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Introduction

Energy consumption is increasing very fast due to the growing world’s population, which
is projected to reach 8 billion people by the end of 2022. It is extremely urgent to utilize
renewable energy instead of burning fossil fuels to alleviate the energy crisis and
environmental pollution. According to the International Energy Agency, in 2019, global
final electricity consumption reached 22848 TWh [1], from which 63.1% was generated
from fossil fuels. Photovoltaic (PV) power generation technology is expected to play an
important role in replacing traditional fossil fuels with green and sustainable energy
production resources. Furthermore, solar photovoltaic is the fastest growing renewable
energy sector. In the first quarter of 2022, the installed PV capacity reached 1 TW [2,3].
In addition to the conventional PV modules, PV can also be integrated with construction
elements such as facades, walls, windows, or roof structures to provide innovative
clean energy solutions for zero energy buildings. This integrated design is known as
building-integrated photovoltaics (BIPV) [4,5].

Silicon solar cells have been the dominant driving force behind photovoltaic
technology in recent decades. Crystalline silicon comprises more than 95% of the total
revenue of the photovoltaic electricity market. One advantage is the high efficiency —
26.7% for monocrystalline and 24.4% for multicrystalline silicon wafer-based solar
cells [6]. One of the drawbacks of crystalline silicon is the indirect nature of its electronic
bandgap, which makes it a relatively weak absorber of long-wavelength sunlight.
Traditionally, this has been compensated by a relatively thick (100-500 um) silicon
structure. Although thicker silicon allows more solar radiation to be absorbed,
it increases the cost of materials over a large area and makes the structure inflexible [7].

When considering new materials for investigation as absorbers for PV, the main
concerns, which need to be addressed are production cost, abundance of the constituent
elements, stability and material properties. Among the photovoltaic technologies, thin
film technologies have become one of the most cost-competitive due to their low
material and production costs [8]. Thus far, commercial thin-film solar cells such as CdTe
and Cu(In,Ga)Sez (CIGS) cells show a high power conversion efficiency (PCE) of 22.1% [9]
and 23.35% [10], respectively. However, tellurium and indium are expensive and limited
in reserves, not to mention the toxicity of cadmium. These disadvantages severely hinder
the mass-production of PV panels based on materials containing these critical elements.
Therefore, to meet the growing demand for sustainable solar electricity production, it is
highly required to explore semiconductor thin films consisting of non-toxic elements with
rich reserves and suitable photoelectric properties for solar energy conversion. Another
aspect to consider in the development of PV devices is their stability when exposed to
real operation conditions. For example perovskite solar cells have gain a lot of attention
due to their rapid growth in efficiency over a short period of time, but the major obstacle
in the way of commercialization is easy degradation of perovskites. Stability concerns can
be somewhat reduced by investigating inorganic materials. Recently, a considerable
effort has been invested to gain a better and deeper understanding of structural,
electrical and optical properties of binary and ternary Sb-based chalcogenide
semiconductors aiming at their application in photovoltaics. For example, CuSbSe, and
Sb2Ses appear to be promising absorber materials for thin-film solar cells due to their
attractive optical and electrical properties, as well as earth-abundant, low-cost and
low-toxic constituent elements. However, at the beginning of this doctoral study, very
little was known about the defects in these materials, the photoluminescence studies



were missing in the literature. It is well known that defects play a major role in
determining the performance of photovoltaics and therefore need careful investigation.
The aim of the research of this thesis is to reduce this knowledge gap.

The first aim of this research was to synthesize CuSbSe: polycrystalline materials with
homogenous phase composition and to study their defect structure and related
recombination mechanisms by photoluminescence spectroscopy. The second aim was to
study the defect structure and related recombination mechanisms by photoluminescence
spectroscopy in polycrystalline Sba2Ses. The third aim was to deposit CuSbSe: thin films by
magnetron co-sputtering method and to investigate the effect of the post-annealing
conditions on their morphology, structural and compositional properties and to fabricate
and characterize CuSbSez based thin film solar cells.

The novelty of this study relies in the gained information about the electronic defects
in CuSbSez and Sh2Ses paving the way towards further improvement of the solar cells
based on these materials.

This thesis contains three chapters. The first chapter provides a literature overview of
the main properties of CuSbSez and Sbh2Ses absorber materials, the preparation methods
and achieved photovoltaic performances of devices based on these absorbers.
The second chapter describes the applied experimental procedures for the synthesis of
CuSbSez and ShzSes polycrystals and for the deposition of CuSbSe:z thin films. Also,
the implemented characterization methods are summarized. The third chapter contains
the results and discussion of the experimental work and is based on the three published
papers.

This work was supported by institutional research funding IUT19-28 of the Estonian
Ministry of Education and Research, by the European Regional Development Fund,
Project TK141, by the Estonian Research Council grant PRG1023 and by ASTRA “TUT
Institutional Development Programme for 2016-2022" Graduate School of Functional
Materials and Technologies (2014-2020.4.01.16-0032). The research was conducted using
the NAMUR+ core facility funded by projects “Center of nanomaterials technologies and
research” (2014-2020.4.01.16-0123) and TT13.
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Abbreviations, terms and symbols

AS
CIGS
CZTSSe
DC
DFT
DLTS
EDX
Eq
EQE
FF
HR-SEM
ITO
J-v
Jsc
PCE
PL

PV
RCSS
RF

Rs

RsH
RT
SCCM
SEM
SLG
TU

Ts

Voc

Vsb
VBM
VTD
XRD

o(T)

Admittance spectroscopy
Cu(In,Ga)(s,Se)2

Cu2ZnSn(S,Se)s

Direct current

Density functional theory

Deep level transient spectroscopy
Energy dispersive x-ray spectroscopy
Band gap energy

External quantum efficiency

Fill factor

High-resolution scanning electron microscopy
Indium tin oxide

Current density—voltage

Short circuit current density
Power conversion efficiency
Photoluminescence

Photovoltaic

Reactive close spaced sublimation
Radio frequency

Series resistance

Shunt resistance

Room temperature

Standard cubic centimeter
Scanning electron microscopy
Soda-lime glass

Thiourea

Substrate temperature
Open-circuit voltage

Selenium vacancy

Antimony vacancy

Valence band maximum

Vapor transport deposition

X-ray diffraction

X-ray diffraction incidence angle
Integral intensity of the PL band
Temperature dependent electrical conductivity
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1 Literature review

This chapter provides an overview of the fundamentals of photovoltaics, main properties
of CuSbSe2 and Sbh2Ses, common thin film deposition methods, and the development of
solar cells based on these materials. Basics of the photoluminescence spectroscopy as
the most relevant characterization technique used in this thesis is also introduced.

1.1 Fundamentals of photovoltaics

The direct solar energy conversion into electricity is based on the photoelectric effect of
the materials used for the energy harvesting. Semiconductors convert light energy from
the sun into electricity between an n-type and a p-type semiconductor at the p-n junction
interface, which contains electrons and holes [11].

Typical multilayer structure of a heterojunction solar cell consists of a substrate, back
contact, p-type absorber layer, n-type buffer layer, and transparent front contact. It can
be fabricated in a superstrate or a substrate configuration. Absorber materials with a
direct band gap in between 1.0 eV and 2.0 eV, and with an absorption coefficient (a) of
10*-10° cm in visible light spectral region, are applied [11]. The buffer is generally a
wide band gap n-type semiconductor between absorber and the transparent conducting
oxide layers [12]. Free charge carriers in the contact layer are removed from the solar
cell into the electrical circuit. Thus, environmentally friendly electrical energy without
unwanted greenhouse gas emissions is received.

1.1.1 Emerging materials for thin film PV
Thin-film photovoltaic technologies play a major role in preventing the carbon emission
and have the smallest environmental footprint of all photovoltaic solar energy conversion
technologies due to their energy and material efficient manufacturing processes.
Currently, the thin film PV market is dominated by the thin film a-Si, CdTe and CIGS,

even though they face the concern of high toxicity of cadmium and scarcity of indium
and tellurium contained in those materials. This has driven the research to concentrate
on other absorber materials made from abundant and environmentally benign elements:

e  Kesterite, i.e. Cu2ZnSn(S, Se)a (CZTSSe);

e Sb-containing binary and ternary chalcogenides, i.e. Sb2Ses and CuSbSe»;

e organic and inorganic Perovskite solar cells etc.

Quaternary CZTSSe compounds have gained significant attention and reached solar
cell efficiencies around 13% [13]. Currently, the researchers are facing the challenge of
high open circuit voltage deficit of kesterite solar cells arising from the combination of a
high density of trap defect states, band tailing, low carrier lifetime, and material
inhomogeneity.

Perovskites have revolutionized the emerging photovoltaic field achieving record-
breaking solar cell efficiencies. Hybrid organic—inorganic halide perovskite solar cells
(PSCs) were improved rapidly over the past few years. PSCs now possess an increased
output voltage (=1.1 V) and their PCE has increased rapidly from 3.8% in 2009 [14] to
over 25.8% in 2021 [15]. At present, the long-term stability of lead halide perovskite
cells is a problem. In addition to the stability issues, the usage of toxic lead (Pb) and
scaling-up are the main challenges towards bringing perovskite technologies to the
market. Despite the tremendous success of perovskite solar cells in recent years, Pb as
metal cation seems to be vital for achieving high efficiencies, as all devices with PCE
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values above 20% adopt Pb-based halide perovskites as absorber material.
Consequently, the associated toxicological hazard in case of unintentional liberation of
Pb-containing degradation products into the environment raises serious concerns in view
of the large-scale applicability of perovskite solar panels.

Figure 1 shows the evolution of solar cell performance for a variety of thin film
photovoltaic materials. CIGSe, CZTSSe and perovskites are showing a steady upward
trend, while the efficiency of CuSbSe2 and Sb»Ses just started to increase [16].

35 I I I I —

—a CIIGSe
= CZTS
30  cdTe —
4 Halide Perovskites

CsPbl,

Sn-Perovskites

251 °
B
A~ CuSbSe;
o
O

20

SnS
Sb,Se,

15

10

Photoconversion Efficiency (%)

1980 1990 2000 2010 2020
Year

Figure 1. Evolution of solar cell performance for a variety of thin film photovoltaic materials. Light
arrows are guides to the eye [16].

