p-type 6.9 

VB-5NAA-

Un 
Undoped 5N n-type 1.56 - 4.92 

VB-5NAA-

Sn 
Sn-doped 5N p-type 1.0 x 101 

VB-SeR-

MgCl2 
MgCl2-doped Se-rich n-type 1.4 - 4.8 x 10-1 

 

Table 6.2 Conductivity type and resistivity values for crystalline Sb2Se3 samples examined with the 

hot probe technique. High resistivity values were observed for Se-poor and/or undoped samples, with 

lower values for Se-rich and/or extrinsically-doped samples. 

 

The undoped 5N crystal (fig. 6.2c) clearly exhibited n-type conductivity, while the addition of 

Sn resulted in a switch to p-type, presenting further evidence for Sn as a p-type dopant. Similarly, the 

addition of MgCl2 to the Se-rich undoped crystal resulted in a switch from p-type conductivity to n-

type. The presence of Cl is the main similarity between the 5N (see SIMS in Section 5.7.3) and the 

MgCl2-doped crystals. This suggests that Cl (group-VII) acts as a donor, which would be consistent 

with substitutional ClSe. The greater magnitude of thermally-induced current in the Se-rich MgCl2-

doped crystal compared to the undoped 5N crystal may result from a greater carrier density in the 

former, but this could not be determined without Hall effect or capacitance-voltage measurements. 
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Table 6.2 shows resistivity measurements of several of the same samples and indicates high 

resistivity values (> 10 MΩcm) for the directly-synthesised stoichiometric and selenium-poor 

samples. Meanwhile, the undoped Se-rich vertical Bridgman-grown crystal exhibited intermediate 

resistivity at ~ 200 kΩcm. The crystals grown by vertical Bridgman from extrinsically-doped Se-rich 

and 5N Sb2Se3 and the directly synthesised Se-rich undoped sample all exhibited relatively low 

resistivity values (≤ 10 kΩcm) with the lowest values measured for the Se-rich MgCl2-doped crystal, 

at < 1 kΩcm. 

The resistivities are generally consistent with the hot probe results, with high resistivity 

values corresponding to a low thermally-induced current and vice versa. The variations in resistivity 

for each of the n-type crystals (5N Sb2Se3 and Se-rich MgCl2-doped Sb2Se3) indicate a non-Ohmic 

response. The higher conductivities may suggest greater carrier densities, but Hall effect 

measurements and/or capacitance – voltage profiling are necessary to determine the carrier density 

present, with the former carried out on 5N crystals in the following section. 

 

6.2.2 Hall Effect Measurements 

Room-temperature Hall effect measurements were made on three single crystal samples of 

varying thickness, grown by vertical Bridgman from undoped 5N source material, each with four In 

contacts place in a square, in an approximation of van der Pauw geometry (see Section 3.5.2). Fig. 6.3 

shows the results, where Hall conductivity (Gxy) is plotted against auxillary magnetic field (H), with 

the plot zeroed (Gxy value at H = 0 subtracted) to symmetrise the data. The samples were measured in 

different ranges of magnetic field, with the relevant ranges for the t = 0.56 and 1.08 mm samples 

shown in fig. 6.3a, along with their linear fit lines (dashed lines) and for the t = 0.48 mm in fig. 6.3b, 

with its linear fit. All of the samples exhibited linear behaviour with a negative gradient of varying 

steepness. Of the samples studied, the 0.56 mm thick sample provided remarkably linear behaviour, 

meaning the data series and fit line are effectively indistinguishable in the plot of the whole range (fig. 

6.3a) and allowing high precision on the linear fit. 
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From eq. 3.7 the Hall coefficient RH may be determined from the gradient. In this case the 

negative gradient of all the series plotted means a negative RH, indicating a negative carrier charge, 

i.e. n-type doping in all cases, with the electron density derived from RH and eq. 3.8. The varying 

gradients of the plots arise from the variation in sample thickness (see eq. 3.7). From the carrier 

density and resistivity, the carrier mobility could then be derived from eq. 3.9, with all of these values 

shown in Table 6.3 for all 3 samples. 

 

Fig. 6.3 Plot of Hall conductance (Gxy) against auxiliary magnetic field (H) for the three 5N Sb2Se3 

samples synthesised by vertical Bridgman with thicknesses (t) of 0.48, 0.56 and 1.08 mm. a) full 

range of measurement, showing line of best fit for t = 0.56 and 0.48 mm b) same plot in a smaller 

range to show plot for t = 0.48 mm sample and line of best fit. The 0.56 mm thick sample (red) 

exhibited the most linear behaviour. All series exhibited negative gradients i.e. n-type conductivity. 

  

a) b) 
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Sample Code 
Thickness 

(mm) 

Electron density 

(cm-3) 

Resistivity 

(Ωm) 

Electron Mobility 

(cm2V-1s-1) 

VB-5NAA-Un-108 1.08 3.99 x 1016 6.54 24.5 

VB-5NAA-Un-48 0.48 3.3 x 1016 6.04 31.3 

VB-5NAA-Un-56 0.56 3.98 x 1016 5.46 28.7 

  

Table 6.3 Results from Hall effect measurements of In-contacted undoped 5N crystals grown by 

vertical Bridgman. Similar values of carrier density, resistivity and carrier density were found in all 

samples. 

 

The Hall effect measurements provide further evidence for n-type doping in 5N Sb2Se3 single 

crystals, supporting the conclusions from the hot probe (Section 6.2.1). The most likely cause is Cl 

present in the 5N source material as an impurity (see SIMS in Section 5.7.3). 

 

6.3 Characteristics of Metal - Semiconductor Junctions 

 6.3.1 Ohmic and Schottky Contacts 

Given that, as demonstrated in Section 6.2, Sb2Se3 may be extrinsically doped either n- or p-

type, which determines the Fermi level position, it is expected that the work functions of metals used 

for contacting will affect the Ohmic or rectifying character of the contacts. This has relevance to 

devices, as back-contact barriers are one factor which reduces the efficiency of photovoltaic 

devices[1]. The presence of contact barriers is also important for electrical characterisation, as C-V 

profiling and DLTS require contact barriers to be effective. Broadly, as explained in Section 2.2.4, 

metals of a high work function ΦW
m are required to form an Ohmic contact on a p-type material, while 

low-work functions are needed to form Ohmic contacts with n-type material[2]. The opposite in each 

case is necessary to form a contact barrier (i.e. a Schottky contact). 

Current-voltage measurements taken of both n- and p-type Sb2Se3 crystals with either two In 

or Au contacts are shown in fig. 6.4. Given that the samples had two identical contacts in each case, 

there was no physical distinction between forward and reverse bias, so positive and negative voltage 
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values simply refer to the polarity of the bias from the measurement equipment, and are arbitrary. 

However, for each contact, one bias polarity was expected to act as forward bias and the opposite as 

reverse bias, with these polarities reversed for the other contact. For the p-type Sn-doped crystal 

grown from 5N Sb2Se3 (fig. 6.4a), the use of Au contacts produced linear I-V behaviour, while the use 

of In contacts produced clearly non-linear I-V behaviour. For this p-type sample, the magnitude of the 

current was similar for both contact metals. In contrast, for the n-type MgCl2-doped crystal (fig. 6.4b), 

In contacts produced linear I-V behaviour, while the use of Au contacts for the same crystal, as well as 

the n-type undoped and MgCl2-doped 5N crystals produced non-linear behaviour. Furthermore, for 

the n-type samples, there was a significant difference in the magnitude of the currents measured for 

Au contacts compared to In contacts (around 2 orders of magnitude).  
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Fig. 6.4 a-b) I-V curves for Sb2Se3 single crystals grown by vertical Bridgman: a) p-type (Sn-doped 

5N crystals) and b) n-type (MgCl2-doped Se-rich; undoped and MgCl2-doped 5N crystals), contacted 

with either two In or two Au evaporated contacts. Ohmic behaviour is observed for Au contacts on p-

Sb2Se3 and for In contacts on n-Sb2Se3, while a contact barrier is indicated for In on p-Sb2Se3 and for 

Au on n-Sb2Se3. 
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The linear I-V behaviour suggests that the use of evaporated Au contacts produced an Ohmic 

contact on the p-type Sb2Se3 sample (fig. 6.4a) while the I-V curve for In contacts indicates a 

rectifying contact on the same sample type. For the n-type case (fig. 6.4b), the opposite is true – In 

contacts produced Ohmic behaviour on the n-type Sb2Se3 sample, while Au contacts formed rectifying 

barriers. The rectifying behaviour was also observed for the other n-type Sb2Se3 samples. These 

results are consistent with the expected behaviour of metal contacts on semiconductors (see Section 

2.2.4) given the small work function of In (4.09 eV [3]) and the large work function of Au (5.3 eV 

[3]). 
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 6.3.2 Barrier Height Estimation from I-V-T Measurements 

In order to estimate the height of the Schottky barriers on Sb2Se3 single crystals (p-Sb2Se3 / In 

and n-Sb2Se3 / Au) temperature dependent I-V measurements were taken. The approach outlined by 

Bätzner was used (Section 3.5.3) in order to estimate barrier height from the temperature-dependent 

series resistance using eq. 3.11. The configuration used here, with two Schottky junctions lying in 

series with opposite biases, bears similarity to the work of Bätzner where a p-n junction and Schottky 

junction are in series, also with opposite biases. This means that for a non-zero bias, whether positive 

or negative, one junction was under reverse bias while the other was forward biased.  

Fig. 6.5a shows the RS-V-T plots for the p-type Sn-doped 5N crystal, contacted with In, from 

290 K to 380 K, while fig. 6.5b shows the plot for the n-type undoped 5N crystal, contacted with Au, 

from 220 K to 320 K. The terms ‘forward’ and ‘reverse’ bias simply refer to the polarity of the 

measurement equipment, rather than being a meaningful distinction because, as previously discussed, 

the two contacts of these samples are identical. Having said which, each contact is expected to have a 

forward and reverse bias direction, both of which will be of opposite polarity compared to the other 

contact. These plots both demonstrate similar behaviour on either side of the 0 V bias point, though 

with some asymmetry, as well as a decrease in overall series resistance with increasing temperature. 
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Fig. 6.5 RS-V plots for a range of temperatures for: a) p-type Sb2Se3 (Sn-doped 5N) with In contacts 

and b) n-type Sb2Se3 (undoped 5N crystal) with Au contacts. Dotted lines show where RS value was 

taken for each scan. 

 

A minimum in series resistance is observed in the vicinity of the 0 V bias point, and 

somewhat symmetrical maxima in the values of RS are observed at all temperatures for the p-Sb2Se3 

sample, and at low temperatures for the n-Sb2Se3 sample. The series resistance is generally higher in 

the p-type sample than in the n-type sample for a given temperature. 

The asymmetry in both samples most likely results from variations in the area, thickness and 

coverage of the metal contacts used in each case. Meanwhile, the higher series resistance (at a given 

temperature) for the p-type crystal is consistent with generally higher resistivity values observed in 

this set of p-Sb2Se3 crystals as opposed to the n-Sb2Se3 samples at room temperature (see Table 6.2). 

The series resistances were extracted separately for forward and reverse bias, as they were each 

expected to relate to one of the two contacts used. For the p-Sb2Se3 sample, and at low temperatures 

for the n-Sb2Se3 sample, the series resistance was determined at the maxima in the RS-V curve as 

shown by the dotted lines in fig. 6.5, this being where the resistance from the reverse-biased junction 

is expected to dominate. However, at higher temperatures these maxima were no longer present for 

the n-Sb2Se3 sample, so series resistance values were taken at a fixed value of ± 0.75 V (note long 
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dotted lines). While this is not ideal, it was assumed that at this bias, the resistance from the reverse-

biased junction would still dominate, and in most of these cases the RS-V plot was fairly flat for a 

single scan, compared to the difference between scans, so errors in RS due to the point of measurement 

were not expected to be significant. 

From the series resistance, linearised plots based on eq. 3.11 were prepared for all samples 

examined with temperature-dependent I-V, with the results being shown in fig. 6.6 for a) the p-type 

Sn-doped 5N crystal, b) the n-type undoped 5N crystal, c) n-type Se-rich MgCl2-doped crystal and d) 

n-type MgCl2-doped 5N crystal. All plots demonstrate strongly linear behaviour with little scatter. 
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Fig. 6.6 Linearised plots of series resistance for the following Sb2Se3 single crystals synthesised via 

vertical Bridgman: a) p-type (Sn-doped 5N crystal) using In contacts, b) n-type (undoped 5N crystal), 

c) n-type (MgCl2-doped Se-rich crystal) d) n-type (MgCl2-doped 5N crystal), these latter three all 

using Au contacts. Linear fits are shown with dotted lines, with equations alongside. Variation is 

observed between forward and reverse bias. 

 

Fitting to the plots allowed the barrier height (ΦB
n,p) to be estimated from eq. 3.11, with 

results shown in table 6.4. The calculated barrier heights were larger for the three Au / n-type samples 

than the In / p-type sample. There was also some variation in the value of barrier height between 

forward and reverse bias for all samples. In the case of the Au / n-type samples, the difference 
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between forward and reverse bias was greater than the difference between samples. The largest barrier 

heights were observed for the MgCl2-doped Se-rich crystal, although the range overlapped with the 

other n-type samples. 
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Crystal Type 

Schottky Barrier Height (ΦB
n,p) / eV 

Work Function of Sb2Se3 

Crystal (ΦW
n,p) / eV 

Forward Bias Reverse Bias 
Forward 

Bias 

Reverse 

Bias 

p-type Sn-doped 5N Sb2Se3 

(VB-5NAA-Sn) – In contacts 
0.3701 ± 0.0013 0.333 ± 0.006 4.46 4.42 

n-type undoped 5N Sb2Se3 

(VB-5NAA-Un) – Au 

contacts 

0.533 ± 0.005 0.502 ± 0.010 4.77 4.80 

n-type MgCl2-doped Se-rich 

(VB-SeR-MgCl2) – Au 

contacts 

0.557 ± 0.007 0.533 ± 0.013 4.74 4.77 

n-type MgCl2-doped 5N 

Sb2Se3 (VB-5NAA-MgCl2) – 

Au contacts 

0.5363 ± 0.0023 0.508 ± 0.009 4.76 4.79 

 

Table 6.4 Schottky barrier heights estimated from linear plots (fig. 6.6) for single crystal Sb2Se3 

samples examined with temperature-dependent I-V measurements, with two values based on series 

resistance at forward and reverse bias respectively. Work functions for the Sb2Se3 crystals were 

estimated from the barrier heights and the work function values for Au and In[3]. 

 

The difference in values of contact barrier height observed between forward and reverse bias 

may suggest that in these cases, inconsistencies in contact coverage have more of an impact than the 

different forms of (in this case, n-type) doping. The larger barrier heights estimated for the Au / n-type 

samples is consistent with the room-temperature I-V measurements (see fig. 6.4), where a greater drop 

in conductance resulted from the use of Au on n-Sb2Se3 than the use of In did for p-Sb2Se3. The 

broadly similar estimates of barrier height for the Au / n-type samples suggest that the carrier density 
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(and hence the Fermi level) is comparable in all of these. Additionally, all of these barriers are 

significantly larger than kT at room temperature (~25 meV), suggesting that these contact metals 

would allow for capacitive measurements to be taken at room temperature, and indeed up to relatively 

high temperatures (100s of °C). 

The values of Sb2Se3 work function in Table 6.4 (ΦW 
n,p) were estimated based on the 

Schottky barrier heights for the Sb2Se3 single crystals and the work functions of Au and In[3] 

assuming ΦW
n = ΦW

Au – ΦB
n and ΦW 

p = ΦW 
In + ΦB 

p. Fig. 6.7 shows band diagrams for a) p-Sb2Se3 and 

b) n-Sb2Se3, both inferred from the values of Schottky barrier height and the work functions of Au and 

In, demonstrating the relationship between these values. 

 

 

Fig. 6.7 Band diagrams (to scale) inferred from the values of Schottky barrier height (Table 6.4) for a) 

p-type Sb2Se3 with In contacts and b) n-type Sb2Se3 with Au contacts. The value of electron affinity 

for Sb2Se3 was taken from [4]. Both diagrams place the Fermi level in a position inconsistent with the 

conductivity type of the crystals. 
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The values of work function are consistently larger in the n-type crystals than the p-type, 

which is inconsistent with conductivity type, as the Fermi level is lower in p-type semiconductors 

than in n-type. Fig. 6.7 demonstrates how these values of Schottky barrier height result in a Fermi 

level position inconsistent with the conductivity type, where it is also clear that larger values of barrier 

height would produce more consistent Fermi level positions. Given that the conductivity types of 

these crystals are well known, this would suggest that the values of barrier height used to calculate the 

work functions of the Sb2Se3 crystals are underestimates. These results therefore suggest there may be 

interfacial layers or surface band-bending effects that are not accounted for in the simple scheme 

presented in fig. 6.7. However, exploring these possibilities is beyond the scope of this work. 

 

6.4 Capacitive Measurements of Sb2Se3 Single Crystals 

6.4.1 C-f Measurements and Roll-off 

Capacitance-frequency (C-f ) profiling was carried out on contacted crystals of both 

conductivity types, with DC biases applied, in order to determine the reliability of carrier densities 

measured at a given frequency, taking into account the effects of deep level traps and the high-

frequency ‘roll-off’ effect as described in Section 3.5.4. 

 

6.4.1.1 N-type Crystals 

Three n-type Sb2Se3 crystals grown by vertical Bridgman, all with two lateral evaporated 

contacts (either one Au and one In or both Au), 0.1 cm2 in size and 2 mm apart, were examined with 

C-f profiling: a MgCl2-doped Se-rich crystal, a MgCl2-doped Se-poor crystal and an undoped 5N 

crystal. The MgCl2-doped Se-rich crystal was 2.29 mm thick and used one Au and one In contact, 

with a series resistance (at forward bias) of 80 Ω, while the Se-poor crystal was 2 mm thick, also 

using one Au and one In contact, with a series resistance (at forward bias) of 50 Ω. The undoped 5N 

crystal was 1 mm thick with two Au contacts, meaning the series resistance at forward bias could not 

be measured. The resistance was measured at the minimum (0 V bias) to be 400 Ω, similar to the 

values for both MgCl2-doped crystals. However, one would expect the ‘effective’ series resistance 
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under bias to be smaller than this, because when one of the junctions was under reverse bias, the other 

junction would have been be forward-biased. 

The C-f scans for the three samples are shown in fig. 6.8, plotted for different DC bias levels 

from -1 V to +1 V. All scans indicate a general decrease in capacitance with AC frequency, with the 

most dramatic drops occurring at low and high AC frequency. For the MgCl2-doped Se-poor (fig. 

6.8a) and Se-rich (fig. 6.8b) crystals, a level region is observed in the mid frequency ranges 104-105 

Hz and 102-105 Hz respectively, for reverse bias only. Meanwhile, the undoped 5N crystal (fig. 6.8c) 

exhibited a level region in the mid-frequency range 103-105 Hz for both reverse and forward bias. 

The rapid drop of capacitance with frequency in the low frequency region indicates the 

influence of deep-level traps, while the drop at high frequencies is consistent with the expected ‘roll-

off’ behaviour observed for resistive samples (Section 3.5.4). The lack of a level region at forward 

bias for the MgCl2-doped Se-poor (fig. 6.8a) and Se-rich (fig. 6.8b) crystals indicates an absence of 

rectifying behaviour at forward bias, due to Ohmic behaviour at the n-Sb2Se3 - In interface. 

Meanwhile the level region observed at both forward and reverse bias for the undoped 5N crystal (fig. 

6.8c) results from two rectifying Au contacts being used. Based on eq. 3.12, the flat region of the 

scans shown in fig. 6.8 was used to estimate the ‘true’ capacitance values of the undoped 5N crystal, 

MgCl2-doped Se-poor and Se-rich crystals, at 0 V bias, estimated to be 3 x 10-9 F, 3 x 10-8 F and 2 x 

10-8 F respectively. The true capacitance value was used to estimate the effective series resistance 

under non-zero bias as being around 30 Ω for the 5N crystal, based on the observed roll-off behaviour 

and eq. 3.12. Meanwhile the series resistance values measured at forward bias for the MgCl2-doped 

crystals are consistent with the roll-off behaviour and the values of true capacitance. 
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Fig. 6.8 C-f plots of vertical Bridgman-grown n-type Sb2Se3 crystals: a-b) MgCl2-doped a) Se-poor 

with one Au and one In contact b) Se-rich with one Au and one In contact c) undoped 5N crystal with 

both Au contacts. Scans are shown for multiple applied DC biases from -1 V to +1 V. All scans 

indicate an overall decrease in capacitance with increasing frequency, with level regions in the mid-

frequency range. 
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 6.4.1.2 P-type Crystals 

Both the Se-poor and Se-rich Sn-doped Sb2Se3 single crystals were 2 mm thick with lateral 

contacts 0.1 cm2 in size and spaced 2 mm apart. The Se-rich crystal had two In contacts, while the Se-

poor used one Au and one In contact. The series resistance of the Se-poor crystal was determined to 

be 8.6 MΩ from I-V measurements, while the series resistance for the Se-rich crystal could not be 

directly determined from I-V as two In contacts were used. C-f measurements taken for several DC 

bias values from 0 V to ±1 V are shown in fig. 6.9 for the Sn-doped a) Se-rich and b) Se-poor single 

crystals. 

 

Fig. 6.9 C-f measurements of p-type vertical Bridgman-grown Sb2Se3 single crystals taken for DC 

bias levels from 0 V to ±1 V: a) Sn-doped Se-rich with two In contacts b) Sn-doped Se-poor with one 

Au contact and one In contact. 

 

The Sn-doped Se-rich crystal demonstrated some variation with DC bias at frequencies < 100 

Hz, but no significant variation at > 100 Hz, with a steep decline in overall capacitance. The Sn-doped 

Se-poor crystal demonstrated no variation with DC bias across the whole frequency range, and a 

much steeper decline in capacitance than the Se-rich. The Se-poor crystal also exhibited dramatic 

spikes and dips in capacitance values between 10 and 100 Hz, associated with impedance overload 

error. 10-11 F is the lower limit for the system. 
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The falling values of capacitance with frequency in both scans most likely result from a 

combination of frequency-dependent carrier capture/emission at low frequency, and the high-

frequency ‘roll-off’ behaviour observed in resistive materials, with the rapid drop-off suggesting high 

series resistance values in both cases, as indicated in eq. 3.12. Given that both samples had the same 

dimensions, this suggests the difference in the rate of drop-off derives from varying resistivity 

between the samples, i.e. that the Se-poor crystal was significantly more resistive than the Se-rich, 

consistent with the impedance overload errors observed in the former. Furthermore, there was no flat 

region in either scan, meaning that the ‘true’ capacitance (eq 3.12) could not be determined, making 

measurements of carrier density difficult in both cases. 

 

6.4.2 C-V Measurements and Carrier Density 

Capacitance-voltage measurements were carried out on n-type Sb2Se3 crystals grown by 

vertical Bridgman: an undoped 5N crystal, MgCl2-doped Se-poor and MgCl2-doped Se-rich crystals, 

as well as a p-type Sn-doped Se-rich crystal. The data were used to produce Mott-Schottky plots to 

estimate carrier density (NS), as described by eq. 3.15. A relative dielectric constant of 19.8[5] was 

used in all cases, based on optical measurements from thin films. However, the highly anisotropic 

nature of Sb2Se3 means that this value may be dependent on crystallography. It should suffice as a tool 

for comparison, however, given that for all crystals studied, the samples were contacted on the (010) 

crystal plane. 

       

6.4.2.1 N-type Crystals 

The highest AC frequency used in the measurement of the n-type crystals was 1 MHz, while 

the frequency-dependent measurements (Section 6.4.1.1) indicated the true value of the capacitance 

on the order of 10-8 F, with series resistance on the order of 10s of Ω. This places these samples on the 

borderline of where carrier density may be reliably measured (ω𝐶𝑡𝑟𝑢𝑒𝑅𝑠 ~ 0.1) based on eq. 3.16. 

Therefore, it was worth comparing carrier densities derived at high frequency to lower-frequency 

measurements. 
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Mott-Schottky plots for the undoped 5N crystal are shown in Fig. 6.10a, demonstrating the 

differences observed when measurements were taken at different AC frequencies. The scans exhibit 

symmetrical behaviour at relatively high frequencies, with C 
-2 increasing with DC bias, as would be 

expected for the one-sided junction model applied to two identical Au contacts with opposite biases. It 

should be noted, as a result, that the terms ‘forward’ and ‘reverse’ bias, are arbitrary, and apply only 

to the polarity of the measurement equipment, with no physical distinction. Overall values of C 
-2 

increased at higher frequency, but the gradients of the plots did not change noticeably. The general 

increase in C 
-2 is consistent with the ‘roll-off’ in capacitance exhibited in fig. 6.8c, while the similar 

gradients at higher frequencies indicate that carrier densities calculated from these plots are reliable. 

 

Fig. 6.10 a) Mott-Schottky plots for the n-type undoped 5N crystal taken with Au contacts at a range 

of frequencies from 100 Hz to 1 MHz. b) Estimated carrier densities for the n-type crystals: MgCl2-

doped Se-poor, undoped 5N and MgCl2-doped Se-rich, plotted against AC measurement frequency. 

Some variation of carrier density with frequency was observed. 

 

The gradients from Mott-Schottky plots taken at different frequencies were used to calculate 

the carrier densities for three n-type samples with 0.1 cm2 contacts, shown in fig. 6.10b. The estimated 

carrier density for the MgCl2-doped Se-rich crystal was fairly constant at ~ 2 x 1016 cm-3 while the 
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values for the undoped 5N crystal and the MgCl2-doped Se-poor crystal were larger, and varied with 

frequency from 4–7 x 1016 cm-3 and 6 x 1016 – 1.2 x 1017 cm-3 respectively. 

The reasonably constant estimates of carrier density with frequency in fig. 6.10b confirm the 

reliability of these values. This result is significant as the carrier density for the undoped 5N crystal, at 

4–7 x 1016 cm-3, is consistent with the value determined from Hall measurements in Section 6.2.2, at 4 

x 1016 cm-3. Furthermore, similar values of carrier density were estimated for the intentionally MgCl2-

doped samples to the non-intentionally doped 5N crystal, which has relevance for understanding 

doping mechanisms (Section 6.8.2). Overall, all methods of n-type doping studied here have yielded 

doping densities in the range required for photovoltaic applications. i.e. ~1016 cm-3. 

 

6.4.2.2 P-type Crystals 

The rapid roll-off indicated by the capacitance-frequency plot of the selenium-poor Sn-doped 

Sb2Se3 single crystal, shown in fig. 6.9b, means that an accurate estimate for carrier density could not 

be determined. For the Se-rich Sn-doped sample, several measurements were taken at relatively low 

frequencies (500 Hz – 50 kHz), as the capacitance rapidly dropped off at higher frequencies (see fig. 

6.9a). A representative Mott-Schottky plot is shown in fig. 6.11a for the 10 kHz measurement. This 

plot indicates broadly symmetrical behaviour expected for the one-sided junction approximation when 

two identical (In) contacts with opposite biases were used, with some variation between forward and 

reverse bias (once again, these biases refer only to the polarity of the measurement equipment). Fig. 

6.11b shows the carrier densities estimated from Mott-Schottky plots taken at a range of frequencies, 

which indicate a decrease with frequency, as expected from the capacitance vs. frequency behaviour 

(fig. 6.9a), from 2 x 1017 to 1 x 1015 cm-3. 
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Fig. 6.11 a) Mott-Schottky plot for a Sn-doped, Se-rich Sb2Se3 crystal, taken at 10 kHz, indicating 

mostly symmetrical behaviour with some variation in gradient between forward and reverse bias. b) 

estimated carrier densities vs. frequency, based on gradients of Mott-Schottky plots at both forward 

and reverse bias. These indicate a drop of NS with frequency where Ns ∝ ω-1.1. 