Among alternative compounds, binary and ternary antimony chalcogenides Sh>Ses
and CuSbhSe: are p-type semiconductors with great potential as absorbers for PV. Being
in the focus on this thesis, more detailed overview of the properties of these materials is
provided in the next section.

1.2 Binary and ternary Sb- chalcogenides as absorber materials

The two absorber materials for photovoltaics investigated in this study are CuSbSe> and
SbaSes. In the following, an overview of the state of the art in the literature is given,
particularly regarding their use as photovoltaic absorber materials.

1.2.1 CuSbSe;

1.2.1.1 Phase diagram of CuSbSe:

Cu—Sb-Se system is complicated because it contains besides CuSbSe: phase, at least five
binary or ternary phases including CuzSe, CuSe, Sbh2Ses, CusSbSes, and CusSbSes that could
exist as secondary phases if the samples are non-stoichiometric or prepared with an
inappropriate process [17].
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The phase diagram of CuzSe and SbaSes system is investigated in several studies
[18,19] and is presented in Figures 2A-C. CuSbSe: exists in a very narrow compositional
region; it should be close to 1:1:2 stoichiometry to prevent the formation of secondary
phases. Cu-Se phases are highly conductive and can cause a shunting effect having
therefore detrimental effect on the PV device performance. Another possible secondary
phase, SbhaSes, on the other hand has been shown to be an efficient PV absorber [20].
However, as a secondary phase with a different band gap, it will cause unwanted
recombination of charge carriers in the CuSbSe: based solar cell device. Due to the
narrow single phase material region, the synthesis of phase-pure CuSbSe: by the solid
state reaction is rather challenging.

Figure 2B presents the phase diagram of CuzSe-Sb2Ses, which was studied by Glazov
et al. [21]. More detailed study was performed by Golovei et al. [22], where the extension
of CuSbSez-based solid solution as 49.5-50.1 mol% Sb2Ses was determined. The maximum
melting temperature (491 + 3 °C) of CuSbSe: corresponds to the SbaSes content
49.6 mol% (Figure 2C). The melting temperature of the stoichiometric CuSbSe: is
481 £ 3 °C. Temperature values were measured using differential thermal analysis. In the
Cu-rich region, CusSbhSes is formed as an additional phase, and in the Sb-rich region
additional phase of Sb2Ses is formed.

a
3

-

(o]

.
8

900{

3

QoA

[ singe phase sample

Temperature, 7/°C
2

g
ss CuSbSe,

280°C ¥ A+ two-phase solid

%% §+CuSbSe, CuSbSe,+Sb,Se, 410 AA &AA‘DDUJ AAA A

70

v 390+
90
4 4 50 1 5
Sh,Ses P » > 5

10 50
Cu,Se mol. % Sb,Sey mol. % Sb.Se,

Figure 2. Phase diagrams of the Cu,Se-Sb,Ses system [18,21,22].

According to Figure 2C, the optimal composition of 49.6 mol% Sh,Ses and 50.4 mol%
CuzSe at 491 °C should be used for the synthesis of CuSbSea.

1.2.1.2 Structural properties of CuShSe:

CuSbSe: crystallizes in an orthorhombic chalcostibite-type layered structure with Pnma
space group [23]. It is composed of double CuSbSe: layers with an interlayer distance of
0.759 nm held together by weak van der Waals forces, as shown in Figure 3. Each layer
can be viewed as consisting of SbSe2 and CuSes chains along the b-axis connected by Sb
square pyramids and CuSes tetrahedral links. These continuous units are interconnected
to form layers perpendicular to the c-axis. Remarkably, analogous to Sh;Ses with
ribbon-like structure, this layered crystal structure, if oriented along the c-axis, should
provide some chemically inert surfaces (for surfaces enclosed by the CuSbSe; sheet) with
few surface states due to the devoid of dangling bonds, thus partly reducing the carrier
recombination loss at grain boundaries (GBs) [24].
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Figure 3. Crystal structure of CuSbSe; [24].

As shown in Figure 3, Sb atom is coordinated by three Se atoms with an average
Se-Sb-Se bond angle of 95.24°, meaning that only Sb 5p electrons form bonds with Se
and Sb 5s electrons are nonbonding to become lone-pair electrons. Thus, the localized
unoccupied Sb 5p orbitals in the lower region of conduction band (CB) enable CuSbSe: to
have (d+p) - p transition. Due to the high joint density of states (JDOS), the (d+p) = p
transition is generally much stronger than the (d+p) = s transition seen in conventional
thin film solar cell absorber materials such as CIGS and CZTSSe [24].

The lattice parameters calculated from the experimental diffraction pattern of CuSbSe2
were 0 =6.301 A, b=3.974 A, and ¢ = 14.993 A [24].

During the post-deposition annealing process, CuSbSe> may decompose into CusSbhSes
and SbaSes. CusShSes crystallizes in a famatinite-type structure, where both copper and
antimony are coordinated tetrahedrally by selenium. Ordering of the Se tetrahedra
results in a tetragonal superstructure of zincblende-type, characterized by a c/a ratio of
1.993. CusSbhSes with tetragonal structured has space group /42m with lattice parameters
a=5.6609(8) A, c =11.280(5) A [25].

1.2.1.3 Optical and electrical properties of CuSbhSe:
CuSbSe: has suitable properties like p-type conductivity, indirect and direct band gaps in
the range 1.04 - 1.2 eV [24,26-28], high absorption coefficient of 1.8 x 10° cm™ [29], and
a tunable hole concentration in a range of 10%°-10* cm3[30], which favor its application
in optoelectronics and photovoltaics. Trivalent Sb (Sb3*) with lone-pair 5s2 electrons is
known to be responsible for the large absorption coefficient of CuSbSez [31]. Recently,
Surucu et al. have determined the temperature dependence of the band gap energy of
CuShbSe2, which was found to follow the Varshni model [32]. They optical analysis by using
the derivative spectroscopy technique showed that CuSbSe; thin film has direct and
indirect band gap energies of 1.32 and 1.21 eV, respectively, at 10 K. In addition, a room
temperature photoluminescence spectrum of the studied CuSbSe: thin film was detected
at 1.30 eV.

For comparison, CusSbSes is a p-type semiconductor with a small direct band gap.
Theoretical calculations resulted in a band gap energy of 0.26 eV for CusSbSes [33].
Experimentally, the band gap of 0.29 eV was determined by optical absorption edge
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measurements for CusSbSes [34]. Such a low band gap material is not suitable for PV
applications and should also be avoided as a secondary phase in the absorber.

Due to the layered structure, charge transport in CuSbSe: is highly anisotropic as
carriers transport within the layer is much easier than between layers. In the latter they
are required to hop between CuSbSe: sheets weakly bonded by van der Waals forces.
In addition, fewer dangling bonds exist at the grain boundaries enclosed by the CuSbhSe:
sheets. If a CuSbSe: thin film could be engineered so that the CuSbSe: sheets would be
aligned vertically onto the substrate, directional charge transport and relatively benign
grain boundaries would be obtained, promoting carrier collection and reducing series
resistance of a solar cell. It was also demonstrated by Yang et al. [35] that CuSbSez-based
solar cells with preferred [013]- and [112]-orientations show better PV device efficiency.
Thus, in-depth understanding, and consequently identifying effective means of phase
and orientation control, is vital for the development of efficient CuSbSe2 photovoltaics
[35].

1.2.1.4 Defects in CuSbSe:

The electrical and optoelectronic properties of semiconductor materials (such as
conductivity and its type) are highly dependent on the chemical composition and defect
structure. Various point defects can exist in the CuSbSe: lattice, for example: vacancies
(Veu, Vsb, Vse), atomic substitutions (Cuss, Sbcu) and interstitial defects (Cui, Shi, Sei).
The formation and extent of defects is affected by the energy used to form them, which
in turn depends on the crystal growth conditions. For example, it is easier to remove a
Cu atom from the lattice and form a Cu vacancy (Vcu) if the growth medium is Cu-poor
(Cu partial pressure is low). It is more difficult to form Vcu if the growth medium is
Cu- rich [24].

Density functional theory (DFT) calculations have been performed in a small number
of studies to determine the formation energies and energy levels of potential point
defects for different chemical potentials in CuSbSez [24,36]. According to DFT
calculations, the dominating acceptor-type defect in Se-rich CuSbSe: is Vcu being also
behind the p-type conductivity of the material. For a Se-poor material, DFT predicts
nearly equal formation energies and defect concentrations for Vcu acceptor and
interstitial copper (Cui) donor defects, resulting in strong compensation and intrinsic
conductivity of the material [24]. Therefore, the Se-poor composition should be avoided
if the material is used as the absorber layer in solar cells. According to the theoretical
calculations, the Vcu acceptor has a shallow energy level at 0.08 eV above the valence
band maximum (VBM) and the Cui donor has an energy level at 0.15 eV below the
conduction band minimum (CBM). From deeper acceptor defects, Cusp has the lowest
formation energy and has an energy level at 0.29 eV above VBM as predicted by DFT [24].
On the other hand, theoretical calculations by Welch et al. [36] also predicted the high
probability for the presence of deep selenium vacancies (Vse) with amphoteric character
having both donor and acceptor states in the gap, which can trap the photoexcited
charge carriers affecting the charge carrier lifetime in the CuSbSe,. Transient terahertz
spectroscopy measurements have revealed an electron lifetime of 190 ps in the
CuSbSe: [36]. Experimentally, Rampino et al. [37] have determined from the temperature
dependent electrical conductivity measurements the activation energies of acceptor
defects of 0.045 eV and 0.14 eV in stoichiometric and Cu-poor CuSbSe;, respectively.
A deep acceptor level with an activation energy of 0.17 eV was detected by Soliman et al.
[38] also from the temperature dependent electrical conductivity measurements.
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Rampino et al. [37] have detected the contribution of a deep defect with the activation
energy of 270 meV to the total capacitance of the Cu-poor CuSbSe: thin film based cells by
admittance spectroscopy (AS) measurements. However, there was no photoluminescence
(PL) studies of this compound available in the literature at the beginning of this doctoral
study and therefore, no information is available about the radiative recombination
mechanisms and related defects in CuSbSea.

1.2.1.5 CuSbSe: preparation methods and application in solar cells
According to spectroscopic limited maximum efficiency calculations, the theoretical
power conversion efficiency of CuSbSe: solar cells is 27% [39].

Various methods have been used for the synthesis of CuSbSe: crystals including
mechanical alloying [40,41], fusion method [42], and solvothermal synthesis [43]. For the
synthesis of CuSbSe: thin films electrodeposition [26], reactive close-spaced sublimation
[44], electron beam evaporation [45], pulsed laser deposition [46] and sputtering
techniques have been used [28,36].

Mechanical alloying is a solid—state powder processing technique to obtain an alloy
from precursor powders by grinding in high-energy ball mill. Both, elemental or binary
precursors can be used. Zhang et al. [40] synthesized CuSbSe; polycrystalline compound
from elemental powders of Cu, Sb and Se by mechanical alloying. The phase evolution
during the mechanical alloying process was studied by XRD and it was concluded that the
formation of the ternary chalcostibite compound CuSbSe: starts with the reaction
between Cu and Se leading to the formation of binary compounds (CuSe and CuzSe).
With increasing the milling time, the refined Sb powders were gradually involved in the
reaction with Cu and Se to form the ternary chalcostibite compound CusSbSes and
ultimately CuSbSe: after a complete consumption of the Sb component. Tiwari et al. [41]
used mechanical alloying from elemental precursors to prepare source material for thin
film deposition by e-beam evaporation. As-deposited thin films were vacuum annealed
in the temperature range 350 - 400 °C for 1 hour to obtain stoichiometric (1:1:2) CuSbSe2
thin films.

Reactive close-spaced sublimation (RCSS) is a quite new technique, which is based on
traditional close-spaced sublimation (CSS) method. Wang et al. [44] used pre-sputtered
Cu layer as a substrate and Sb,Ses powder was evaporated using the traditional CSS
method. In RCSS method, the evaporated Sb2Ses decomposed partially and released Se,
which reacted with Cu to form CuzSe. The latter reacted with Sb2Ses to generate CuSbSea.
Using this method, high quality, single-phase CuSbSe: films with a doping density of
~10'® cm™ could be prepared at an optimal substrate temperature of 440-460 °C.
An encouraging PCE of 3.04% was obtained for photovoltaic devices with the substrate
configuration and structure of Zn0:Al/CuSbSe2/CdS/i-Zn0O/Zn0O:Al/Au.

Electron beam evaporation is one of the reliable techniques for the growth of thin
films of materials with high melting point and it can be useful for multi—-component
alloys [47]. Goyal et al. [45] deposited CuSbSe: thin films from pre-synthesized powder
using electron beam evaporation. The deposition temperature was varied from
200 400 °C. Optical and electrical analyses showed that the thin film grown at a substrate
temperature of 400 °C had strong absorption exceeding 10* cm™ in the visible spectrum,
a band gap ~1.2 eV, p-type conductivity, and carrier concentration of ~5.6 x 10> cm,
Solar cell devices were not presented in this study.

Pulsed laser deposition (PLD) is one of the most effective methods for the deposition
of high quality and adherent material layers with stoichiometric composition [48]. The PLD
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process is performed in a high vacuum chamber, where a pulsed laser beam is focused
onto the surface of the target material, which vaporizes and forms a plasma plume that
expands and condenses onto a substrate surface. In 2021, Goyal et al. [49] deposited
CuSbSe: thin films by PLD at room temperature as well as at 400 °C. As-grown films were
post annealed at 400 °C to improve the crystallinity. The results suggested that growth
temperature ~400 °C or above is required for the growth of single phase CuSbSe: film by
suppressing the growth of SbaSes secondary phase. The films had a band gap of ~1.2 eV,
p-type conductivity with a carrier concentration value of 1.2 x 108 cm?3, the resistivity
and mobility values were around ~5.59 Q-cm and ~1.10 cm? v-1s7?, respectively. No solar
cell device based on CuSbSez thin films by PLD has been published.

Magnetron sputtering is one of the physical vapor deposition (PVD) high-rate vacuum
coating techniques used to deposit metals, alloys, and compounds to form thin films with
thicknesses of nanometers. The sputtering process begins in a vacuum chamber, where
high energy argon ions from the plasma bombard the target (the cathode), atoms are
ejected from a solid target material and condense onto a substrate (the anode), forming
the film [50,51]. There are various advantages of magnetron sputtering such as easy
sputtering of any metal, alloy, or compound, high deposition rates, excellent uniformity
on large-area substrates and high adhesion of films.

Co-sputtering of the binary compounds (Cuz2Se and ShaSes) used in the present study
is a thin film deposition technique, which can provide the control on the stoichiometry
of the dense films over a large area with a high uniformity. There have been only few
studies on the fabrication and characterization of CuSbSe: thin films using the co-sputtering
method [17,28,36] and one study, where first Sb,Ses was deposited by PLD followed by
Cu deposition by magnetron sputtering onto the prepared Sb.Ses films [52].

Welch et al. [28,36] used for CuSbSe: absorber synthesis co-sputtering from binary
CuzSe and Sb:Ses targets. Depositions were performed in a sputtering chamber with
3 x 103 Torr of Ar and 107 Torr base pressure, the substrate temperature was varied
between 350-410 °C and cooled/heated in excess SbaSes flux. It was the first time, when
the PCE of 3% was reported for a PV device based on stoichiometric CuSbSe: thin film
deposited by sputtering [28].

In 2017, Welch et al. [36] presented CuSbSe: devices with PCE of 4.7%. The CuShSe:
thin films were deposited by combinatorial co-sputtering from binary Cu,Se and Sb.Ses
targets to create gradients in chemical composition across the absorber. It is known that
the structural and physical properties of films deposited by sputtering are strongly
affected by the growth process parameters such as gas pressure, RF power and substrate
temperature. From the sample library obtained with the combinatorial co-sputtering
technique, it was found that the “self-regulated” growth process in excess Sbh2Ses vapor
at 380 °C allowed to deposit the single phase CuSbSe: films with the desired stoichiometric
composition.

Kim et al. [17] deposited CuSbSe: thin films by RF magnetron co-sputtering with CuSe2
and Sb targets. A series of CuSbxSe: thin films were prepared with different Sb contents
adjusted by sputtering power, followed by rapid thermal annealing. The power for CuSe2
target was fixed to 40 W and for Sb target from 13 to 21 W. It was found that the
formation of phase impurities and changes in the surface morphology were directly
affected by the Sb sputtering power, with the formation of volatile components like
Sh,Ses(g) at higher powers. The crystallinity of the CuSbSe; thin films was enhanced in
the near-stoichiometric system at an Sb sputtering power of 15 W, and when increased
over 19 W, a considerable degradation in crystallinity was observed. Resistivity, carrier
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mobility, and carrier concentration of the near-stoichiometric CuSbSe: thin film were
14.4 Q-cm, 3.27 cm?/V-s, and 1.33 x 10Y7 cm3, respectively.

In addition to the above-mentioned methods, CuSbSe; thin films as absorbers have
been prepared also by other techniques. Xue et al. [24] reported CuSbSe»-based thin film
solar cell with PCE of 1.32%, which was fabricated by a hydrazine solution process. In 2018,
Rampino et al. [37] reported CuSbSe: thin film solar cells with 3.8% power conversion
efficiency, where absorber material was grown by the low-temperature pulsed electron
deposition (LTPED) technique. LTPED is a high energy growth method, based on the
sudden ablation of a polycrystalline target, by which complex materials can be deposited
at very low substrate temperature.

Experimental PCE of CuSbSe: solar cells is still low due to the presence of secondary
phases (CuzSe, SbaSes, CusSbSes, CusSbSes etc.), non-optimal interface between the
absorber and conventionally used CdS buffer layer, and strong recombination of the
charge carriers [35]. It is well known that native defects generate recombination routes
for the photogenerated charge carriers. As there is very little experimental information
about the defects and recombination mechanisms in CuSbSe;, the first part of the thesis
is focused on the photoluminescence study of CuSbSe: to address this knowledge gap.

1.2.2 szSeg,

1.2.2.1 Phase diagram and structural properties of Sh.Ses
Since SbzSes is a binary compound with no other stoichiometries (see Figure 4), phase
control in the system is trivial.
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Figure 4. The binary phase diagram for Sb and Se [53].

From the structural properties point of view, SbhaSes is a one-dimensional line type
compound consisting of covalently bonded (SbaSes)n ribbons that are stacked together
by van der Waals forces and crystallizing in orthorhombic crystal structure with space
group Pbnm [20]. The Sb2Ses grains can grow in a columnar manner enabling effective
charge carrier transport in one direction, similarly to CuSbSe>. Chen et al. [54] have
shown that carrier collection is significantly improved if the Sb;Ses grains are
preferentially grown along the [001] crystal direction (see Figure 5).
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Figure 5. Crystal structure of Sb,Ses. a) Perspective view down the short b-axis, highlighting the
“infinite chains” that extend through the crystal, with only the short bonds drawn. (b) Fragment
from the above chain, with atomic labelling and Sb=Se distances in A from experiment (bold) and
theory. (c) Structural drawing to emphasise the “weak” contacts along the c-axis, which connect
the strongly bonded 1D chains [55].

1.2.2.2 Optical and electrical properties of ShzSes
ShaSes belongs to V2-Viz (V = As, Sh, Bi; VI = S, Se, Te) binary materials that have been
attracting research interest due to their potential applications in photovoltaics [56].

ShoSes is a p-type material with high absorption coefficient (>10° cm™ at short
wavelength [57]) and nearly optimal band gap energy for solar energy conversion around
1.2 eV at T=300 K [58]. Both, direct and indirect band gap of Sb.Ses have been detected
[20,59]. Chen et al. [59] determined indirect band gap Egindirecr= 1.03 £ 0.01 eV and direct
band gap of Egdirect = 1.17 £ 0.02 eV at 300 K from the optical absorption measurements
of SbhaSes thin films. The energetic difference between the indirect and direct band gap
of Sb2Ses decreases towards lower temperatures and was found to be only 0.04 eV at
T =0 K.[60] At the same time, even smaller difference of about 0.025 eV at T=0 K was
reported by Birkett et al. [58] using temperature-dependent photoreflectance
spectroscopy.