 

While the estimated carrier densities shown in fig. 6.11b demonstrate a drop-off with 

frequency, they do not indicate a situation where (ωCtrueRS)4 >> 1 as the carrier density does not scale 

as ω-4 (see eq. 3.16) but rather scales as ω-1.1. This means that measurements taken at the higher 

frequencies are broadly reliable and though they are still likely to give an underestimate, they may 

serve as a lower bound for carrier density. The low-frequency measurements are likely to be 

unreliable, as they may be influenced by the presence of deep-level traps. This suggests a doping 

density for Sn-doped, Se-rich Sb2Se3 ranging from 1015 to 1016 cm-3.  
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6.5 Point Defects in Sb2Se3 Single Crystals 

6.5.1 Deep-Level Transient Spectroscopy 

Deep-level transient spectroscopy (DLTS) was carried out on an n-type undoped 5N Sb2Se3 

crystal and a MgCl2-doped Se-rich Sb2Se3 crystal, each with two Au contacts, with a 1 ms filling 

pulse duration used in both cases. 

Plots of the magnitude of the capacitance change (ΔC) derived from the sinusoidal correlation 

function b1 (Section 3.5.6) against temperature, are shown in figs. 6.12a-b. These both show clear 

peaks in ΔC at around 170, 260 and 330 K. The positions of these peaks for several correlation 

functions, each with a specific time constant, τe, were used to produce Arrhenius plots based on eq. 

3.20, and shown in fig. 6.13 for a) the undoped 5N crystal (three peaks) and b) the MgCl2-doped Se-

rich (two peaks) Sb2Se3 crystal respectively. The Arrhenius plots indicated linear behaviour for all 

trap levels examined, with some scatter about the linear fit line. Based on the Arrhenius plots, the 

values of activation energy (EA) were derived from the gradient of the linear fit (dashed lines in fig. 

6.13) and eq. 3.20 while the capture cross-section (σn) values were derived from the fitted linear 

intercept and eq. 3.20. These values were estimated for each level and reported in Table 6.5. In order 

to estimate the magnitude of capacitance change, ΔC, the nominal values of EA and σn (from the linear 

fit of the Arrhenius plots) were then used to provide peak positions for the calculated peaks in the ΔC 

plots shown in figs. 6.12a-b. With the peak positions fixed, the values of ΔC and width were varied 

manually so as to provide the best visual match to the peaks in each case (where the calculated peaks 

differ from the position or width of the experimental peaks this is because the calculated peak 

positions were derived from the linear fits to the Arrhenius plots, rather than resulting from direct 

fitting of the experimental peaks). The highest temperature peak for the MgCl2-doped crystal could 

not be used to produce an Arrhenius plot with reasonable values for EA (results were larger than the 

Sb2Se3 band gap). In calculating the value of NT, eq. 3.18 was employed, making use of the values of 

ΔC from the calculated peaks, with the values of NS (and associated uncertainty) being based on the 

carrier concentration determined from C-V measurements of these same samples (Section 6.4.2.1). 

High precision in the value of ΔC was not crucial for these estimates because when estimating the trap 
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concentration NT from eq. 3.18, the dominant source of uncertainty was expected to be the doping 

density NS. 

Fig. 6.12 DLTS data for n-type vertical Bridgman-grown Sb2Se3 single crystals for 1 ms pulse width: 

a-b) Plots of ΔC against temperature, for τe = 9.7 ms, for the crystals: a) undoped 5N crystal and b) 

MgCl2-doped Se-rich crystal. c-d) ΔC  vs. temperature scans for τe = 1.67 ms, for c) the undoped 5N 

crystal and d) the Se-rich MgCl2-doped crystal. Peaks in the vicinity of 170, 260 and 340K appear in 

all scans, as well as a hidden peak in c), with calculated peaks (red) based on values of EA and σn from 

the linear fits to Arrhenius plots, matched visually to the experimental peaks where possible through 

manual adjustment of ΔC. 
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The similar form of the temperature scans for the two crystals (figs. 6.12a-b) suggests that 

deep-level defects of similar activation energies are present in both Sb2Se3 samples. This implies 

either that the peaks represent defects native to Sb2Se3 (e.g. VSb and VSe), or that similar defects result 

from the unintentional impurities in the undoped 5N crystal as in the intentionally MgCl2-doped 

crystal. The form of the experimental peaks, especially the peaks at 330 K, suggest the presence of 

multiple overlapping peaks, meaning that more than three primary deep-level defect levels are 

represented. The analysis was carried out assuming single defect levels for each peak, so this may be 

the reason for the very large values of capture cross-section observed for E2 in the MgCl2-doped 

crystal (see Table 6.5), as multiple overlapping levels are, in fact, represented. 

The temperature scans for shorter time constants (figs. 6.12c-d) offered clear indication of a 

hidden peak at ~ 240 K for the undoped 5N crystal, with only the suggestion of a peak for the MgCl2-

doped crystal. In the former case, the range of time constants where the peak was visible was not great 

enough to produce an Arrhenius plot. The estimated values of EA from the Arrhenius plots (Table 6.5) 

support the suggestion that defects of similar energy are present in both crystals.  

However, the scatter of points about the linear fit in the Arrhenius plots (fig. 6.13) leads to 

significant uncertainties on these values. This is especially true for the cross-section values, since 

small uncertainties on the linear intercept ln(χnσn) (eq. 3.20) produce large uncertainties on σn. 
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Fig. 6.13 Arrhenius plots for a) the three principal peaks for the undoped 5N crystal and b) two of the 

principal peaks for the MgCl2-doped crystal. Linear fits are shown with dashed lines. 
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Sample Defect 

EA - Trap 

activation energy 

(EC - ET) (meV) 

σn - Capture cross-section 

(cm2) 

NT  - Trap density 

(cm-3) 

VB-5NAA-Un 

E1 400 ± 30 2 x 10-14 – 1 x 10-12 (2.2 ± 0.6) x 1014 

E2 700 ± 40 2 x 10-12 – 3 x 10-11 (1.4 ± 0.4) x 1015 

E3 850 ± 130 1 x 10-14 – 3 x 10-10 (1.1 ± 0.3) x 1014  

VB-SeR-

MgCl2 

E1 360 ± 40 1 x 10-14 – 5 x 10-12 (1.06 ± 0.03) x 1014 

E2 750 ± 40 6 x 10-11 – 2 x 10-9 (3.19 ± 0.08) x 1014 

 

Table 6.5 Electron trap parameters extracted from Arrhenius plots (fig. 6.13) for the n-type undoped 

5N crystal (VB-5NAA-Un) and the n-type MgCl2-doped Se-rich crystal (VB-SeR-MgCl2). Similar 

values of activation energy were found for both samples for the electron traps E1 and E2. 

 

6.5.2 Photoluminescence 

Photoluminescence measurements were carried out (Section 3.5.7) on the following Sb2Se3 

single crystal samples: stoichiometric undoped, Se-rich Sn-doped, Se-rich MgCl2-doped and an 

undoped 5N crystal. The results of the PL measurements are shown in fig. 6.14a for all samples, taken 

at 10 K with 37 mW laser power. 

These results indicate clear differences in the PL spectra for samples with different dopants. 

No major peaks were observed in the spectrum for the undoped Sb2Se3 crystal, while a prominent 

peak at 1.10 eV, with small shoulders at 0.91 eV and 1.22 eV, was observed for the MgCl2-doped 

crystal. The Sn-doped crystal exhibited a major peak at 0.87 eV, while the undoped 5N crystal 

exhibited peaks at 0.86 eV, 1.09 eV and 1.22 eV. These peaks all lie in a similar energy range to those 

reported in the literature[6] for polycrystalline Sb2Se3 (see Table 6.6). 

Power-dependent measurements were taken in the range 0.26 – 37 mW for all three doped 

crystals and PL intensity (read-off from the peak maximum in each case, with no fitting) was plotted 

against laser power on a log-log (Schmidt) plot with the results shown in figs. 6.14b, c and d 

respectively. This was done in order to determine the coefficient m in the relation, PL ∝ Pm
 (eq. 3.21), 

where PL is photoluminescence intensity and P is laser power [7]. 
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Fig. 6.14 a) Plots of PL spectra taken at 10 K and 37 mW laser power for the Sb2Se3 single crystals: 

stoichiometric undoped, Se-rich MgCl2-doped, Se-rich Sn-doped, undoped 5N. Broad peaks appear 

for all doped crystals, but not the stoichiometric undoped. b-d) Log-log (Schmidt) plots of 

photoluminescence intensity against laser power for all major peaks. 

 

The value of m was found in this work to be around 0.5 for all major peaks examined, 

comparable to the 0.6 value observed by Grossberg et al.[6] for similar peaks from polycrystalline 

Sb2Se3 and providing evidence that the peaks represent transitions within the band-gap of Sb2Se3. As 

outlined by Schmidt et al.[7], transitions where (m < 1) may include donor-acceptor-pair 
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recombination (DAP), or hole-donor/electron-acceptor recombination, while Grossberg et al.[6] 

assigned DAP transitions to their spectra for Sb2Se3, which is also likely to be the case here. 

Both the MgCl2-doped and the Sn-doped crystals exhibited peaks in the region of 0.9 eV, and 

although these do not necessarily result from the same transition in each case, the peaks are broad, and 

have a similar power-dependences (0.47 vs. 0.52), so are not noticeably different in behaviour. While 

this caveat holds for the other peaks, there is also a strong similarity in both the energy position and 

power-dependent behaviour for the 1.10 eV peak in the MgCl2-doped sample and the 1.09 eV peak in 

the 5N crystal. Furthermore the 0.87 eV peak in the Sn-doped crystal and the 0.86 eV peak in the 5N 

crystal are very close in energy and exhibit similar power dependences (0.47 vs. 0.54). It is interesting 

to note that both Sn and Cl have been detected in an undoped 5N crystal using SIMS (Section 5.7.3). 

This may play a role in both the 0.86 eV and 1.09 peaks appearing in the spectra for the crystal, 

although the amount of Sn detected may have been an overestimate due to interference effects. Given 

that the band gap of Sb2Se3 has been measured (via photoreflectance) to be 1.3 eV at 100 K[8], all of 

the peaks indicate transition energies smaller than the bandgap, as expected for DAP transitions. 

Temperature dependent PL measurements are shown in fig. 6.15 for the following Sb2Se3 

single crystals: a) the Se-rich Sn-doped crystal taken with 5 K temperature increments, b) the Se-rich 

MgCl2-doped crystal, taken with 10 K temperature increments and c) the undoped 5N crystal, taken 

with 5 K temperature increments. These results show a decrease in the PL intensity of all peaks with 

increasing temperature, although at different rates. The intensity of the 1.22 eV peak for the MgCl2-

doped crystal (fig. 6.15b) clearly drops more rapidly with temperature than the 1.10 eV peak. 

Meanwhile, for the 5N crystal (fig. 6.15c), the intensity of the 1.22 eV peak drops more rapidly than 

the 1.09 eV peak, which in turn occurs more rapidly than for the 0.86 eV peak. 
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Fig. 6.15 Photoluminescence spectra for Sb2Se3 crystals grown by vertical Bridgman: a) Sn-doped, b) 

MgCl2-doped and c) undoped 5N crystal, with measurements taken at a range of temperatures and 37 

mW laser power. All peak intensities decrease with increasing temperature, though at different rates.   
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Sample Type Sample Name 

Peak 

energy 

(eV) 

Thermal activation 

energy ET (meV) 

Grossberg et al. [6] 

Annealed 

polycrystalline 

bulk Sb2Se3 

from Alfa 

Aesar (5N) 

source 

 0.94 93 ± 3 

 1.10 65 ± 6 

 1.24 33 ± 5 

This work 

Se-rich 

MgCl2-doped 

crystal 

VB-SeR-MgCl2 

0.91 - 

1.10 - 

1.20 - 

Se-rich Sn-

doped crystal 
VB-SeR-Sn 0.87 

- 

Undoped 5N 

crystal  
VB-5NAA-Un 

0.86 
- 

1.09 - 

1.22 - 

 

Table 6.6 Peak energies observed in PL spectra of doped Sb2Se3 single crystals in comparison with 

literature values determined from polycrystalline Sb2Se3[6]. 

 

Changes in the PL peak intensity with temperature may be described by eq. 3.22, a theoretical 

expression for discrete energy levels. Fitting to this function is possible, as demonstrated by 

Grossberg et al.[6] but requires fitting for the parameters I0, α1, α2 in addition to ET, which, in turn, 

requires reasonable initialisation of these parameters. Such fitting has not yet been carried out for the 

spectra in this work due to these complications. Despite this, it is clear from eq. 3.22 that a more rapid 

quench with temperature strongly suggests a shallower defect level. If these peaks correspond to the 

same defect levels in all samples (not necessarily true) then the thermal activation energy seems to be 

greatest for the defect peak at ~0.9 eV, then the ~1.10 eV peak, then the ~1.2 eV peak. This is 

consistent with the trends in ref. 6 (Table 6.6). 
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6.6 Solar Cells Fabricated from Single Crystal Sb2Se3 

Single crystal solar cell devices were fabricated on cleaved (010) faces of vertical Bridgman-

grown Sb2Se3 single crystals through the evaporation of Au back contacts and sputtering of CdS as a 

PV partner layer (Section 3.2.8). In some cases, tin-doped indium oxide (ITO) was also sputtered onto 

the CdS, with Ag paste applied to act as a top contact (fig. 6.16b). In other cases, no ITO was used, 

and Ag paste was applied directly onto the CdS (fig. 6.16a). The labelling of the samples is based on 

the type of single crystal used as the substrate and the type of front contact used, with the full details 

shown in Table 6.7. 

 

Crystal Substrate Stoichiometry Extrinsic Dopants Contact Type Sample Code 

Cleaved (010) plane of 5N 

Sb2Se3 single crystal (VB-

5NAA) 
 Undoped - Un 

ITO layer 

contacted with 

Ag paste – ITO 

SCSD-5NAA-Un-

ITO 

Cleaved (010) plane of 

single crystal grown from 

source material directly 

synthesised from the 

elements (VB-

SeP/St/SeR) 

Se – rich (> 0.1 

at% variation) - 

SeR 

Sn-doped (~0.1 

at%) – Sn 

 

Ag paste only - 

Ag 
SCSD-SeR-Sn-Ag 

ITO layer 

contacted with 

Ag paste – ITO 

SCSD-SeR-Sn-ITO 

 

Table 6.7 Details for the solar devices fabricated from single-crystal Sb2Se3 substrates. 
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Fig. 6.16 Illustration of the Sb2Se3 single crystal devices fabricated with a CdS partner layer as well as 

a) an Ag front contact only or b) an ITO window layer and Ag contact, with both utilising a single Au 

back contact. 