Krustok et al. [60] have detected the A and B biexciton PL emission at 1.302 and
1.322 eV, respectively, at T=3 K. In addition, they observed A and B free exciton emission
at 1.311 and 1.333 eV, respectively. The binding energy of A and B biexcitons was 9 and
11 meV, respectively, and the binding energy of A free exciton was 6 meV.

Thin films have been observed to be p-type [54,56,61] due to Ses» defects [62] with
doping densities of 1.49 x 10> cm™ being reported for untreated devices [63]. Mobility
of the absorber material is an important parameter to be considered when designing and
optimizing the device configuration. The hole mobility in a single Sb2Ses grain along a-,
b- and c-direction were 1.17, 0.69 and 2.59 cm? V- s, respectively. The electron mobility
along c-direction was larger than 16.9 cm? V-t s [54]. Interestingly, Hobson et al. [64]
have been able to produce n-type SbSesthin films and crystals from the source material,
which included Cl impurities being the source of n-type conductivity.
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In addition, the conductivity of Sb2Ses has been reported to be anisotropic: parallel to
the ribbon direction conductivity at room temperature was measured to be
9x 108 Qtcm?, 2.2 times greater than the perpendicular value of 4 x 108 Q1-.cm™ [65].

1.2.2.3 Defects in Sbh2Ses

It is known that defects in the absorber material play a crucial role in determining the
solar cell performance. There is only little information available about the defects in
SbaSes. Recently, a comprehensive studies of the first-principles calculations of the
defects in Sb2Ses was published by Huang et al. [66] and by Savory et al. [67] stating that
due to the low symmetry of the quasi-one-dimensional structure of Sb.Ses, a series of
donor and acceptor levels are predicted in the band gap of the material, because each
point defect located at non-equivalent atomic sites can have very different properties.
More specifically, each unit cell is composed of 20 atoms, with 8 Sb and 12 Se, and there
are two non-equivalent Sb sites (denoted by Sb(1) and Sb(2)) and three non-equivalent
Se sites (denoted by Se(1), Se(2), and Se(3) as can be seen in Figure 5. Several uncommon
defects in binary chalcogenide compounds such as the two-anion-replace-one-cation
antisite 2Sesy producing a shallow acceptor level or an amphoteric Sbse defect, which has
equal capability of trapping an electron and a hole, are theoretically predicted in
ShaSes [61]. The latter was detected experimentally only recently for the first time by Lian
et al. [68] in Sb-rich Sbh2Ses.

The ab initio calculations predict Vs» and Sesy as dominant acceptor defects in Se-rich
ShzSes that is aimed for the PV applications [62,66,69]. Chen et al. [54] and Liu et al. [62]
have experimentally determined an acceptor defect with ionization energy E; = 111 meV
and E; = 107 meV from the temperature dependent conductivity measurements,
respectively. It was assigned to Sess defect as it is predicted by theoretical calculations as
the defect with the lowest formation energy in Sh2Ses with the energy level at about
0.1 eV above the valence band edge Ev [62,66]. The same defect was detected also
in AS measurements with E; =95 meV and the density of defects states about
1 x 10% cm™ eV~ [54]. The two deep acceptor defects with energy levels at Ev +0.48 eV
and Ev +0.71 eV detected in Sb2Ses by deep level transient spectroscopy (DLTS) were
assigned to Vspand Sesy, correspondingly [70]. A donor defect at Ec -0.61 eV detected in
the same DLTS study, was assigned to Sbse donor, which is predicted as the dominating
donor defect in Sb2Ses based on the theoretical calculations [66,67].

Tao et al. [71] published a temperature dependent AS study on ShzSes solar cells with
an efficiency of over 7% and detected the presence of three deep defect levels at
363 meV, 398 meV, and 435 meV, however, no assignment of the defects is provided to
the reader. Recently, Krautmann et al. [72] has determined a deep defect level at
Ev+0.39 eV from the temperature dependent AS on ShzSes thin film solar cells without
proposing a specific defect. Interestingly, it was also found in [70] that in different
samples, the defect densities of Sespand Sbse are always very similar suggesting that they
might form [Sesp + Sbse] defect complexes as is also predicted in the recent study by
Huang et al. [66]. An overview of the experimentally determined intrinsic defects in
Sh,Ses are summarized in Table 1.
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Table 1: Experimentally determined energy levels of intrinsic defects in Sb,Ses.

Energy level (meV) Proposed defect Method Reference

Ev+111 Sesh o (T)* [54]
Ev +95 Sesh AS [54]
Ev +480 Vsb DLTS [70]
Ev+710 Sesp DLTS [70]
Ec-610 Sbse DLTS [70]
Ev +286 - AS [73]
Ev +188 - AS [73]
Ev +60 Sesp o (T) [74]
Ec-378 - DLTS [75]
Ec -460 - DLTS [75]
Ec-690 - DLTS [75]
Ev +390 - AS [72]

* Temperature dependent electrical conductivity

1.2.2.4 Solar cells based on Sbh:Ses

The use of Sb,Ses as an absorber material in photovoltaics was investigated by Nair et al.
in the 2000s, achieving a rather low power conversion efficiency of 0.66% [76]. Since
then, a remarkable efficiency improvement up to 3.2% was achieved by Choi et al. in
2014 [77]. In the latter study, Sb2Ses was deposited on mesoporous TiO2 (mp-TiO2) by a
spin coating method using a single-source precursor and thermal decomposition,
followed by an annealing at 300 °C in argon atmosphere. The potential of the Sb2Ses
electrodeposited thin films in TiO2/Sb2Ses/CuSCN planar heterojunction solar cells with
PCE 2.2% was presented by Ngo et al. [78].

The first thermally evaporated Sh2Ses based solar cell with PCE of 2.1% was presented
by Liu et al. [79]. During thermal evaporation, Sh2Ses slightly decomposed leading to
the formation of Se deficient Sb2Ses-x due to the large vapor pressure of Se. Thus,
selenium vacancies (Vse) were formed, which are predicted to act as deep recombination
centers in Sh2Ses films [66]. Thus, an additional selenization step was introduced
to the thermal evaporation process in the study by Leng et al. [80] resulting in PCE of
3.7%.

Orientational control of the SbaSes film is predicted to be crucial to realize an efficient
carrier transport and benign GBs [81,82]. Therefore, the possibility of a correlation
between Sb.Ses film orientation and photovoltaic device performance was studied
by Zhou et al. [81]. By changing the substrate temperature, the preferred [211]
orientation of the Sb.Ses active layers was obtained, which improved the transport
properties and lowered recombination losses and resulted in lower series resistance (Rs),
improved fill factor (FF) and short circuit current density (Jsc) of the PV devices.
Finally, the oriented crystal growth perpendicular to the substrate showed a certified
device efficiency of 5.6% with superstrate configuration SLG/ITO/CdS/Sb2Ses/Au.
Krautmann et al. [72] were recently able to increase the presence of crystal planes in the
[001] direction in the Sbh2Ses thin film fabricated by the CSS method by implementing a
seed layer. In 2017, Wang et al. [83] presented 6%-efficient Sb,Ses solar cell with ZnO
buffer layer.
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Chen and co-workers succeeded to increase the efficiency up to 6.5% with
using PbS colloidal quantum dot film as a hole transport layer (HTL) in superstrate
SLG/ITO/CdS/Sb2Ses/HTL/Au solar cell. Consequently, an improvement was observed in
all solar cell parameters [84].

In 2018, Wen et al. [70] used a vapor transport deposition (VTD) method to develop
ShaSes solar cells. In the VTD process, both the substrate temperature and the distance
between source and substrate are adjustable, enabling not only highly oriented Sb.Ses
film, but also enormously improved film crystallinity and reduced bulk and interfacial
defects in Sb2Ses solar cells. By means of this technique, crystallinity of Sb2.Ses films was
improved and the efficiency of superstrate ITO/CdS/Sbh.Ses/Au solar cells increased up to
7.6% [70].

Following Wen’s work, Li and co-workers [20] constructed [001]-oriented nanorod
arrays of Sba2Ses on Mo-coated glass substrates by using the CSS method. A p-n junction
between Sb2Ses nanorods and CdS was formed and investigated. They showed that the
element Sb drifts through the entire CdS buffer layer if no definite protection was used.
Subsequently, they inserted a very thin TiO2 layer by atomic layer deposition (ALD)
method at the CdS/Sb.Ses heterojunction interface. This interface engineering with TiO>
enabled to obtain verified record conversion efficiency of 9.2% for the Sb2Ses solar cells
(Zn0O:Al/ZnO/CdS/TiO2/Sh2Ses nanorod arrays/MoSez/Mo) with an absorber thickness
over 1 um while maintaining a high FF of 70.3% [20].

The current efficiency record of 10.12% was obtained by using an injection vapor
deposition technology [85], but it is still lower than the theoretical predictions (> 30%,
according to Shockley-Queisser limit) [56]. The authors have brought out the suppressed
carrier recombination and excellent carrier transport in the record device. To conclude,
the efficiency of SbhaSes solar cells is still far from the theoretical value.

1.3 Post-treatment of CuSbSe; and Sb,Ses

Typically, post-deposition annealing improves the absorber quality by increasing the
crystallinity, tuning the crystal orientation, reducing the bulk trap density, and decreasing
nonradiative recombination losses. The general approach for improving the crystallinity,
optical and electrical properties of polycrystalline thin films of semiconductor
compounds is post-deposition annealing involving the introduction of additional volatile
elements such as the chalcogen [86]. Selenization process is used to compensate the Se
vacancy [79].

Some related studies have been done on the CuSbSe2 and Sb:Ses absorber layers.
Tang et al. [87] investigated the effect of rapid thermal annealing (RTA) at 300 °C in Ar
atmosphere on the CuSbSe: thin films prepared by one-step electrodeposition. After
rapid thermal processing, polycrystalline CuSbSe: thin film with improved morphology
was obtained.