 

6.6.1 J-V Measurements 

6.6.1.1 N-type Sb2Se3 Devices 

Light and dark current density - voltage plots for the n-type single crystal devices (SCSD-

5NAA-Un-ITO-1 and 2) are shown in figs. 6.17a-b. In both cases, the J-V scans show strongly 

rectifying behaviour but there is no photocurrent. Despite this, these samples offer clear evidence for 

n – n+ isotype junctions (Section 6.8.3). Additionally, ‘rollover’ behaviour is observed at around 

+0.75 V for device 1 (fig. 6.17a) and a small kink is found at around +0.6 V for device 2 (fig. 6.17b). 

The magnitude of the current density increases overall under AM1.5 illumination compared to dark, 

which may be a result of heating from the lamp increasing the conductivity of the device, but there is 

no significant current density at 0 V bias for either device. 
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The J-V plots indicate, in all cases, rectifying behaviour at the n-Sb2Se3-CdS interface, with 

the ‘rollover’ and small kink in the scans suggesting the presence of a back-contact barrier. This is 

likely to exist at the Au / n-Sb2Se3 interface, which was shown in Section 6.3.1 to be rectifying.  

 

  6.6.1.2 P-type Sb2Se3 Devices 

The J-V scans for two p-Sb2Se3 devices with no window layer, (SCSD-SeR-Sn-Ag-1 and 2) 

are shown in figs. 6.17c-d. These indicate the same rectifying but not photoactive behaviour as was 

observed for the n-type devices, with no evidence of a back-contact barrier. The diode-like behaviour 

indicates the formation of a p-n junction between the p-Sb2Se3 and the CdS, with rising forward bias 

curves indicating the absence of a contact barrier and suggesting an Ohmic interface between the p-

Sb2Se3 and the Au contact, consistent with what was observed for Au-contacted p-Sb2Se3 single 

crystals (Section 6.3.1). The Au / p-Sb2Se3-CdS-Ag structure therefore failed to give photovoltaic 

devices. 

Figs. 6.17e-f show J-V curves for two further p-type devices fabricated from the same single 

crystal substrates, but with an ITO window layer atop the CdS layer, with an Ag paste contact for 

current extraction (SCSD-SeR-Sn-ITO-1 (a) and 2 (b)). These indicate rectifying behaviour, very 

similar to the devices with Ag-only contacts, also with no sign of kinks or rollover. Device 1 exhibits 

a photocurrent (fig. 6.17e) of ~10-3 mAcm-2, but it is very small compared to the values expected for 

solar cells generally (> 1 mAcm-2). This suggests that the addition of the ITO window layer results in 

some improvement in light collection over the Ag contact alone, but it is minimal. Meanwhile device 

2 (fig. 6.17f) was rectifying but not photoactive. 
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Fig. 6.17 J-V plots for Sb2Se3 single crystal devices with CdS buffer layer and Au back contact taken 

in the dark and under AM1.5 illumination. a-b) n-type Sb2Se3 cells, with ITO top contact. Both 

samples exhibit rectifying behaviour, with some evidence for a back-contact barrier. c-d) p-Sb2Se3 

cells with no window layer and Ag as a top contact directly on CdS. Both exhibit rectifying behaviour 

but no significant photocurrent under solar illumination. e-f) p-Sb2Se3 cells with ITO window layer, 

with a very small photocurrent density (10-3 mAcm-2) observed in device 1 (e), but none observed for 

device 2 (f). 
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6.7 Thin Film Thermally Evaporated Sb2Se3 Devices from Doped 

Source Material 

 
Thermally evaporated (TE) Sb2Se3 devices were fabricated in superstrate configuration from 

n-type undoped 5N source material, intrinsic stoichiometric undoped Sb2Se3 source material 

synthesised directly from the elements and p-type Sn-doped Se-rich Sb2Se3 source material 

synthesised directly from the elements.  

Source Material Anneal Time (mins) Ageing in Air (days) Sample Code 

Undoped 5N - 5NAA 

(n-type) 

10 
7 TE-5NAA-Un-10m-7d 

21 TE-5NAA-Un-10m-21d 

20 
7 TE-5NAA-Un-20m-7d 

21 TE-5NAA-Un-20m-21d 

25 

0 TE-5NAA-Un-25m-0d 

14 TE-5NAA-Un-25m-14d 

21 TE-5NAA-Un-25m-21d 

30 
7 TE-5NAA-Un-30m-7d 

21 TE-5NAA-Un-30m-21d 

40 
7 TE-5NAA-Un-40m-7d 

 21 TE-5NAA-Un-40m-21d 

Directly Synthesised 

from the Elements 

Undoped Stoichiometric 

-  

DSE-St-Un (intrinsic) 

10 
7 TE-St-Un-10m-7d 

21 TE-St-Un-10m-21d 

20 

7 TE-St -Un-20m-7d 

21 TE-St -Un-20m-21d 

25 

0 TE-St -Un-25m-0d 

14 TE-St -Un-25m-14d 

21 TE-St -Un-25m-21d 

30 
7 TE-St -Un-30m-7d 

21 TE-St -Un-30m-21d 

40 
7 TE-St -Un-40m-7d 

21 TE-St -Un-40m-21d 

(continued) 
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Directly Synthesised 

from the Elements Sn-

doped (0.1 at%) Se-rich 

(0.1 at%) - DSE-SeR-Sn 

(p-type) 

10 
7 TE-SeR-Sn-10m-7d 

21 TE-SeR-Sn-10m-21d 

20 
7 TE-SeR-Sn-20m-7d 

21 TE-SeR-Sn-20m-21d 

25 

0 TE-SeR-Sn-25m-0d 

14 TE-SeR-Sn-25m-14d 

21 TE-SeR-Sn-25m-21d 

30 
7 TE-SeR-Sn-30m-7d 

21 TE-SeR-Sn-30m-21d 

40 
7 TE-SeR-Sn-40m-7d 

 21 TE-SeR-Sn-40m-21d 

 

Table 6.8 Details for thermally evaporated (TE) Sb2Se3 devices discussed in this section. The source 

materials were n-type, p-type and intrinsic. See text for further details. 

 

The fabrication parameters for the thermally evaporated Sb2Se3 devices are shown in Table 

6.8 and an illustration of the device structure is shown in fig. 6.18. Superstrate plates with deposited 

Sb2Se3 (see Section 3.2.8) were split into smaller plates, each separately annealed to form a device. 

The sample name of the devices denotes the type of source material used in the deposition, as well as 

the length of time for the post-growth annealing applied at 300°C under nitrogen atmosphere. After 

annealing, device plates were immediately spin coated with P3HT to act as a hole transport layer, 28 

Au contacts deposited, then left in air for a period of days before J-V measurements were taken, with 

this indicated in the sample name. 
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Fig. 6.18 Illustration of the superstrate solar cell structure used for the thermally evaporated Sb2Se3 

thin film solar cells fabricated from doped source material. Electrodes were attached to the Ag contact 

and one Au contact for each cell measurement. 

 

6.7.1 SEM images of thin film grain structure 

Fig. 6.19 shows scanning electron microscopy (SEM) images of the grain structure of Sb2Se3 

thin films deposited from n- and p-type source material and annealed under N2 for varying lengths of 

time (details are included in the figure caption). Earlier work from the University of Liverpool 

laboratory, with the same equipment as for this investigation[9], has demonstrated thermally 

evaporated films which are amorphous in their as-grown state, if deposited at below 450°C. When 

imaged with SEM, a sample deposited at 350°C appeared smooth and featureless, with the image 

reported in that work reproduced in fig. 6.20a. Meanwhile, a sample deposited at 500°C looked much 

more crystalline, with an image reproduced in fig. 6.20b. 

In this work, the thermally evaporated films were not imaged immediately after deposition, 

but since they were deposited at room temperature in the same equipment as used in ref 9, they were 

assumed to take the same amorphous form as shown in fig. 6.20a. 
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Fig. 6.19 SEM images of: a) n-type film annealed for 10 mins, b) p-type film annealed for 10 mins c) 

n-type film annealed for 30 mins d) p-type film annealed for 30 mins, e) n-type film annealed for 25 

mins f) p-type film annealed for 25 mins. Grain sizes of around 200-500 nm are consistently achieved 

across all samples, with variations in film density and roughness with impurity content and anneal 

time. 

 

a) b) 

c) d) 

e) f) 

Te-5NAA-Un-10m-7d 
(n-type) 

Te-SeR-Sn-10m-7d 
(p-type) 

 

Te-5NAA-Un-30m-7d 
(n-type) 

 

Te-SeR-Sn-30m-7d 
(p-type) 

 

Te-5NAA-Un-25m-14d 
(n-type) 

 

Te-SeR-Sn-25m-14d 
(p-type) 
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Fig. 6.20 SEM images of thermally evaporated Sb2Se3 thin films deposited at a) 350°C, showing 

amorphous film and b) 500°C, showing crystallised film. Images reproduced from ref 9. 

 

All images of the annealed samples from this work (fig. 6.19) show a small-grained 

polycrystalline structure to the films, rather than an amorphous form, with grain sizes of ~200-500 nm 

in all cases, although precise estimates could not be determined at this level of magnification. There 

was some variation in appearance with impurity content (i.e. Cl or Sn impurities), even for films 

annealed for the same length of time. For example, a slightly denser grain structure can be seen for the 

n-type (Cl-doped) 10 min annealed film (a) as opposed to the p-type (Sn-doped) (b) and the other 

samples. The p-type film annealed for 30 mins (d) also appeared somewhat rougher than its n-type 

equivalent (c) but was otherwise similar. Finally, the two films annealed for 25 mins, (e and f) appear 

very similar. The n-type film appeared marginally more densely packed than the p-type, but what 

differences could be discerned based on these images were small. 

These results would suggest that all anneal times employed at 300°C are sufficient to 

crystallise the deposited Sb2Se3 layer, as none of the films resembled the amorphous film shown in 

fig. 6.20a. X-ray diffraction or Raman spectroscopy would provide further, less ambiguous evidence 

for crystallinity, but these were not carried out for the thin film samples studied in this work. This 

result is interesting given that ref 9 only reported crystallisation of evaporated films when deposited at 

temperatures greater than 450°C. The reason for the difference is not clear, although in that work, the 

samples were heated to these higher temperatures during deposition, which was carried out under 

a) b) 
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vacuum, while in this case, the films were deposited at room temperature under vacuum, then 

separately annealed under an N2 atmosphere (1 atm pressure), so the two processes were not identical. 

The variation in grain density between films annealed for the same amount of time suggests that 

variations in temperature over the period of the anneal have a significant impact on surface 

morphology. However, the similar grain sizes suggest that the anneal time does not affect crystallite 

size. The 10-min annealed n-type device exhibited the densest grain structure (fig. 6.19a) and it 

remains to be tested in the following sections whether this had an impact on device performance. 
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6.7.2 AM1.5 J-V Measurements of Thermally Evaporated Devices After 7 Day 

Ageing 

 
AM1.5 J-V measurements were taken for several thin film thermally evaporated Sb2Se3 

device plates one week after fabrication. All contacts in the devices were measured except where 

shorts were detected (defined as an impedance below 1 kΩ at 10 μA probe current). J-V plots for the 

best-performing (champion) cells for each device are shown in fig. 6.21, for anneal times of 10-40 

mins. The negative bias regions of these plots indicate diode leakage, giving small values of short 

circuit current and open circuit voltage compared to state of the art Sb2Se3 devices[10]. For the J-V 

scan of the p-type device annealed for 40 mins, the s-shaped curve suggests a significant contact 

barrier in addition to the main junction. 

The working parameters of these devices, extracted from the J-V curves, are presented in figs. 

6.22a-f. These demonstrate, with some exceptions, in order: efficiency (η) values in the vicinity of 

1%, open-circuit voltage (VOC)  values of 0.20-0.30 V, short circuit current (JSC) values of 8-10 mAcm-

2, fill factor (FF) values of 35-40%, series resistance (RS) values of 10-20 Ω and shunt resistances 

(RSh) of around 150 Ω. The overall efficiencies of these devices (fig. 6.21a) fell well short of high-

performing Sb2Se3 devices (> 6%) such as those synthesised from close-space sublimation[10]. 
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Fig. 6.21 J-V plots for champion devices for all conductivity types after 7 day ageing, after anneal 

times of: a) 10 mins, b) 20 mins, c) 30 mins, d) 40 mins. Significant differences are observed in the 

form of the curves where devices were fabricated from source material with different dopants. 

 

The low Rsh observed for all devices is consistent with the diode leakage observed for the 

champion cells (fig. 6.21), which may be a key reason for the low efficiencies overall. There was a 

significant variation in the working parameters depending on conductivity type, but also a large 

spread in working parameters within a single device plate, i.e. from one contact to another, with 

overlapping error bars in most cases. The exception to this is the samples annealed for 10 mins, where 

there was a clearer separation of error bars, with the n-type device exhibiting an average η of 1.65%, 
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while the p-type was 0.27% efficient and the intrinsic was 0.02%. The smallest spread in values 

between conductivity types was found for a 30 min anneal time, where average η ranged from 1.0% to 

1.3%. 

For all anneal times, the average performance of the n-type cells was superior to that of p-type 

and intrinsic devices, but given the large spread in values for a single sample plate, meaningful 

comparisons could not be made. The significant differences in performance for the 10 min anneal may 

be related to film density, given that the most dense-looking grain morphologies were also observed 

for n-type annealed sample (as described in Section 6.7.1), but the difference is subtle, and the spread 

in working parameters along with the general similarity in the appearance of the thin films means that 

no clear trends relating the film surface morphologies to device performance could be established. It 

may be that performance differences may result from the conductivity type of the Sb2Se3 films, but it 

may be more informative to compare the same device plate with respect to a separate variable, such as 

device ageing time, to learn about how conductivity type impacts performance. 
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Fig. 6.22 Plots indicating the values of the PV working parameters a) η, b), VOC, c) JSC, d), FF, e) RS 

and f) RSh for devices formed from thermally evaporated n-, i- and p-Sb2Se3 source material. Average 

values are shown with solid markers, standard deviation with error bars and values for the champion 

(highest efficiency) cell in each case with a cross. All samples shown were aged in air at room 

temperature for 7 days following annealing before measurements were taken. 
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6.7.3 AM1.5 J-V Measurements of Sb2Se3 Devices Before and After Ageing 

The effects upon thermally evaporated Sb2Se3
 thin film devices of ageing in the dark, in air, at 

room temperature, were investigated for devices of all doping types, fabricated with a 25 min anneal. 