Abouabassi et al. [88] studied annealing of electrodeposited films at 250-500 °C for
15 minutes under nitrogen flow. The annealing process changes the samples morphology
depending on the temperature. In the range 250-350 °C, the pure CuSbSe: phase was
obtained. At 400 °C, the sample became porous with an even distribution of cavities,
which was attributed to the evaporation of SbaSes phase, resulting from the decomposition
of CuSbSe: as follows (1):

3CuShSe: (s) ¢> CusSbSes (s) + ShzSes (g) T (1)
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From 400 to 500 °C, CuSbSez undergoes a preferential phase orientation change, as
well as the increasing formation of Cu-rich phases such as CusSbSes and CusSbSes due to
the partial decomposition of CuSbSe2 and due to the Sb losses.

Guo et al. [46] studied the annealing effect on the CuSbSe; films deposited by PLD.
The annealing temperature was varied from 300-450 °C. Structural changes were
characterized by XRD, which showed the most intense and sharp peaks for the CuSbSe>
films annealed at 350 °C for 15 minutes, indicating that this condition is most suitable for
the growth of CuSbSe; thin films in terms of crystalline quality.

Kim et al. [17] studied the effect of rapid thermal annealing at 350 °C for 30 minutes
under a N2 gas atmosphere on the CuSbSe: thin films prepared by co-sputtering process.
The carrier concentration in the order of 10 cm™ and resistivity in the range
10°-10! Q-cm, were determined for the annealed thin films. The annealed CuSbSe:
thin films showed resistivity, carrier mobility, and carrier concentration 14.4 Q-cm,
3.27 cm?/V:s, and 1.33 x 10 cm™3, respectively.

A selenization process at different annealing temperatures was also applied to
improve the Sb:Ses thin film quality since Sh2Ses partially decomposes during the
evaporation and the decomposition product Se has higher vapor pressure than Sb
resulting in the formation of a Se deficient Sb2Ses film. A selenization treatment at 200 °C
for the thermal evaporated Sh2Ses thin films has demonstrated a solar cell device
efficiency improvement from 2.6% to 3.7% [80]. In another study, the selenization
treatment of co-evaporated Sbh2Ses films was found to improve conversion efficiency
from 3.07% to 4.25%.[89] Similarly, sputtered Sh2Ses based solar cells with an efficiency
of 6.06% have been achieved by tuning the post-selenization parameters [90].
An open-circuit voltage (Voc) exceeding 500 mV has been achieved with thin-film solar
cells based on the sputtered and selenized Sbh2Ses [91]. The selenization of SbhaSes films
improves the film quality and device performance in two ways: (1) compensating the Se
loss during the deposition, which helps to reduce the Vse related recombination;
(2) forming a thin MoSe: layer at the Sh,Ses/Mo interface, eliminating the Schottky
barrier and reducing the recombination at the back interface [92]. Rijal et. al. [92]
systematically investigated the impact of post-deposition annealing temperature on the
structural and morphological properties of Sb2Ses thin films deposited on Mo-coated
glass substrates by CSS technique. It was found that the selenization temperature of 425
°C was beneficial to increase the grain size, crystallinity and orientation of the Sb.Ses
films. In addition, the Se loss during the CSS deposition was found to be compensated by
the selenization process leading to a significant device performance improvement up to
6.43% [92].

1.4 Photoluminescence spectroscopy

Photoluminescence spectroscopy is one of the most sensitive methods for studying
defects and photoexcited carrier recombination mechanisms in semiconductors.
Knowing the defects in a semiconductor material, it is possible to modify the technology
of the material production to change its electrical and optical properties according to our
needs. Consequently, we have used this technique in this work for studying the defects
and related recombination mechanisms in Sb2Ses and CuSbSea.

Photoluminescence is the optical radiation emitted by a physical system resulting
from excitation to a non-equilibrium state by irradiation with light [93]. As schematically
shown in Figure 6, an electron-hole pair is generated as a result of absorption of light
with an energy exceeding the bandgap energy of the material. Depending on the energy
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of the excitation, in the case of an excess energy, the absorption is followed by
thermalization of carriers to the band edges giving the released energy to the crystal
lattice. Upon returning to equilibrium state, electron and hole will recombine, which
results in the emission of a photon. Depending on the defects, which are present in the
studied material, different radiative transitions can be observed, see Figure 6. PL
emission arising from different recombination channels results in different behavior with
varying temperature and laser power. Hereby we shortly introduce the characteristic
features of most common radiative recombination mechanisms, including band-to-band,
donor-to-band and band-to-acceptor (also known as free-to-bound), and donor-acceptor
pair recombination.
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Figure 6. Most common radiative transitions observable with photoluminescence spectroscopy.

1.4.1 Band-to-band photoluminescence

Band-to-band (BB) recombination takes place between the free electrons and holes in
the conduction and valence band, respectively [94]. The corresponding PL band position,
which is at about the bandgap energy of the semiconductor, follows the temperature
dependence of the bandgap energy. The integrated intensity of the PL band @ originating
from the BB recombination follows the @ ~ P™ (P is laser power) relation with m ~ 1.

1.4.2 Excitonic transitions

Excitons are usually formed at low temperatures, where Coulomb attraction between
electrons and holes is relevant. The annihilation of such bound electron-hole pair results
in PL emission with an energy close to the bandgap energy of the material, the difference
from the band gap being equal to the binding energy of the exciton. Also, the exciton
band position follows the temperature dependence of the bandgap energy. The intensity
of an excitonic emission will decrease fast when the thermal energy overcomes the
exciton binding energy, being therefore thermally activated process. The energetic
position of an exciton emission band is not affected by the excitation intensity.
The integrated intensity of the PL band @ originating from the excitonic transitions
follows the @ ~ P™ relation with m > 1.

1.4.3 Free-to-bound PL (FB)

Band-to-band recombination usually dominates at high temperatures, where all the
shallow impurities are ionized. At low temperatures, where the thermal energy of
carriers is smaller than the ionization energy of the defects and carriers are frozen on
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impurities [94], a free-to-bound recombination can occur. FB recombination involves a
free carrier (electron or hole) and a charge (electron or hole) bound to a defect.

The emitted photon energy, Emax resulting from a free-to-bound recombination
involving an acceptor defect is described as (2):

Emax = Eg -Ea ; (2)

where Eg is the band gap energy and Ea is the ionization energy of an acceptor, which can
be determined from the thermally activated quenching process of the FB emission. With
increasing excitation power, FB PL band peak position does not change. The integrated
intensity of the PL band @ originating from the FB recombination follows the @ ~ P™
relation with m < 1.

1.4.4 PL from donor-acceptor pair (DAP) recombination

When there are both, donor and acceptor defects in the semiconductor, donor-acceptor
transitions can occur. Under illumination, electrons and holes can be trapped forming
neutral donors (D°) and neutral acceptors (A°) at the sites of ionized donors (D*) and
ionized acceptors (A7). In returning to equilibrium state some of the electrons on the
neutral donors will recombine radiatively with holes on the neutral acceptors and can be
represented by the reaction (3) [94]:

DO+A° > hv=D"+A (3)

There is an attractive Coulomb potential between the charged donor and acceptor,
this additional energy is also transferred to the emitted photon. The donor-acceptor pair
(DAP) emission band position can be calculated by the following equation (4) [94,95]:

Emax =Eg-Ea-Ep + eZ/ (4meoeR) (4)

where Eg is the band gap energy, Ea and Ep are the acceptor and donor ionization
energies, respectively, e is the electron charge, ¢ is the static dielectric constant, o is the
permittivity of vacuum, and R is the distance between the donor and the acceptor.

As excitation power density increases, the recombination involving more distant DAPs
saturates and mainly closer pairs having stronger Coulomb-interaction energy dominate
the recombination, resulting in the characteristic blue-shift of the DAP band with
increasing laser power. The blue-shift is usually in the order of 5-10 meV.

In the case of the DAP emissions, once the shallower defect forming the pair is ionized,
the FB transition will start to dominate.

1.5 Summary of the literature review and aim of the thesis

Based on the literature, a considerable effort has been invested to gain a better and
deeper understanding of structural, electrical and optical properties of binary and
ternary Sb-based chalcogenide semiconductors aiming at their possible applications in
photovoltaics. CuSbSe2and Sb2Ses appear to be a promising absorber materials for thin-
film solar cells due to their attractive optical and electrical properties, as well as earth-
abundant, low-cost and low-toxic constituent elements. CuSbSez-based solar cell has
reached to 4.7% and Sh>Ses—based solar cell has established a very rapid growth reaching
10.12% in short time, these are still much lower than the theoretically expected value

26



which is higher than 30%. One of the limiting factors for achieving higher efficiency of
the devices is high recombination losses. As defects play a crucial role in determining
the solar cell device performance, this thesis is dedicated to the studies of defects
and recombination mechanisms in CuSbSe2 and SbzSes absorber materials by
photoluminescence spectroscopy. At the beginning of this doctoral study, there were no
photoluminescence studies of CuSbSe2 and Sh.Ses absorber materials available in the
literature. Therefore, the objectives of this thesis are the following:

1. to prepare CuShSe: and SbhaSes polycrystalline materials with homogeneous
elemental and phase composition and to study their defect structure and related
recombination mechanisms by photoluminescence spectroscopy.

2. to optimize the magnetron co-sputtering conditions and annealing parameters of the
CuSbSe: thin films and to investigate the changes in the morphology, structural
properties and elemental and phase composition of the films depending on the
annealing conditions.

3. to fabricate CuSbSe: based thin film solar cells and characterize the photovoltaic
properties of these devices.
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2 Experimental details

This chapter describes the preparation methods applied for the synthesis of CuSbSez and
ShaSes polycrystalline samples (papers |, 1), as well as the magnetron sputtering method
used to deposit CuSbSe: thin films (paper Ill) and the characterization methods used to
analyse the obtained materials and devices.