J-V measurements were taken on n-type, intrinsic and p-type devices on the same day as annealing 

(0d) and then again on the same devices two weeks later (14d). 

The J-V curves for the champion cells are shown in fig. 6.23. These indicate clear changes 

with ageing, with the n-type and intrinsic curves becoming steeper at forward bias after ageing. 

Meanwhile, the curve for the p-type cell became much less steep at forward bias. This indicates 

reduced series resistance in the n-type and intrinsic cells, but increased series resistance in the p-type 

cell. 

The working parameters for these thin film devices are shown in fig. 6.24 and reveal trends in 

the efficiency after ageing. The average efficiencies for the n-type and intrinsic devices did not 

change significantly, remaining at 0.65% and going from 0.9% to 0.85% respectively, but there was a 

dramatic drop for the p-type device, from 1.02% to 0.67%. Furthermore, the efficiency values for the 

champion n-type and intrinsic cells exhibited a slight increase after aging, going from 0.95% to 1.02% 

and from 1.13% to 1.18% respectively. The working parameters which exhibited the greatest change 

through the aging process were the JSC and FF, with the latter resulting predominantly from changes 

in RS. The ageing behaviour depended upon conductivity type, since the samples were otherwise the 

same. The increased efficiency for the champion n-type cell is surprising, since for other technologies 

(e.g. perovskite cells[11]), ageing degrades, rather than improves, the device performance.  
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Fig. 6.23 J-V curves for devices Sb2Se3 thin film devices fabricated with a 25 min anneal at 300°C, 

for: a) n-type, b) intrinsic and c) p-type samples. Curves are plotted before and after ageing for 2 

weeks. 
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Fig. 6.24 Working parameters: a) η, b), VOC, c) JSC, d), FF, e) RS and f) RSh for the n-type, intrinsic and 

p-type Sb2Se3 thin film devices as-grown (0d), and 2 weeks later (14d). Average values, standard 

deviations and values for the highest efficiency cells are shown with a cross. 
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The dramatic increases in series resistance observed for the p-type device suggest the 

formation of an increased back-contact barrier, while the reduced series resistance values with ageing 

for the n-type cells imply a reduced back-contact barrier. Fig. 6.25 illustrates a model to speculate the 

reason for these changes, supposing (without any specific numerical parameters used to construct the 

diagram) an intrinsic material of similar bandgap to Sb2Se3 were introduced at the back surface of the 

Sb2Se3 absorber layer. This is inferred from the observed electrical behaviour, and proposes that the 

contact barrier height (ΦB
n) for the n-type cell (fig. 6.25a) would separate into two smaller barriers 

ΦB1
n and ΦB2

n (fig. 6.25b), where ΦB1
n + ΦB2

n = ΦB
n. Meanwhile a hole-blocking barrier (ΦB 

p) would 

emerge at the back-contact for the p-type cell (fig. 6.25d). This behaviour is likely to be the result of 

oxidisation of Sb2Se3, to form Sb2O3 + Se, or less highly-doped Sb2Se3, for example, but fig. 6.25 

does not attempt to model these specific cases, as it is recognised that the actual band diagrams for the 

aged sample may be significantly more complicated, especially if interface states are taken into 

account. 
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Fig. 6.25 Model for the effect on band positions from ageing of a-b) n-type and c-d) p-type Sb2Se3 

thin film devices, where an intrinsic material of comparable bandgap to Sb2Se3 is assumed to be 

introduced at the interface due to oxidisation. Contact barrier heights for the n-type device: ΦB1
n + 

ΦB2
n = ΦB

n. A contact barrier (ΦB 
p) is introduced (d) for the p-type device. 
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6.7.4 C-V Measurements of Champion Thermally Evaporated Sb2Se3 Cells 

The small values of series resistance determined in the champion cells from the J-V plots (see 

figs. 6.22e and 6.24e), at around 10-30 Ω, indicate that the junctions may be characterised with C-V 

profiling at 1 MHz AC frequency without risk of signal roll-off (Section 3.5.4). These measurements 

were taken 21 days after annealing, under the assumption that any ageing process had already run its 

course. C-V scans are shown for the champion cells of the 30 min annealed n-type, intrinsic and p-

type devices, in fig. 6.26a, with Mott-Schottky plots shown in fig. 6.26b. 

 

Fig. 6.26 a) Capacitance-voltage scans taken for the n-type, intrinsic and p-type champion cells 

annealed for 30 mins, after 21 days of aging. Scans exhibit decreasing capacitance with forward bias, 

contrary to expectations. b) Mott-Schottky plots for the same sample set, also exhibiting a reversed 

gradient compared to expectations. 

 

The overall magnitude of capacitance in all cases was 3-4 x 10-9 F, while the scans indicate, in 

all cases, an increase in capacitance at reverse bias and decrease at forward bias. This is the opposite 

of the behaviour that would be expected based on the ‘one-sided-junction’ approximation [12]. The 

change in capacitance with bias was larger for the n-type and intrinsic cells, than for the p-type cell.  

The behaviour described is present across doping type, and the reversed C-V profile relative to 

expectations suggests that a space-charge region at the back contact dominated the measurement, 
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rather than the photoactive junction (as a back-contact barrier will be biased in reverse to the 

photoactive junction). This same behaviour was found for other anneal times (not shown). Back 

contact barriers may be expected to emerge for all doping types as n-type Sb2Se3 forms a Schottky 

barrier with Au (Section 6.3.1), and a back-contact barrier is expected to form for p-type Sb2Se3 as a 

result of ageing (Section 6.7.3). Either explanation may hold for the intrinsic Sb2Se3 device, 

depending on the position of its Fermi level. If the back-contact barrier did dominate the 

measurement, it does not mean that the capacitance of the photoactive junction may be neglected, 

complicating the interpretation of these scans. 

From the Mott-Schottky plots derived from these scans (fig. 6.26b), values of carrier density 

(NS), were estimated from eq. 3.15 for the same three samples. These results are presented in Table 

6.9, indicating carrier densities in the region of 1 x 1015 cm-3 for all devices measured, with slightly 

larger values observed at reverse bias than at forward bias. The values of NS are generally consistent 

between device doping type, while the overall carrier densities are smaller than those estimated for the 

single crystals (Section 6.2.2 and 6.4.2). The values of NS for the intrinsic cell, which are slightly 

higher than for the n-type and p-type cells, are not expected, as the undoped stoichiometric Sb2Se3 

source material for this crystal was assumed not to contain significant dopant impurities. It may be 

that native defect doping is more dominant in thin films as opposed to single crystal material, for 

which no significant native doping was inferred in stoichiometric Sb2Se3 (Section 6.2.1.1). 
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Sample 
NS (cm-3) 

Reverse Bias Forward Bias 

TE-5NAA-Un-30m-21d 

(n-type) 
(3.46 ± 0.04) x 1015 (9.43 ± 0.11) x 1014 

TE-St-Un-30m-21d 

(intrinsic) 
(6.56 ± 0.12) x 1015 (1.55 ± 0.03) x 1015 

TE-SeR-Sn-30m-21d 

(p-type) 
(3.10 ± 0.05) x 1015 (1.064 ± 0.011) x 1015 

Table 6.9 Values of carrier concentrations (NS) for thermally-evaporated Sb2Se3 champion cells, 

calculated from the gradients of the Mott-Schottky plots (fig. 6.25b) and eq. 3.15 for both forward and 

reverse bias. Cells of all doping types exhibit carrier densities in the region of 1 x 1015
 cm-3. 

 

Interdiffusion from the CdS buffer layer may also play a role in doping, which would be 

relevant to the extrinsically-doped devices too, as processing conditions were the same. Carrier 

densities similar to those reported in this work were seen in Sb2Se3 / CdS devices by Zhou et al. [13], 

where diffusion of Cd into the Sb2Se3 layer, causing n-type doping, provided the explanation. 

However, the inverted C-V profile seen here was not reported in that work, where a buried 

homojunction was also reported. It is therefore uncertain whether these results provide accurate 

carrier density values, as two junctions (or three, if a buried homojunction is also present) may have 

been probed. 

 

6.7.5 EQE Measurements of Champion Thermally Evaporated Sb2Se3 Cells  

The CdS buffer layer may also be expected to affect the external quantum efficiency (EQE) of 

these devices. Fig. 6.27 shows EQE plots for the champion n-type, intrinsic and p-type thermally 

evaporated Sb2Se3 cells, for a range of anneal times. For all cells measured, the response peaked at 

around 550 nm, with a steady drop-off towards the Sb2Se3 band gap at 1053 nm thereafter.  
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Fig. 6.27 EQE spectra for thermally evaporated Sb2Se3 champion cells for a range of anneal times: a) 

n-type, b) intrinsic and c) p-type. The absorption onsets for CdS and Sb2Se3 as well as the possible 

reaction products CdSe and Sb2S3 are shown on all plots. 

 

All samples also saw a drop to a shoulder in EQE at shorter wavelengths, coinciding with the 

absorption onset of CdS at 513 nm. The EQE at short wavelengths suggests either a loss of carriers 

near the front of the device (where shorter wavelengths are absorbed), or the parasitic absorption of 

photons, most likely due to the CdS layer, given the position of the CdS band gap. Further parasitic 

absorption due to the reaction of CdS and Sb2Se3 at the interface to form CdSe and Sb2S3, may be 

expected, as the band gaps of CdSe and Sb2S3 are 1.74 eV and 1.88 respectively. However, if such 

parasitic absorption was present, it had a minimal impact on the EQE spectra, as no significant drops 
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were observed at the absorption edges of these compounds. In fact, there were no clear differences in 

the form of the spectra overall, except that there was a tendency for peak EQE to decrease with anneal 

time, but this does not hold in all cases. For instance, the EQE for the n-type samples followed the 

series 10 > 20 > 30 > 40 > 25 min. 

The losses at longer wavelengths observed in all spectra suggest short carrier lifetimes, as 

longer wavelengths tend to generate carriers deeper in the Sb2Se3 layer, which must then diffuse to the 

junction near the front of the cell to be separated and avoid recombination. One explanation for the 

short carrier lifetimes is the large prevalence of grain boundaries within the thin films, due to the 

small (200-500 nm) grain sizes observed with SEM (Section 6.7.1). However, there are no clear 

trends in film morphology with anneal time that correlate to EQE. Furthermore, the similar results for 

cells of different conductivity types suggest that varying band-offsets are not a key factor in the 

different EQE values observed either. 

 

6.8 Further Discussion 

6.8.1 Conductivity Type of Sb2Se3 

A significant early result of the experiments detailed in this chapter is a deeper understanding 

of the mechanisms behind the conductivity type of Sb2Se3 (Section 6.2). The undoped single crystals 

synthesised directly from the elements exhibited clear differences in the hot probe investigation based 

on stoichiometry alone, with the stoichiometric and Se-poor crystals generally non-conductive, and 

the Se-rich crystals p-type. This would suggest that pure, stoichiometric Sb2Se3 is not doped by native 

defects. Going further, it would suggest that donor defects associated with the Se-poor condition tend 

to be more deep-level than acceptors associated with the Se-rich condition. Density functional theory 

(DFT) calculations reported in Stoliaroff et al.[14] suggest that the antisite defects SbSe under Se-poor 

condition, and SeSb under Se-rich condition, are the native defects with the lowest formation energy in 

Sb2Se3, with the paper arguing that the former is a deep-level defect, while the SeSb3 antisite is a 

shallow acceptor, which is consistent with our results. 

A high-density of antisite SbSe and SeSb defects are also predicted by DFT calculations in 

Hobson et al.[15](see List of Publications, article 3) which draws upon the work presented in this 
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chapter. Furthermore, DFT calculations from Savory et al.[16] predict Se-poor Sb2Se3 to be non-

conductive, with the Fermi level pinned at 0.632 eV. However, that work also predicts Se-rich Sb2Se3 

to be non-conductive, with the Fermi level pinned at 0.641 eV, in contrast to the results presented in 

this work, and to Stoliaroff et al.[14] The DFT calculations assumed fully equilibrium conditions, 

which may explain the difference to the results in this work, where some non-equilibrium properties 

were guaranteed in the crystals. 

Another significant result of the hot probe experiments was that the conductivity of Sb2Se3 

crystals was shown to be very sensitive to the type of source material used, with undoped Sb2Se3 

synthesised from the elements (6N Sb and 5N Se) non-conductive or weakly p-type. Meanwhile, hot 

probe and Hall effect measurements indicated that the undoped 5N crystals were strongly n-type. 

Indeed, The n-type conductivity of these single crystals is further supported by photoemission 

measurements, also reported in [15] and summarised briefly below. 

Ultraviolet (UPS), soft x-ray (XPS) and hard x-ray (HAXPES) radiation were used on 

undoped 5N crystals, the last at an x-ray synchrotron facility[15]. The crystals were mechanically 

cleaved under vacuum in order to remove the influence of surface oxidisation, and the same 

individual crystal was not used in all cases. The published results are reproduced in Table 6.10, which 

reports the valence band offset (relative to Fermi-level) observed for different excitation radiation 

energies. 
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Excitation Energy (eV) Avg. Penetration Depth (nm) EF - EV (eV) 

21.2 (UPS) 0.2 0.72 ± 0.13 

1487 (XPS) 2 0.8 ± 0.4 

5921 (HAXPES) 6 0.98 ± 0.28 

 

Table 6.10 Results of photoemission spectroscopy measurements on undoped 5N crystals grown by 

vertical Bridgman. Measurements were carried out with UPS XPS and HAXPES[15]. 