2.1 Preparation of CuSbSe:

CuSbSe: polycrystalline material was synthesized by the molten phase reaction method
(Paper I). To obtain a single-phase polycrystalline material, 11 samples with different
chemical compositions and 3 different synthesis routes in the temperature region
450 900 °C was investigated. Also different precursor materials including binaries CuzSe
and SbzSes, or elementary Cu, Sb, and Se were experimented. The most homogeneous
material was synthesised from high purity precursor materials Cu, Sbh2Ses, and Se
(purchased from Alfa Aesar). The precursor materials were weighted in appropriate
ratios (Cu:Sb:Se is 1:1:2) to produce 0.5 g of CuSbSez and ground in an agate mortar, and
the mixture was loaded into a quartz ampoule and degassed. According to the literature,
the melting temperature of the stoichiometric CuSbSe: is 481 + 3 °C [96]. The synthesis
was performed above the melting point of the material. The stoichiometric mixture of
precursors was heated up in a furnace from room temperature (RT) to 900 °C for 3 hours
and maintained at this temperature for 1 hour. High temperature is used to increase the
rate of reaction in liquid phase. After that, the ampoule was taken out from the furnace
and quenched into cold water. The resulting polycrystalline ingot had a diameter of about
6 mm and a length of ~10 mm. For analysis, the ingot was broken into pieces.

2.2 Preparation of Sbh,Ses

SbaSes polycrystals were prepared by isothermal annealing the commercial high purity
(99.999%) ShaSes powder (purchased from Alfa Aesar) in sealed quartz ampoules at
T =350 °C in Ar atmosphere (100 Torr) in the presence of additional Se source for 30
minutes (Paper Il). Post-treatment in Se vapor was performed because the commercial
ShaSes failed to provide any PL signal. The post-treatment conditions were found to be
the optimal for SbzSes thin films studied in parallel [80,92] to obtain photoconductive
SbzSes with uniform stoichiometric composition.

2.3 Preparation of CuSbSe; thin films and solar cells

This section describes the pre-treatment process of the soda-lime glass substrates,
deposition parameters of magnetron sputtering for CuSbSe> thin films, the post-annealing
conditions, buffer layer deposition by chemical bath deposition and window layer
deposition by RF sputtering and the fabrication of solar cells (Paper Ill).

2.3.1 Preparation of the substrates

Soda-lime glass (SLG) substrates were cleaned in sulfuric acid in ultrasonic cleaner at
50 °C for 10 minutes, washed by deionized water, then dried by air flow and kept under
ultraviolet lamp for 10 minutes.
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2.3.2 Preparation and deposition of CuShSe; thin films by magnetron
sputtering

In this study, to deposit molybdenum (Mo) as back contact and CuSbSe: thin films as
absorber layers was used magnetron sputtering system by Angstrom Engineering
Evovac 030 with three sputtering sources with glow discharge (Figure 7).

Figure 7. Photograph of Angstrom Engineering Evovac 030 with three sputtering sources with glow
discharge and the substrate holder and 3 target holders.

The magnetron sputtering system contains the deposition chamber (schematic image
is presented in Figure 8), cooling system, low vacuum pump, high vacuum cryopump,
the substrate holder and 3 target holders. The substrate is at the top of the chamber and
the targets are at the bottom of the chamber.

—E Substrate
Sputtering Gas o * 7+
e T A Power
@——Target Atom 3
Line of Force of Supply
Magnetic Field °©
N—8 e —
— Oe
Ay
®
&
Target
Material
+—=] Magnets

Vacuum pump

Figure 8. Schematic image of magnetron sputtering chamber [50].

After cleaning the SLG substrates, Mo layer as back contact was deposited by DC
magnetron sputtering at substrate temperature of 400 °C under Ar pressure of 0.67 Pa
for 50 minutes.

CuSbSe: thin films were deposited by co-sputtering method from binary targets of
CuzSe (DC) and SbzSes (RF). In order to obtain CuSbSe: thin films with good adhesion,
crystallinity and homogenous composition, 19 test series were experimented by varying
the substrate temperature - RT, 300 °C, 350 °C, 380 °C, 400 °C. The purity of both targets
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was 99.99% (Testbourne Ltd). The rotational speed for glass substrate was 2 rpm.
The distance between the substrate (10 cm x 10 cm size) and the targets was set as
12 cm. The background pressure of the vacuum chamber was 9.3 x 10° Pa and the
process pressure was 0.53 Pa. The applied DC power for Cu,Se was varied between 18 to
27 W and RF power for Sbh2Ses was varied between 58 to 88 W.

CuzSe reacts with SbzSes phase to form CuSbSe: as expressed in Equation (5):

CuzSe (s) + ShaSes (s) <-> 2CuSbSe: (s) (5)

Based on the above experiments, the CuSbSe: thin films that were deposited for
50 min at a substrate temperature of 350 °C with a sputtering power of 27 W for CuzSe
and 88 W for SbaSes were selected for subsequent selenization experiments.

2.3.3 Post-annealing — selenization

The as-deposited CuSbSe: films were post-annealed in selenium vapor in a dual zone
heating tube furnace (Figure 9). Selenization was done in the degassed and sealed quartz
ampoules. The sample was placed at one end of the ampoule and the Se granule at the
other end. Temperatures of both zones were controlled separately.

Temperature of the sample side was varied from 380 to 420 °C, the annealing time
was varied from 10 to 60 minutes and the vapor pressure of selenium was kept constant
at 133.32 Pa (360 °C). After selenization, all samples were cooled down naturally to room
temperature.

Furnace zone 1 Furnace zone 2

9 cusbse, ([ ———) m) = y

Figure 9. Schematic illustration of selenization in a dual zone heating tube furnace.

2.3.4 Buffer layer and window layer deposition
The potential of selenized thin films as a solar cell absorber was evaluated by fabricating
the devices with the structure of SLG/Mo/absorber/CdS/i-ZnO/ZnO:Al. The CdS buffer
layer was deposited by chemical bath deposition method and ZnO window layer by RF
sputtering. ZnO consists of 2 layers: thin layer (40-50 nm) of intrinsic zinc oxide (i-ZnO)
and thicker layer of ZnO:Al (300-500 nm) - doped with 2% of aluminum to improve
conductivity. Base pressure in the chamber was 2-6 x 10 Torr, working pressure was
3-4 x 102 Torr. Power for RF sputtering was 100 W. For deposition of i-ZnO layer, the flow
rate of oxygen was 7.5 SCCM (cm3/min) and the flow rate of argon was 22.5 SCCM for
5 minutes. For ZnO:Al layer deposition, the argon flow with rate 30 SCCM for 45 minutes
were used without oxygen. Oxygen is required for stable stoichiometric composition of
i-Zn0O and to increase shunt resistance.

CdS was deposited from an aqueous solutions containing 0.02 M cadmium acetate
dihydrate (Cd(CH3COO)2¢2H:0) as source of Cd, 0.35 M thiourea (SC(NH2)2) as source of
S, 2 M ammonium hydroxide (NH4OH) as a buffer solution for keeping the pH at 11.6.
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The deposition time was 10 minutes and temperature was 60 °C. The buffer layer
deposition recipe has been previously developed in PV lab. Prior to CdS deposition,
the selenized films were etched with 10 wt. % KCN alkaline solution for 60 seconds to
remove undesired Cu-Se phases.

2.4 Characterization methods

The synthesized materials were investigated using Raman scattering, X-ray diffraction
(XRD), Energy Dispersive X-ray Spectroscopy (EDX), photoreflectance and temperature
as well as laser power dependent photoluminescence spectroscopy (PL) to determine
the crystallographic properties, phase composition, band gap energy and defects
dominating in the radiative recombination processes, respectively.

Room-temperature micro-Raman spectra were recorded by using a Horiba’s LabRam
HR800 spectrometer with a spectral resolution better than 1 cm™. A YAG: Nd laser with
a wavelength of 532 nm was used for excitation and the signal was detected with a
cooled multichannel CCD detection system. The laser spot size on the sample is around
10 pm in diameter.

For the temperature dependent PL measurements, a closed-cycle helium cryostat
(Janis CCS-150) was employed, enabling the measurements in the temperature range
from 10 K to 300 K. 442 nm line of a He-Cd laser was used for the PL excitation. The laser
power incident on the material was varied by using neutral density filters. The laser spot
size for these measurements was ~200 um in diameter. A 0.64 m focal length and
600 lines/mm grating monochromator was used for resolving the spectra. For PL signal
detection a Hamamatsu InGaAs photomultiplier tube was used.

The crystal structure of the studied samples was determined by XRD by using a Rigaku
Ultima IV diffractometer with monochromatic Cu Kal radiation (A = 1.5406 A) at 40 kv
and 40 mA operating with the silicon strip detector D/teX Ultra. The lattice constants
were determined using the Rietveld refinement procedure by Rigaku PDXL version
1.4.0.3 software.

The evolution of the surface morphology and the thickness of films was performed
with high-resolution scanning electron microscope (HR-SEM Zeiss Merlin). An operating
voltage of 3 kV was used for imaging. The chemical composition was determined using
an energy dispersive x-ray analysis (EDS) system (Bruker EDX-XFlash6/30 detector).
For EDS analysis an operating voltage 10 kV (and 20 kV for mapping) was used and the
concentrations of elements were calculated by using PB-ZAF standardless mode.

The photoreflectance (PR) measurements were made with a traditional setup [97],
where the 0.64 m focal length grating monochromator together with a 250 W halogen
bulb as a primary beam and a 45 mW He-Cd laser line (441 nm) as a secondary beam,
were used. The reflectance signal at 85 Hz was detected using a Si detector with a lock-
in amplifier in the spectral range from 1.1 to 1.3 eV.

Photovoltaic properties of devices based on CuSbSe: films were analyzed by
current-voltage characteristics (/-V) and external quantum efficiency (EQE) measurements.
I-V characteristics were measured under the 100 mW/cm? illumination using a Keithley
2400 Source Meter. EQE measurements were done using a computer-controlled SPM-2
monochromator and a 100 W halogen—tungsten light source.

31



3 Results and discussion

In this paragraph, the first two sections (3.1 and 3.2) present the results of structural,
compositional and optical properties of synthesized polycrystalline CuSbSez and Sb.Ses
materials. The third section (3.3) is dedicated to the results of structural and
compositional properties of co-sputtered and post-annealed CuSbSe: films, as well as the
optoelectronic properties of the solar cell devices based on these thin films.

3.1 Structural and elemental composition of CuSbSe; polycrystalline
samples

3.1.1 EDX, XRD and Raman analyzes of polycrystalline CuSbSe;

According to the EDX analysis, the bulk composition of synthesized CuSbSe: polycrystalline
material was Sb-rich with elemental composition: Cu 24.0 at.%, Sb 26.0 at.%, and
Se 50.0 at.%, which corresponds to the chemical formula Cuo.96Sb1.04Se2. The uniformity
of polycrystalline sample was analyzed by EDX mapping, which shows distribution of
elements in material. An example of the EDX mapping of a CuSbSe: polycrystalline
material is presented in Figure 10. (paper 1). The black and white image shows SEM image
of cross-section of polycrystalline CuSbSe2 sample, colored images show distribution of
individual elements — copper (blue), antimony (red) and selenium (green) and the middle
image of EDX mapping shows uniform distribution of all elements. A minor contribution
of Sha2Ses was also detected by EDX in the studied samples.

Figure 10. Elemental mapping of a synthesized CuSbSe; polycrystalline material by EDX.

The phase and crystal structure was analyzed by XRD and Raman spectroscopy. Figure
11 presents the XRD pattern of the studied material mainly consisting of the
characteristic peaks of CuSbSe, with orthorhombic structure Pnma. The determined
lattice parameters a = 6.308 A, b =3.985 A, and ¢ = 15.014 A are in good agreement with
the experimental data in the literature [98,99]. XRD analysis also revealed the minor
contribution of elemental selenium (Se-b JDPDF 01-073-2121).
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Figure 11. XRD pattern of the studied CuSbSe; polycrystalline material.

Due to the superposition between the peaks in the XRD pattern of the CuSbSe:
and some of the secondary phases, micro-Raman spectroscopy was used as a
comparative method for the phase analysis of the synthesized compounds. The Raman
spectrum of the CuSbSe: polycrystalline material is presented in Figure 12 showing the
characteristic peaks of CuSbSe> at 103, 139, and 214 cm™. In addition, minor contribution
of Sh,Ses (the shoulder peak at 189 cm™ [100]) to the Raman spectrum was detected.
The Raman peaks at 103, 139, and 214 cm™ are in correspondence with the data
presented in [41] and were assigned to the Ag, B2g, and Ag vibrational modes of CuSbSez,

respectively [24].

Figure 12. Raman spectrum of the studied CuSbSe; polycrystalline material showing characteristic
peaks of CuSbhSe; at 103, 139, and 214 cm. The dashed lines represent the fitting of the spectrum

with Lorentz peaks.
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3.1.2 Photoluminescence studies of polycrystalline CuSbhSe;

A detailed photoluminescence analysis of the synthesized CuSbSe: polycrystalline
material using various temperatures and laser excitation powers was performed.
The temperature and laser power dependencies of the PL spectrum of CuSbSe: are
shown in Figures 13(a) and 13(b), respectively. The PL spectrum of CuSbSe; at T = 10 K
consists of three asymmetric PL bands at 1.28 eV, 1.17 eV, and 0.90 eV, named PL1, PL2,
and PL3, respectively.
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Figure 13. (a) Temperature and (b) laser power dependencies (T = 10 K) of the PL spectrum of
CuSbSe,. Three PL bands at 1.28 eV (PL1), 1.17 eV (PL2), and 0.90 eV (PL3) at T = 10 K were detected.

The detected PL bands have a slightly asymmetrical shape with an exponential slope
on the low-energy side and were therefore fitted with an empirical asymmetric double
sigmoidal function [101] for the detailed analysis of the PL bands.

In general, the asymmetric shape of the PL bands is common to compensated
multinary semiconductors with a high concentration of native defects that induce spatial
potential fluctuations to the material [102—-104].

The potential fluctuations will lead to a local perturbation of the band structure, also
broadening the defect level distribution and forming band tails enabling additional
recombination paths for the light-generated charge carriers. From the laser power
dependence of the low-temperature PL spectrum of CuSbSe: (Figure 13b), a blueshift of
the PL1 and PL2 bands with increasing excitation power was detected with the
magnitudes of 8 meV/decade and 12 meV/decade, respectively. The peak position of the
PL3 band did not vary with the laser power. A large blueshift observed for the PL1 and
PL2 bands is typical for the recombination in a material including spatial potential
fluctuations and/or bandgap fluctuations and band tails [101,102]. The dependence of
the integrated intensity @(P) of PL bands on the excitation laser power P is following the
sublinear dependence @ ~ P™ as can be seen in Figure 14. Unfortunately, the PL bands
labelling was not correct in the paper I. The power coefficient m can be found as the
gradient of the @(P) plot on a log-log scale as shown in Figure 14(a) giving values
m =1.06, m=0.72,and m = 0.63 for the studied PL bands PL3, PL2, and PL1, respectively.
The detected m values for PL2 and PL1 bands that are smaller than unity indicate the
radiative recombination of charge carriers localized at defects within the bandgap [105].
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Figure 14. (a) Integrated PL intensity @ of different PL bands as a function of the laser power P.
The lines are least squares fit to the data. (b) Temperature dependencies of the integrated
intensities of the PL bands; solid lines present the fitting results with Eq. (6).

Figure 14(b) presents the temperature dependencies of the integrated intensities of
the PL bands @ from which the thermal activation energies were determined. The linear
dependence of In@(T) vs 1000/T at high temperatures was fitted by using the theoretical
expression (6) for discrete energy levels [106],

®(T) = 2o (6)

1+a1T3/2+a,T3/2 exp(—E7/kT)

where a; and a2 are the process rate parameters and Eris the thermal activation energy.

Thermal activation energies 165 + 6 meV and 1065 meV were obtained for the PL2
and PL3 bands in CuSbSe, indicating the involvement of rather deep defects in the
radiative recombination processes. There was no linear dependence of In®(T) vs 1000/T
at high temperatures found for the PL1 band. The temperature dependencies of the peak
positions of all three PL bands follow the temperature dependence of the bandgap
energy as presented in [24]. The peak position close to the bandgap of CuSbSe> around
1.3 eV at T = 10 K (considering that the bandgap at T = 300 K is 1.2 eV as found in [27])
and the behavior of the PL1 band with temperature allow us to propose that this
emission results from the band-to-band recombination that is usually an indication of
good optoelectronic quality of the material. It was observed in the laser power
dependence of the PL1 band that m = 0.63, which indicates to the defect related
recombination. As a result, the origin of PL1 band remains open and needs further studies.

The integrated intensity and the peak position of the PL2 band show the dependence
on temperature and laser power typical for the band-to-acceptor transition involving
holes localized in the acceptor level and electrons in the conduction band. The obtained
thermal activation energy obtained from the quenching of the PL2 band 165 + 6 meV
resembles the position of the deep acceptor level from VBM. Rampino et al. [37] and
Soliman et al. [38] also found deep acceptor defects with similar activation energy from
the temperature dependent electrical conductivity measurements. Based on the DFT
calculations [24], [36] the dominating acceptor defects with the lowest formation energy
in Cu-poor CuSbSe: are Vcy and Cusb. As the ionisation energy of Vcu is predicted to be

35



0.08 eV, which is much lower than the defect ionisation energy obtained from the PL
measurements in this study, we attribute the detected deep acceptor to Cuss, antisite
defect.

A thermal activation energy of PL3 band is 106 + 5 meV, which is rather small
considering the bandgap of the CuSbSez at T = 10 K. Such deep PL bands with low
activation energy and no shift with laser power are often found to result from the deep
donor—deep acceptor recombination in multinary chalcogenide semiconductors
[107,108]. We cannot exclude that this PL3 band could also be related to the Sb2Ses
secondary phase that was detected in the studied samples. Similar deep PL bands
showing very small thermal activation energies (on the order of few tenths of meV only)
were detected in closely related CuSbS: [109] and attributed to free-to-bound
recombination that, however, would require additional explanation of the large
discrepancy between the bandgap and PL band position. Hence, such deep PL bands as
is PL3 in this study should be investigated further.

3.2 Analysis of Sh,Ses polycrystals

3.2.1 XRD and Raman studies of Sb,Se; polycrystals

The XRD pattern and the Raman spectrum of the studied Sb:Ses polycrystals are
presented in Figure 15(a) and Figure 15(b), respectively. According to the XRD analysis,
the material crystallizes in orthorhombic structure of Sb,Ses with space group Pnma 62
(ICDD: 01-083-7430). All detected XRD peaks belong to Sb:Ses, only main diffraction
peaks are labelled for the clarity of the figure. The following lattice parameters were
determined: a = 1.17833(10) nm, b = 0.39776(6) nm and ¢ = 1.1634(2) nm being in
correspondence with the data reported by other research groups [110].
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Figure 15. The XRD pattern (a) and the Raman spectrum (b) of the studied Sh,Ses polycrystals
indicating to the single phase material.

The characteristic Raman spectrum of the studied Sb,Ses consisted of 6 Raman peaks
at 99, 125, 155, 185, 191 and 213 cm™, the Raman peak at 191 cm™ being the dominant
one. The obtained Raman spectrum is in good correlation with the published data by
Shongalova et al. [111] showing that the often found Raman mode around 250 cm™ that
is absent in our samples is corresponding to Sb203 instead of SbhaSes. No contribution
from the secondary phases to the XRD pattern and to the Raman spectrum of the studied
material could be detected.
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3.2.2 Photoreflectance study of Sh,Se; polycrystals

For determining the band gap of the studied Sb2Ses polycrystals, photoreflectance
spectroscopy in the temperature range from 120 K to 300 K was used. The PR spectrum
of ShaSes at T=300 K is presented in Figure 16. The measured PR spectra were analyzed
by the low-field line-shape function with a third derivative functional form, developed by
Aspnes [112]:

= = Re[4e™®(E — E, +ir) "], (7)
where E is the photon energy and A, @, E;, and G are the amplitude, phase, optical
transition energy, and broadening parameter of the spectrum, respectively. The exponent
nin Eqg. (7) depends on the type of the critical point, and determining its proper value
is of particular importance in analyzing PR spectra. n = 2.5, corresponding to a
three-dimensional critical point, was used for the fitting of all PR spectra. The band gap
E; =1.182 + 0.010 eV and the broadening parameter I = 74 £ 12 meV were found for
Sh2Ses at T = 300 K. The temperature dependence of the bandgap energy of Sb.Ses
presented in the inset graph of Figure 16 is in very good agreement with the data
presented in [58], however, they found slightly larger broadening parameter [ = 82 meV
at T=300 K.
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Figure 16. PR spectrum of the studied Sb,Ses crystals at T = 300 K. The red solid line presents the
fitting of the experimental data with Eq. (7). The inset graph presents the temperature dependence

of the bandgap energy of the material determined from the PR spectra in the temperature region
from 120 K to 300 K.