 

The photoemission results (Table 6.10) indicate a valence band offset (EF-EV) ranging from 

0.7 eV to 1 eV with a trend to increase with the energy of radiation used (and by implication, 

penetration depth). The largest error on the measurement was 0.4 eV for the XPS measurement, with 

the smallest error of 0.13 eV for UPS. 

Given the band gap of Sb2Se3 is around 1.18 eV at room temperature[8], these results indicate 

that at all penetration depths, the nominal Fermi level was higher than the mid-gap point (0.59 eV). 

For UPS and XPS, the uncertainties extended to, or below, the mid-gap point (minima of 0.59 and 0.4 

eV respectively), but for the HAXPES measurements, the whole uncertainty range lay above the mid-

gap point. This offers strong evidence that at the deepest penetration depth, the 5N Sb2Se3 crystals 

exhibit n-type doping. The trend towards decreasing valence band offset with lower penetration depth 

indicates upward band-bending near the surface of the samples as shown in fig. 6.28. 

This supports both the Hall effect (Section 6.2.2) and hot probe (Section 6.2.1) measurements, 

suggesting the presence of an extrinsic n-type dopant in the 5N source material. Given that chemical 

analysis (Section 5.7) indicated that Cl is the only impurity present in significantly larger proportions 

in this Sb2Se3 compared to the Sb2Se3 directly synthesised from the elements, there is strong evidence 

that Cl is responsible for this n-type conductivity, through formation of the donor ClSe. This provides 

additional evidence that Sb2Se3 is very sensitive to impurities, and that native defects may not be the 

dominant conductivity mechanism in published reports where conductivity type was not directly 

investigated. 
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Fig. 6.28 Proposed band bending close to the surface of (010) crystal plane of undoped 5N Sb2Se3 

single crystal cleaved under vacuum, with band-bending based on the valence band offsets in Table 

6.10.  

 

These results are in line with those reported by Bacewicz et al. [17], where Sb2Se3 synthesised 

directly from the elements was non-conductive, while commercial Sb2Se3 source material was found 

to be conductive. In that case, the conductivity present in the pre-synthesised Sb2Se3 was p-type, so it 

is likely that a different impurity was present to that observed in this work. 

 

6.8.2 Routes for Extrinsic Doping of Sb2Se3 

Hall effect (Section 6.2.2) and C-V (Section 6.4.2.1) measurements indicated large carrier 

densities in the MgCl2-doped crystals and undoped 5N crystals, all with Cl as a major impurity, 

demonstrating that Cl is an n-type dopant for Sb2Se3. Indeed, DFT calculations[15] suggest that the 

formation energy (fig. 6.29, reproduced from [15]) of the donor defect ClSe is low in Sb2Se3 even for 

high Fermi levels, making it an efficient dopant, although the presence of Cli interstitial defects 

prevents Cl from being ideal. 

5N Sb2Se3 
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Fig. 6.29 Calculated formation energies for point defects in Cl-doped Sb2Se3, under a) Se-poor and b) 

Se-rich conditions. Reproduced from[15]. 

  

For Se-rich material (fig. 6.29b), the calculated formation energies for ClSe donors are lower 

than for Se-poor, but a crossing point with VSb defects at 0.9 eV predicts Fermi-level pinning at this 

energy. Meanwhile, for Se-poor material (fig. 6.29a), this crossing point does not occur until around 

1.0 eV. This may explain the higher carrier density estimated from C-V data for the Se-poor MgCl2-

doped crystal, compared to the Se-rich (fig. 6.11b). This has implications for device design if n-type 

doping with Cl is desired. Additionally, it should be noted that the carrier density of the undoped 5N 

crystal measured by Hall effect (Section 6.2.2) and C-V (Section 6.4.2.1) was comparable to the Se-

poor MgCl2-doped crystal, even though it was expected to contain much less Cl than the 0.1 at% (7 x 
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1019 cm-3) added to the doped crystals. Furthermore, HAXPES measurements (Section 6.8.1) 

indicated a valence-band offset of 0.98 eV for an undoped 5N crystal, around the point where Fermi 

level pinning is predicted to limit Cl-doping (see fig. 6.29). 

The similar values of contact barrier heights derived from I-V-T measurements of the n-type 

crystals (Table 6.4) suggest that Cl levels above those present in the 5N crystals do not result in 

significant upward shifts in the Fermi level position. As a result, the 5N crystals appear to already 

contain sufficient Cl for doping at a level of 7 x 1016 cm-3, almost to the highest doping that appears to 

be achievable, at 1 x 1017 cm-3. 

The greater conductivity in Se-rich Sn-doped Sb2Se3 crystals as opposed to Se-poor (fig. 6.3) 

suggests that Sn-related donor defects generally have a lower formation energy in the Se-rich 

composition, or that the formation of defects which restrict carrier mobility (and/or compensate 

doping) are more favourable under the Se-poor composition. Either way, this suggests that Se-rich 

compositions are necessary to achieve significant p-type doping, while the addition of Sn provides a 

significantly greater carrier density than native doping alone. This is consistent with experimental 

reports where the addition of Sn enhanced the conductivity of Sb2Se3 crystals[18], as well as 

theoretical work that predicts the same[14]. The generally lower conductivities observed for p-type 

crystals relative to the n-type (Table 6.2) are consistent with the lower mobilities of holes compared to 

electrons (due to larger effective mass). Additionally, however, the C-V measurements (Section 

6.4.2.2) suggest a lower carrier density in the p-type (Se-rich) crystal than for the n-type samples. This 

result suggests that Sn may not be an ideal p-type dopant, something which is predicted by Stoliaroff 

et al.[14] (due to the formation of additional deep-level defects) and observed experimentally by 

Bacewicz et al.[17], although it should be noted that the latter paper reported Se-poor material. Other 

p-type dopants merit study as a result (Section 7.6). 
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6.8.3 Isotype Junctions for Sb2Se3 

The work detailed in this chapter indicates that it is possible to extrinsically dope Sb2Se3 n-

type with Cl, with the Hall effect (Section 6.2.2) and C-V measurements (Section 6.4.2.1) indicating 

that carrier densities practical for photovoltaics (1015-1016 cm-3) may be achieved. Furthermore, the 

most commonly used commercial Sb2Se3 source material, Alfa Aesar (5N) has been demonstrated to 

be n-type due to Cl impurities. Nevertheless, for the majority of reports of solar cell fabrication using 

Sb2Se3 the conductivity type of the material is not investigated. Rather it is assumed to be p-type 

which would be compatible with the n-type CdS or TiO2 partner layers most often used. 

The results of the study into single-crystal Sb2Se3 solar cells (Section 6.6) indicate that an 

isotype n-n+ heterojunction[19] may be formed through the deposition of highly n-type doped CdS 

onto n-type single crystals of Sb2Se3. This is supported by the paper Hobson et al.[15] which 

demonstrates solar cells based on isotype n-n+ heterojunctions and having efficiencies of 7.3%. This 

second result comes as some surprise, as few other reports of solar cells utilising an isotype 

heterojunction could be found in the literature, with none reporting a device at this level of efficiency. 

Ref 20 reports a cell formed from monolayer CuInSe2/InSe, but such reports are rare, and significant 

efficiencies were not achieved in this case. Additionally, in ref 19, a large array of heterojunction 

devices, both isotype and anisotype (junction consisting of p and n-type semiconductors) are 

discussed, but no photovoltaic cells with significant efficiencies are mentioned. In support of this, 

theoretical modelling described in ref 21 determined very few material combinations that could 

produce isotype solar cells with viable efficiencies, with anisotype combinations far more favourable. 

In spite of conflicting with expectations, the conductivity measurements of the Sb2Se3 used in this 

case leaves an isotype hetereojunction as the simplest explanation based on current evidence. 

The study into thermally evaporated thin film Sb2Se3 devices (Section 6.7) also demonstrates 

isotype junction-based solar cells, as cells fabricated from n-type source material achieved similar 

efficiencies to the p-type ones, further supporting the conclusion that p-type source material is not 

necessary to achieve functional Sb2Se3 solar cells. The p-type cells performed best immediately after 

fabrication, as would be expected for anisotype junctions, but surprisingly, soon dropped below the 
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performance levels of the n-type and intrinsic cells. This indicates that assumptions about 

conductivity type based on device performance are not always valid. 

This is important moving forward, as isotype devices would require different cell architectures 

to p-n devices if they are to be optimised. Isotype thin film devices are a rarity within the field, but 

with the high efficiencies already demonstrated for Sb2Se3[15], the study of different isotype material 

combinations may become more attractive. It may be that the simplest conception of an isotype 

junction (and its associated disadvantages for PV) does not apply in the case of Sb2Se3, either as a 

result of surface band-bending or another phenomenon, which could also be true of other materials. 

  

6.8.4 Ageing Effects in Sb2Se3 Thin Film Devices 

The results of the ageing study (Section 6.7.3), may be hypothesised as being due to the 

emergence of an insulating interfacial layer at the back contact. The formation of Sb2O3 seems a likely 

culprit, as it is an insulating material, and the etching of Sb2O3 from the back-contact of Sb2Se3 

devices has been shown to reduce series resistance[22]. However, this did not result in improved 

efficiency overall, so the effect of Sb2O3 formation is difficult to predict. Alternatively, the 

displacement of Se and/or Cl atoms in the Sb2Se3 absorber layer by Sb2O3 formation near the surface 

may be expected to reduce the carrier density, shifting the Fermi level upwards for p-type and 

downwards for n-type, but the question remains of what effect the displaced Se/Cl atoms may have. 

This observation has important implications, as it could partly explain why good efficiency 

values have been achieved for n-type isotype Sb2Se3 devices, despite this not being ideal from a first-

principles standpoint. Indeed, p-Sb2Se3 devices may still be expected to have the potential for higher 

efficiency values, but the ageing process may be a limiting factor for devices of this kind. Therefore, 

it is very important to understand in greater detail the nature of the material that forms at the back 

contact due to ageing. It may be, for instance, that to achieve the best efficiencies in p-type Sb2Se3 

devices, this material must be etched, or encapsulation may be required to prevent oxidisation. On the 

other hand, if n-type Sb2Se3 could be paired with a suitable p-type partner (as an alternative to CdS or 

TiO2), higher efficiencies may be expected than for an isotype junction, and the material that forms as 

a result of ageing may be intentionally added at the back contact in order to boost efficiencies further. 
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In short, if the mechanism behind the ageing were identified, there is scope for it to be 

exploited in the case of n-Sb2Se3 devices or mitigated in the case of p-Sb2Se3 devices, to achieve 

higher efficiencies overall (Section 7.6). 

 

 6.8.5 Point Defects in Sb2Se3 

The measurements taken using DLTS (Section 6.5.1) and photoluminescence (Section 6.5.2) 

provide information on the different point defects that may be present in Sb2Se3. However, assignment 

of these defects is not straightforward. Firstly, it is important to note that usable results could only be 

obtained for doped crystals. The undoped crystals’ high resistivity (Table 6.2) meant they could not be 

measured with C-V profiling, while undoped crystals did not produce detectable PL, even at the 

lowest temperature used (fig. 6.14a). Hence the defect levels reported here may be more likely to 

result from dopants than native defects, but the latter may nevertheless play a part. 

For the DLTS measurements, the electron traps observed at similar energy levels in the 

undoped 5N crystals to the MgCl2-doped crystals (figs. 6.12-13, Table 6.5) may result from common 

Cl-related defects. The exception is the 240 K peak that appears for the 5N crystal for short time 

constants but not the MgCl2-doped crystal (fig. 6.13c-d) and may result from an impurity present in 

the former crystal and not the latter, a possible example being Sn (Section 5.7). Interpretation of both 

scans is complicated by the likelihood that each large peak in the temperature scans consists of several 

smaller peaks, with the unrealistically high values of capture cross-section for E2 in the MgCl2-doped 

crystal (Table 6.5) perhaps the greatest indication of this. Scans of ΔC against time constant for a 

single temperature (isothermal DLTS) would be required to separate these closely spaced peaks 

(Section 7.6). A higher density of Cl-related traps may be expected in the 0.1 at% MgCl2-doped 

crystal compared to the 5N, but this is not observed for these electron traps, offering some support to 

the defects being native. 

The estimated defect levels for the prominent peaks in this work are compared to those 

reported in the literature in Table 6.11, as well as to some levels calculated via DFT[26], where they 

matched most closely with the estimates from this work, and from which the assignments for the 

defect levels in this work are made, if these defects can be assumed to be native. The activation 
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energies for defects calculated via DFT are defined as EC-ET to allow easy comparison. Where 

assignments are made in the literature, they are also reported. 

 

Measurement 

Type 
Type 

Activation Energy EC-ET, 

ET-EV (meV) 
Assignment 

Conductivity[23] Hole trap 
111 SeSb 

578  

Admittance 

Spectroscopy[24] 
Hole Trap 

300-400 Bulk defect 

200-600 Bulk defect 

500-600 Interface defect 

DLTS[25] 
Hole Trap 

480-490  

710-740  

Electron Trap 600-610  

DLTS (This 

work) 
Electron Trap 

400 VSe2 

700 SeSb1 or VSb1 

850 VSb2 

DFT[26] 

Donor 500 VSe2 

Acceptor 

750 SeSb1 

750 VSb1 

850 VSb2 

 

Table 6.11 Estimated types, activation energy and assignments for deep-level defects in Sb2Se3. 

Experimental and calculated values from the literature are compared to the values estimated in this 

work. Activation energies are defined as EC-ET for electron traps and ET-EV for hole traps, while the 

activation energies of defect levels calculated from DFT are defined as EC-ET. 

 

If only the prominent peaks are considered, and they are assumed to be for native defects, 

then the electron trap level at ~400 meV may be the VSe2 defect, and the trap level at ~ 700 meV may 

be the SeSb1 or VSb1 defect. Given that both of these appear in the MgCl2-doped Se-rich crystal, this 

interpretation is more plausible for the 700 meV trap level than the 400 meV, given that the formation 



CHAPTER 6. Sb2Se3: ELECTRICAL CHARACTERISATION AND PHOTOVOLTAIC DEVICES_______________                                                               
 

268 
 

energy of VSe2 is expected to be large for n-type Se-rich Sb2Se3 (fig. 6.28). Of the two possible levels 

for the 700 meV peak, the VSb1 may be more likely as its formation energy is expected to be lower for 

high Fermi levels. The trap level observed at ~850 eV could be the VSb2 defect[26], but this energy 

level could only be quantified for the 5N crystal, where the stoichiometry of the source was unknown, 

leaving this assignment ambiguous. All of these assignments neglect the likely influence of 

impurities. 

The lack of photoluminescence peaks in the undoped Sb2Se3 suggests that band-to-band 

recombination in the spectra is not significant. This is consistent with reports of Sb2Se3 having an 

indirect conduction-band minimum at lower energy than its direct minimum[27], and suggests that 

where peaks are observed, they are not band-to-band transitions. This is consistent with the energies 

of the peaks in fig. 6.15a, which lie within the low-temperature bandgap of Sb2Se3[8]. The strong 

correlation between the energies and intensities of the peaks present in the PL spectra (assigned to 

DAP transitions) and the impurity content of the crystals suggests the transitions are indeed mediated 

by impurities. 

The rapid quenching of the peak at 1.2 eV with increasing temperature suggests a shallow 

defect level, especially if this is the same defect level reported in Grossberg et al.[6]. The fact that this 

peak appears in the spectra for the n-type 5N crystal and the n-type MgCl2-doped crystal, but not the 

p-type Sn-doped or intrinsic undoped crystal, suggests it may be associated with the n-type doping. 

The 1.1 eV peak that also appears in these spectra and quenches less rapidly, may result from a deeper 

level defect associated with Cl-impurities. Alternatively, this peak may result from a native defect 

which forms at higher Fermi levels, such as VSb (fig. 6.29). The 0.9 eV peak may result from Sn-

related defects, as Sn is present in the Sn-doped crystal and the undoped 5N crystal (Section 5.7), but 

the low transition energy and the slow quenching with temperature suggest a relatively deep-level 

defect, so not likely to be responsible for the p-type doping. This suggests that Sn introduces a deep-

level defect as well as a shallow acceptor in Sb2Se3, as was argued by Stoliaroff et al.[14], reducing its 

utility as a dopant element. 

This interpretation, of linking the observed peaks directly to impurity content, differs from 

that of Grossberg et al.[6]. Despite the same peaks appearing in their spectra, the peak at 0.9 eV is 
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assigned to a SeSb antisite defect, which is plausible as the Sn-doped crystal was p-type and Se-rich, a 

condition where the formation energy of SeSb is low (fig. 6.29). Meanwhile the 1.1 eV peak was 

associated with grain boundaries, something that seems unlikely in single crystals, unless it occurs at 

the van der Waals boundaries in a process that is suppressed in the Sn-doped p-type crystal. In the 

work of Grossberg et al., the impurity content of the thin films studied was not known, but these 

differing conclusions illustrate how complicated the interpretation of PL spectra may be. Studies 

involving known, relative concentrations of an impurity element are necessary to more clearly 

understand the effects of impurities upon PL spectra (Section 7.6). 

 

6.9 Conclusions 

This chapter reports key findings made into the properties of Sb2Se3 relevant to solar cells. 

The findings are summarised in Table 6.12, with the values derived from the measurements included. 

Table 6.12 also contains a brief summary of the implications of these results for device design, 

discussed in more detail below. 

From these results, one surprise is that the pure, stoichiometric Sb2Se3 crystals in this 

investigation did not seem to be natively conductive, nor did the Se-poor condition induce n-type 

conductivity. Conversely, however, the Se-rich condition did lead to p-type conductivity, while added 

extrinsic Sn was observed to induce p-type conductivity, even in Se-poor material, with higher 

conductivity found for Se-rich material, and so suggesting that a Se-excess produced more effective 

doping. Meanwhile, n-type conductivity was found in samples with Cl impurities, whether Se-poor or 

Se-rich, although slightly higher carrier densities were found in the former. 
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Sample Type 

Conductivity 

Type 

Carrier 

Density / 

cm-3 

Barrier 

Height / 

eV 

Deep-Level 

Carrier Trap 

Activation 

Energies / 

meV 

Major 
Photoluminescence 

Peak Positions 
(T=10K) / eV 

 
Implications for Future 

Device Design 

 
Single 

Crystals 

Undoped 

Stoichiometric 
Intrinsic - - - None Pure stoichiometric Sb2Se3 

may not be self-doping 

Undoped Se-

poor 
Intrinsic - - - - VSe may not contribute to 

electron density 

Undoped Se-

rich 
P-type - - - - VSb may contribute to hole 

density 

Sn-doped Se-

poor 
P-type - - - - Sn may act as a p-type 

dopant 

Sn-doped Se-

rich 
P-type 1 x 1015 0.37 (In) - 0.9 Doping to high levels with 

Sn may not be possible 

Cl-doped 

(impurity in 

source) 

N-type 7 x 1016 0.56 (Au) 
400, 700, 

850 
0.9, 1.1, 1.2 

Cl may act as an n-type 
dopant, PL peaks 

associated with impurities 

MgCl2-doped 

Se-poor 
N-type 1 x 1017 - - - 

Doping to high levels may 
be achieved with MgCl2 

and Se-poor stoichiometry 

MgCl2-doped 

Se-rich 
N-type 1 x 1016 - 360, 750 1.1, 1.2 

Cl donor impurities may 
compensate VSb acceptors. 

Deep-level traps may be 
native 

       

Thermally 

Evaporated 

Solar Cells 

Conductivity 

Type 

Carrier 

Density / 

cm-3 

Max. 

Efficiency 

(Avg. for 

Device) / 

% 

Efficiency Change with Ageing 

(Champion Cell) 

Implications for Future 

Device Design 

 

Cl-doped 

(impurity in 

source) 

N-type 3 x 1015* 1.65 Slight improvement Ageing may improve back-
contact for n-Sb2Se3 cells 

Undoped 

stoichiometric 
Intrinsic 7 x 1015* 1.12 Unchanged Ageing effect varies with 

conductivity type 

Sn-doped Se-

rich 
P-type 3 x 1015* 1.01 Significant reduction Ageing may degrade back-

contact for p-Sb2Se3 cells 

      

 

Table 6.12 Compiled parameters for Sb2Se3 single crystals and thermally evaporated solar cells based 

on the investigations in this work, and possible implications for device design in future. *Values are 

uncertain as depletion approximation may not apply to C-V measurements. 
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Doped p-type crystals were subsequently found to form Schottky barriers with In, while n-

type crystals formed Schottky barriers with Au, and barrier heights were estimated. An isotype n-n+ 

heterojunction was also demonstrated through the deposition of CdS onto n-Sb2Se3 crystals. The 

contact barrier with Au allowed DLTS to be carried out on n-type crystals and deep level carrier traps 

to be identified, which may be associated with vacancy defects VSb and VSe, or perhaps impurities. 

Photoluminescence measurements produced broad peaks, thought to represent DAP transitions and 

considered more likely to result from Cl and Sn impurity defects than native point defects, since they 

did not appear for undoped crystals. 

Sb2Se3 source material with known impurity content was also utilised to produce thin film 

solar cells via thermal evaporation with different conductivity types, all demonstrating ~ 1 % 

efficiency. N-type solar cells became slightly more efficient with ageing, while p-type solar cells 

dropped significantly in efficiency. An insulating interfacial layer at the back contact was thought to 

be responsible for this behaviour, which may be Sb2O3, but this requires further analysis. 

These results are all expected to inform the production of Sb2Se3 thin film devices and other 

future studies, as outlined in Section 7.6. 
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7. Conclusions  
 

This chapter summarises the conclusions and further work for each of the three results 

chapters. Sections 7.1 and 7.2 separately cover the conclusions and further work respectively for the 

CZTSSe results (Chapter 4); while Section 7.3 and 7.4 similarly cover the crystal growth and physical 

properties of Sb2Se3 and Sb2(S,Se)3 (Chapter 5); and Section 7.5 and 7.6 cover the electrical properties 

of Sb2Se3 single crystals and thin-film solar cells (Chapter 6). Section 7.7 compares the results for the 

two materials and assesses whether the initial aims of this project were achieved. A list of publications 

resulting from the work is given after the end of this chapter. 

 

7.1 Conclusions for Chapter 4, CZTSSe 

The major conclusions for Chapter 4 may be summarised as follows. Solution growth from a 

NaCl/KCl mixture was employed to produce Cu2ZnSnS4xSe4(1-x) monograins at ~ 100 μm scale, 10x 

larger than in previous works using the same solvent[1], for 0 ≤ x ≤ 1. Raman spectroscopy of the 

series end members CZTS and CZTSe produced peaks at 196 and 338 cm-1, indicating greater 

ordering in these monograins than in feedstock synthesised directly from the elements (peaks 

observed at 194 and 334 cm-1), suggesting the crystallisation of ordered kesterite from the solution. 

The mechanism for this was ordering not directly known, but it may be that during cooling, these 

samples remained at temperatures in the vicinity of the kesterite order-disorder transition (~200°C) 

long enough for significant re-ordering of the crystal lattice to occur. The additional mass of the 

NaCl/KCl mix may have allowed the CZTSSe to remain at these temperatures for longer than the 

CZTSSe feedstock during its cooling phase, resulting in greater ordering in the former. The CZTS 

peak in the Raman spectrum was more sensitive to ordering than the CZTSe peak. The whole series 

was also measured with XRD, which allowed the CZTSe-CZTS Vegard relation to be determined 

with twice the number of the data points as in previous works, as: a (Å) = -0.268(3)x + 5.6949(17) 

and c (Å) = -0.516(6)x + 11.345(3). The composition dependence of Raman A modes was measured 
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as: ωCZTSe (cm-1) = (44.6 ± 1.6)x + (194.6 ± 0.8) and ωCZTS (cm-1) = (7.1 ± 1.3)x + (329.0 ± 0.8), 

potentially allowing for back-correlation of compositions from both linear trends.  

The comparison of lattice parameters with series reported in the literature was as follows: a-

values were systematically lower by 0.02 Å and c-values by 0.01 Å across the whole series compared 

to the Cu-poor series (Cu/(Zn+Sn) = 0.91 to 0.96) reported by Nagaoka et. al.[2]. a-values were 

greater by 0.01 Å at x = 0 and 0.03 Å at x = 1, while c-values were lower by 0.04 Å at x = 0 and equal 

at x = 1 compared to the series in He et al.[3] where metals stoichiometry varied from Cu/(Zn+Sn) = 

0.8 to 1.2. The evolution of the CZTSe-like Raman A mode matched well with the series reported by 

Adachi in [4] of ωCZTSe (cm-1) = 46.8x + 194.9 averaged from the series in He et al. and the series in 

Grossberg et al.[5] where Cu/(Zn+Sn) ranged from 0.88 to 0.97. The evolution of the CZTS-like 

Raman A mode was less consistent with the series reported by Adachi in [4], which exhibited a slope 

of 12.2x cm-1 compared to 7.1x cm-1 in this work. Based on these results, the CZTSe-like Raman 

mode was identified as favourable for back-correlation, as a good linear fit was achieved and these 

results suggest it is less sensitive to ordering and metals stoichiometry than lattice parameters or the 

CZTS-like mode. 

7.2 Further Work on CZTSSe 

Building upon this work, there are several clear routes for productive further studies, which may 

consist of the following. A series of CZTSSe thin films across the 0 ≤ x ≤ 1 range would allow the 

Vegard relation for bandgap to be established. The bandgap could be estimated via Tauc plots from 

transmission/reflection measurements, with composition (x) back-correlated from the bulk sample 

series using lattice parameters and/or Raman peaks. Bandgap values could also be measured for the 

bulk samples directly via x-ray photoemission spectroscopy (XPS) to determine the valence band 

position and inverse photoemission spectroscopy (IPES) for the conduction band position. 

Additionally, the thick, flat, densely-packed CZTSSe plates produced from the square seed plates 

(grain size 100 μm) may have utility in several further experiments. Plates could be combined with 

PV partner layers form test devices with a low-prevalence of grain boundaries, in a scheme similar to 

the monograin devices already demonstrated by Mellikov in [4]. The same flat sections could also be 
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mapped with cathodoluminescence (CL) to compare the non-radiative carrier recombination rates at 

the grain boundaries to the bulk, while the inclusion of EBSD may allow the orientation of grain 

boundaries with the highest and lowest recombination rates to be determined. The results could then 

be compared to theoretical calculations of recombination rates at grain boundaries, such as has already 

been carried out for CdTe[7] 

 

7.3 Conclusions for Chapter 5, Growth of Sb2Se3 and Sb2(S,Se)3 

Crystals 

The major conclusions for Chapter 5 may be summarised as follows. Growth by the vertical 

Bridgman method resulted in Sb2Se3 pieces exhibiting cleavage behaviour which suggested the 

formation of single crystals 4 mm in diameter and 1 cm in length - large enough for characterisation 

with XRD. Assuming monocrystalline nature, oriented {100} crystal planes of these samples were 

prepared using visual inspection alone, taking advantage of the (010) cleavage planes and cleavage 

steps parallel to [001]. 

 Extended defects ~ 100 nm wide, representing a small-angle rotation of the crystal planes, 

were detected in the Sb2Se3 crystals, and are consistent with the ‘kink-bands’ discussed in relation to 

‘ripplocations’ observed in other van der Waals materials[8]. 

Raman spectra of air-annealed Sb2Se3 thin films exhibited a 253 cm-1 peak for high-temperature 

anneals, consistent with reports that this peak results from native oxide Sb2O3 rather than Sb2Se3. 

Furthermore, anisotropy in Raman spectra from single crystals was demonstrated when the laser 

polarisation was rotated, allowing the closely spaced overlapping Ag Raman mode peaks at 187 and 

191 cm-1 to be resolved, and suggesting a route for further assignment of Raman modes. 

Chemical analysis detected a larger Cl concentration in 5N Sb2Se3 compared to Sb2Se3 

synthesised directly from the elements (The electrical effects of this were explored in Chapter 6), 

while crystals doped with Sn and MgCl2 were shown to have incorporated Sn and Mg impurities at 
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0.1 at%, matching weighed quantities, with Cl concentration inferred as being double that of Mg 

(Again, the electrical effects are reported in Chapter 6). 

 

7.4 Further Work on Sb2Se3 Single Crystals 

The availability of what were presumed to be oriented single crystals of Sb2Se3 from the growth 

described in this work, along with the initial polarisation-dependent Raman study presented in 

Chapter 5, paved the way for a fully comprehensive study of anisotropy in Raman spectra from 

Sb2Se3 (See List of Publications, article 2). The study combined density functional simulations of 

vibrational symmetries with anisotropic Raman spectra from experiments (not included in this thesis). 

Additionally, much of the intended follow-on work from the crystal growth and materials preparation 

was included in Chapter 6, as described in the next section. 

However further additional studies based on the conclusions in Chapter 5 were also identified. For 

instance, variations in band positions with plane orientation could be measured using XPS (for the 

valence band) and/or IPES (for the conduction band) aiding device design. Additionally, given the 

anisotropy of the Sb2Se3 crystal structure, ellipsometry could be employed on the crystalline surfaces 

described in this work to probe anisotropies in the dielectric constant, allowing quantities such as 

carrier density to be determined more accurately. 

Another productive area of investigation would be to establish whether the low-angle boundary 

defects observed in Sb2Se3 single crystals are electrically benign by: employing EBSD to detect sub-

grain boundaries and quantify misorientation; and combining this investigation with CL mapping to 

allow non-radiative recombination rates to be correlated with misorientation. 

 

7.5 Conclusions for Chapter 6, Electrical Characterisation of 

Sb2Se3 Single Crystals and Devices 

The investigations described in Chapter 6 involved the measurement of conductivity type, carrier 

density, carrier mobility, metal-semiconductor barrier heights, deep-level defect activation energies 
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and photoluminescence transition energies for Sb2Se3 single crystals of varying stoichiometry and 

impurity content. The fabrication of thin film solar cells from doped source material also allowed the 

effects of doping upon efficiency, PV working parameters, carrier density and EQE to be investigated. 

All of the measured parameters are summarised in Table 6.12 and the key conclusions are below. 

Based on hot-probe measurements, pure, stoichiometric Sb2Se3 single crystals were found to be 

non-conductive, suggesting no native conductivity. Pure, Se-poor crystals were similarly non-

conductive, suggesting that Se-vacancies did not contribute significantly to conductivity. However, 

Se-rich crystals exhibited p-type conductivity, while the addition of Sn reduced resistivity in p-type 

Se-rich crystals and induced p-type conductivity in Se-poor crystals, suggesting that Sn may introduce 

acceptors into Sb2Se3. A maximum carrier density of ~ 1015 was achieved for Sn-doped Se-rich 

crystals. 

Meanwhile, hot-probe results indicated Cl to be an n-type dopant for Sb2Se3. When added to a 

Se-rich crystal, Cl was found to compensate the p-type conductivity and induce n-type. The largest 

electron density observed from Cl-doping was ~ 1 x 1017 cm-3, observed under Se-poor conditions. 

With the conductivity type of different crystal samples established, Schottky barriers were formed for 

a p-Sb2Se3 / In interface and a n-Sb2Se3 / Au interface, with barrier heights measured at 0.36 eV and 

0.56 eV respectively. 

The formation of Schottky barriers allowed the associated space charge region to be probed with 

DLTS, and deep-level carrier traps at 400, 700 and 850 meV were detected in 5N single crystals, (i.e. 

n-type with chlorine) with the 400 and 700 meV traps also seen in Se-rich MgCl2-doped Sb2Se3. Traps 

were tentatively assigned to the native defects VSb and VSe. Shallow defects were also detected 

through photoluminescence peaks at 0.9, 1.1 and 1.2 eV. These were associated with donor-acceptor 

pair recombination, in agreement with previous studies[10], but with Sn and Cl impurities suggested 

as the cause, which has not been reported previously. 

J-V investigations demonstrated n-n+ isotype junctions for both n-type single crystals and 

thermally evaporated Cl-doped Sb2Se3, both partnered with deposited n-type CdS. Furthermore, 
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thermally evaporated thin film Sb2Se3 / CdS solar cells with n-type, intrinsic and p-type Sb2Se3 layers 

were all fabricated, all reaching ~ 1 % efficiency. Ageing of the thin film devices in air appeared to 

raise the back-contact barrier height for p-type devices, reducing efficiency, but lower it for n-type 

and intrinsic devices, slightly increasing efficiency. This may be due to a resistive interfacial layer of 

Sb2O3 forming from oxidisation. It should be noted that the fabrication process for these cells was not 

optimised, so it is not known whether these oxidisation effects also apply to solar cells with more 

refined synthesis processes. 
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7.6 Further Work on the Electrical Properties of Sb2Se3 

The observation of n-type conductivity in Cl-doped Sb2Se3 was the key result enabling a 

journal article which demonstrated that high-efficiency Sb2Se3 solar cells could be produced based on 

isotype n-n+ heterojunctions (See List of Publications, article 3). Once again, since the author’s work 

in this paper was part of a large collaborative team effort, a description of the solar cell results has not 

been included in this thesis. Besides that work, suggested further work based on the results in Chapter 

6 is outlined below. 

As a starting point, isotype solar cells could be examined for other PV materials such as CZTSSe, 

CIGS and CdTe. Something else to consider is that applying p-type partner layers to n-type Sb2Se3 

may improve upon the ~6% efficiencies reported for isotype n-n+ cells (through better charge 

separation) so this is worth investigating. Investigating n-type material further, alternative halogens to 

Cl, such as Br and/or I should be examined as n-type dopants, as suggested by Stoliaroff et al.[11]. 

For one thing, the room temperature liquid and solid phases of these elements may simplify their 

incorporation. Similarly, alternative p-type dopants to Sn are worthy of further study, such as Zn, Ge 

and Pb. The position of the valence band maxima for these dopants could be measured with 

photoemission (as has been done for n-type crystals[12]) and compared. 

Another way to aid the production of thin film solar cells may be to further investigate the ageing 

effects observed for thermally-evaporated Sb2Se3 solar cells of different conductivity types. There are 

several clear next steps. Firstly, it is worth investigating whether solar cells fabricated by other 

methods with more optimised processes, such as CSS, exhibit the same changes in working 

parameters with ageing, or if this is simply a result of the early development stage of the cells in this 

work. Secondly, etching studies of the type reported in Shiel et al.[13] could be carried out to see how 

cells of different conductivity type are affected by the removal of interfacial layers. Changes in band 

positions with ageing and after etching could be measured with photoemission, while Raman may 

track compositional changes. Thirdly, if the reaction products responsible for the ageing behaviour 

could be identified, the engineered deposition of these materials at the back surface, e.g. Sb2O3 and 

Se, may be carried out to test their effect on PV working parameters. 
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Returning to the fundamentals, point defects could be characterised further by fabricating new 

sample sets with controlled stoichiometry and varying impurity concentration. This could be 

engineered through weighing in stages – for instance two Sb2Se3 samples with known Sb or Se 

excesses (determined by weighing) could be mixed and secondary reaction carried out, with their 

ratios providing finer control over the stoichiometry. Similarly, a Sb2Se3 sample with a relatively 

high, known concentration of a dopant impurity could be combined with varying quantities of 

undoped material to provide a range of concentrations. This would allow extrinsic defects to be 

assigned more easily as their density would be expected to correlate with the impurity concentration. 

For deep-level point defects, refinement of the measurement protocols used in DLTS may allow 

closely spaced, overlapping peaks that represent different defects to be resolved. In particular, scans 

of ΔC against emission time constant (isothermal DLTS) could be productive. Finally, positron 

annihilation lifetime spectroscopy may provide a complimentary means to determine the 

concentration and type of vacancies within Sb2Se3 single crystals. At the time of writing, single 

crystals of stoichiometric, Se-rich and Se-poor samples have been provided to Prof D. Keeble of 

Dundee University to undertake this work. 

 

7.7 Final Conclusions 

There were two major strands of investigation covered in this thesis, the study of CZTSSe and 

of Sb2Se3. The similarities between these two materials allowed them to be studied in parallel: Both 

are crystalline metal chalcogenide semiconductors, with similar bandgaps making them suitable as PV 

absorber layers. Both are also chemically stable in air and in sunlight at ambient temperatures, but 

both require their processing to occur under inert atmospheres to prevent oxidisation. In practical 

terms, this meant that similar methods of synthesis and structural analysis could be applied to either 

material, making it economical to study both. This approach has value since as outlined in Chapter 1, 

there is no single perfect solar cell material, with all emerging technologies presenting some flaw or 

another. Furthermore, there is no way of knowing for certain at the research stage if these flaws can 

ultimately be overcome, or if they will eventually make a technology unviable for commercial 
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application. This makes a pluralistic approach to emerging materials prudent, motivating the study of 

two related, but still quite different materials in this work. 

Despite this, it does remain important to continually assess the relative merits of different 

technologies as they develop. The structure of this project, studying two different metal chalcogenide 

thin film materials, made it well-placed to compare CZTSSe and Sb2Se3 this way. 

At the outset, the ambitions for both materials were similar. An initial aim was to demonstrate 

processing routes that could produce single crystals of each material. Such crystals were hoped to act 

as test-beds to examine the presence of point defects (through, for instance, PL and DLTS 

measurements), with the concentration of such defects adjusted through fine control of stoichiometry 

and impurity content in a series of single crystal samples. An additional aim for Sb2Se3 was to 

understand the origin of conductivity better, as this was somewhat ambiguous in the literature prior to 

this work. Investigations of the lattice parameter and bandgap Vegard relations for varying S-Se ratios 

were also originally intended for both materials, to assess the viability of bandgap tuning, with single 

crystals once again intended for use as reference samples. 

In terms of single crystal production, the differing chemical complexity of the materials was a 

key factor: there was strong evidence for success with Sb2Se3, most likely due to its congruent 

melting. However, single crystal growth with CZTSSe was never achieved as its peritectic transition 

complicated its solidification from solution. The binary nature of Sb2Se3 was therefore a significant 

advantage in this regard. Essentially, this meant that the aim to examine point defects in CZTSSe 

single crystals was not practical, while there was an opportunity to do this for Sb2Se3. The focus for 

CZTSSe therefore shifted towards greater understanding of the lattice parameter Vegard relation, and 

the polycrystalline samples produced from the NaCl/KCl mix, while not single crystals, were well-

suited to this type of investigation. 

In contrast, the production of Sb2Se3 single crystals did lead to success in the observation of 

point defects, as reported in the sections on PL and DLTS, in line with the original aims of the project. 

Meanwhile, there was less focus on measurement of the Sb2(S,Se)3 Vegard relation, despite its clear 
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utility. This was in large part because more time was devoted to establishing the origin of conductivity 

in Sb2Se3, which became far more pressing with the observation of n-type conductivity, and leaving 

less time in the project to focus on the Vegard relation. All of these factors ultimately led to the 

project taking the form reported in this work. 

In the experimental work of this thesis, the binary nature of Sb2Se3 continued to be an 

advantage, as it allowed the stoichiometry and impurity content to be controlled with a relatively 

small number of samples, whereas the phase space of CZTSSe is so flexible that attempting to control 

stoichiometry and impurity content in the manner carried out for Sb2Se3 may not have been practical, 

even if single crystals had been produced. Indeed, while in Chapter 4, the lattice parameter Vegard 

relation from CZTSe to CZTS was characterised with greater precision than previous works, this 

remains only a single line on the multi-dimensional phase space of CZTSSe, and questions remained 

as to how the differing metals stoichiometry may have affected this series as compared to similar 

work in the literature. 

The difficulties encountered with CZTSSe in this work mirror the difficulties encountered by 

makers of solar cells, since as described in Chapter 2 (Section 2.3.3), the variability of chemical and 

structural phases in CZTSSe, and the presence of secondary phases is thought to be a key reason for 

the efficiency gap. 

However, despite clear apparent disadvantages, we should be mindful that to date, the 

efficiencies of the champion CZTSSe-based devices are still superior to those based on Sb2Se3, as 

outlined in Chapter 2. But we should also note that this does most likely come as a result of a 

significantly larger body of literature for CZTSSe than Sb2Se3 (see Section 2.4.1), and the fact that 

tuning of the S-Se ratio has allowed optimisation of the bandgap. This is something that is likely to be 

achievable with Sb2(S,Se)3 also, although there was ultimately limited focus upon it in this work. The 

champion efficiencies for CZTSSe have also not increased significantly in the last few years, with the 

current record of 12.6% set in 2014[14], while they are still increasing rapidly for Sb2Se3 (9.2% in 

2019[15], up from 7.6% in 2018[16]), despite the relatively small body of literature dedicated to its 

study. The work presented in this thesis is expected to contribute more significantly to the literature 
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on Sb2Se3 than CZTSSe, as it is adding to this smaller body of literature, but also, the conclusions of 

the work into Sb2Se3 point to several routes to understand the material better, with clear applications 

in improving device performance. While some early steps have been made in identifying the nature of 

point defects in Sb2Se3, with clear routes to better understanding (as related in Section 7.6), accurate 

determination of the key point defects in CZTSSe remained elusive. The next steps are less clear for 

CZTSSe and arguably, due to its complexity, larger studies with more comprehensive sample sets 

(often with more difficulty involved in sample preparation), are necessary, making progress 

intrinsically more difficult. On the other hand, the indirect minimum in the conduction band of Sb2Se3 

(see Section 2.4.1) may be a barrier for higher efficiency levels in future, which is not a problem for 

CZTSSe. It may be that the advantages of Sb2Se3 (e.g. benign grain boundaries) outweigh this 

fundamental disadvantage, but it should be kept in mind. 

Ultimately, judged on the work in thesis, Sb2Se3 currently looks more promising than 

CZTSSe as a candidate for commercial scale-up. Generalising the material to Sb2(S,Se)3 and tuning 

the S-Se ratio in order to optimise the bandgap is one route that has not yet been significantly 

exploited, but efficiency increases may be expected as a result, and it is not unfeasible that Sb2(S,Se)3 

may eventually overtake CZTSSe in terms of efficiency. The cheaper, more plentiful source elements 

and lower toxicity (see Section 2.3.1) still make CZTSSe superior in principle, but for now, Sb2Se3 

appears to offer great promise as a material that balances low costs and low toxicity with the potential 

for high efficiencies. 
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