3.2.3 Photoluminescence study of Sb,Se; polycrystals

There was no detailed PL study of Sb.Ses available at the beginning of this doctoral study,
so this is the first one.
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Figure 17. The temperature dependence of the PL spectrum of the studied Sb,Ses; polycrystals.
The inset figure presents an example of the fitting of the spectra.

The temperature dependence of the PL spectrum of the studied Sb2Ses polycrystals in
the temperature region from T =10 K to T = 90 K is presented in Figure 17. The inset
graph presents the fitting of the spectrum at T = 10 K with an empirical asymmetric
double sigmoid function [101] resulting in three PL bands positioned at 1.24 eV (labelled
PL1), at 1.1 eV (labelled PL2) and at 0.94 eV (labelled PL3). To determine the type of
recombination, the temperature and laser power dependencies of the PL emission were
measured. The PL bands had slightly asymmetric shape with a steeper decline at
high-energy side and nearly temperature independent incline at the low energy side that
is common in semiconductors with band tails [102].The average depth of the band edge
fluctuations determined from the low energy side of the PL1 band at T= 10 K according
to [102] is y = 17 meV, which is smaller than the Urbach energy 38 meV at T=300 K found
by Chen et al. in [54] indicating to the good quality of our studied polycrystals.
The temperature dependence of the PL bands positions (Figure 18(a)) revealed a slight
shift towards higher energies in the case of the PL1 and PL3 bands. PL2 band peak
position shows a red-shift larger than the temperature dependence of the band gap [58].
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Figure 18. The temperature dependence of the PL band peak positions together with the band gap
energy E, from Ref. [54] presented as solid line (a), and the Arrhenius plot (b) showing the thermal
activation energies for the studied three PL bands in Sb,Ses obtained from the fitting of the curves
with Eq. (6).
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The thermal activation energies for the bands obtained from the Arrhenius plot
(Figure 18b) where the dependence of In/(T) versus 1000/T at high temperatures was
fitted by using theoretical expression (6) for discrete energy levels [106].

As predicted by the fast quenching of the PL spectra with temperature (see Figure 18)
small thermal activation energies Er(PL1) = 33 + 5 meV, Ef{PL2) = 65 + 6 meV and
E7(PL3) =93 £ 3 meV were obtained.

Considering the low temperature band gap of SbaSes E;=1.32 eV [58,59], the positions
of the detected PL bands at T = 10 K being quite distant from the band gap, and the
obtained small thermal activation energies, one can propose that the PL1 and PL3 bands
most probably arise from the donor-acceptor pair (DAP) recombination. The presence of
high concentration of donor-acceptor pairs is also predicted by the theoretical
calculations [66].

To analyze the recombination mechanisms behind the PL bands, also the laser power
dependence of the PL spectra was measured at T = 10 K, see Figure 19. The inset graphs
present the laser power dependencies of the PL bands positions and intensities.
The dependence of the integrated intensity @ (P) of PL bands on the excitation laser
power P is following the dependence @ ~P™ as can be seen from the inset graph in Figure
19. The power coefficient m can be found as the gradient of the @ (P) plot on a log-log
scale as shown in upper inset graph in Figure 19 giving m ~0.6 for all three PL bands.
The detected m value which is smaller than unity indicates to the radiative recombination
of charge carriers localized at defects within the band gap for all three PL bands [105].
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Figure 19. The laser power dependence of the PL bands of Sb;Ses at T=10 K. The inset graphs present
the laser power dependencies of the PL bands peak positions (bottom graph) and intensities (upper

graph).

The peak position of the PL2 and PL3 bands varied only slightly (less than
1 meV/decade) with the laser power. A blueshift of the PL1 band with increasing excitation
power was detected with the magnitude of 3 meV/decade, which is characteristic to
donor-acceptor pair recombination as well as to a semiconductor involving band tails
[102]. The emission energy from a donor-acceptor pair separated by a distance R can be
calculated by the equation (4) [95]. The relatively small shift of the PL3 band with laser
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power and rather “deep” peak position indicate to the DAP recombination via very close
donor-acceptor pairs, while the PL1 band involves DAP with larger distance between
donor and acceptor defects.

Due to a low symmetry of Sh2Ses crystal lattice, 2 different lattice sites for Sb and 3
different sites for Se exist (see Figure 5) [55]. The closest distance R = 0.2588 nm is
between Se(1) and Sb(2) sites corresponding to the Coulomb energy of 232 meV (¢ = 24
[54]). Considering the peak position of the PL3 band, the thermal activation energy, and
the bandgap energy of Sb.Ses, similar value for the Coulomb energy for the PL3 band is
expected. Accordingly, our results show that we have a donor-acceptor pair, where the
donor and acceptor defects occupy closest Se and Sb sites in the lattice.

These so-called deep donor-deep acceptor pairs (DD-DA) were discovered previously
in CdTe [113], in chalcopyrites [114], and in kesterites [107]. It is known that the electron
(hole) wave function in the deep donor (acceptor) level must be highly localized.
Therefore, for more distant pairs, there is practically no overlapping of carriers’” wave
functions and, consequently, no observable recombination emission. According to [66]
all single defects in SbhaSes are quite deep and therefore they indeed can form DD-DA
pairs. When paired, single acceptor and donor defect levels are pushed towards band
edges and the thermal activation energy of these complexes will become quite small.
While the PL1 band of more distant pairs shows a certain blueshift with increased
excitation intensity, the PL3 band corresponding to DD-DA pairs practically does not shift.

Moreover, DA pairs having somewhat larger separation and thus smaller Coulomb
energy can cause the observed slightly asymmetric shape of the PL bands in addition to
the broadening caused by the band tails. For example, Sb(1)-Se(3) sites are separated by
the distance R = 0.2664 nm and the corresponding Coulomb energy is only about 7 meV
smaller than for the closest distance.

The shallowest single acceptor defect in slightly Se-rich SbSes is Sesp(1) defect having
a depth of about 100 meV [54,66]. We can assume, that this defect is a component of DA
pair responsible for the PL1 band. The corresponding donor defect is not clear and
requires further studies.

We can see that PL1 quenches very fast with temperature showing small thermal
activation energy of 33 meV. As this PL band shifts slightly towards higher energies
with increasing temperature, it is proposed to originate from donor-acceptor pair
recombination. The same applies for PL3.

The PL2 band behaves differently from the PL1 and PL3 bands referring to a different
type of recombination. According to Figure 18 (a), the PL2 band peak position shows a
red-shift comparable or even slightly larger than the temperature dependence of the
band gap energy and it is independent of the magnitude of the laser power. However,
considering the PL2 band peak position, the low-temperature band gap of Sbh:Ses
Ey=1.32 eV [58,59] and the thermal activation energy for this PL band, it cannot be
attributed to a simple band-to-acceptor recombination. Moreover, the observed peak
position shift with temperature is an indication of the involvement of the band states in
the recombination process for the PL2 band. Therefore, the most probable origin of the
PL2 band was proposed to be related to grain boundaries. There are different models
about PL in the vicinity of grain boundaries, they all are based on band bending and thus
on local reduction of bandgap energy or the depth of defect levels. In this case, the
recombination can occur through tunnelling processes near grain boundaries, where a
significant band bending is present. Similar model was proposed also for Z-bands in CdTe
[115]. In the studied polycrystalline samples the concentration of grain boundaries is

40



quite high and therefore the intensity of the PL2 band is also relatively high. Of course,
further studies must be performed to clarify this recombination related to grain
boundaries.

3.3 Structural properties of as-deposited CuSbSe; thin films
This part is containing the results of the co-sputtered CuSbSe: thin films (Paper Ill).

3.3.1 SEM, EDX and Raman analyzes of CuShSe; thin films

Morphology of as-deposited CuSbSe: thin films were characterised by SEM. Figure 20a
shows SEM images of the cross-section and Figure 20b the surface of as-deposited
CuSbSe: thin film co-sputtered at 350 °C for 1 hour. Cross-sectional image of CuSbSe2
absorber shows that a compact film with thickness around 1.4 um was obtained.
Top-view of the film shows that the surface of as-deposited film is heterogeneous.
According to the EDX analysis, the as-deposited CuSbSe: polycrystalline thin films had
Cu-poor composition with elemental concentrations: Cu 22.4 at%, Sb 27.3 at% and
Se 50.3 at%. EDX elemental mapping analysis showed that the CuSbSe; thin films contain
Sb- and Se-rich regions - Cu 15.3 at%, Sb 32.7 at%, Se 52.0 at% (yellow and pink coloured
areas in the inset map in Figure 20b), which could correspond to Sbh.Ses phase.

Figure 20. SEM images of a) cross-section and b) surface of as-deposited Cu-Sb-Se thin film
sputtered at 350 °C. Enlarged view shows EDX elemental mapping of the surface regions of Sh;Ses.
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Figure 21. Raman spectrum of as-deposited CuSbSe; thin film together with the fitting using
Lorentzian peaks.
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Phase composition of the as-deposited film was determined by Raman analysis. Figure
21 shows Raman spectrum of as-deposited CuSbSe: thin film with peaks at 93, 103, 180,
209, and 214 cm™, which are attributed to CuSbSe; phase [41]. Additionally, Raman peak
at 192 cm was detected, which is assigned to Sb2Ses secondary phase [100].

According to XRD pattern presented in Figure 22a, as-deposited CuSbSe: thin film
consists of CuSbSe. phase (PDF 01-083-9473), which crystallize in orthorhombic
structure with space group Pnma. The determined lattice parameters for CuSbSe:
a=6.294A, b=4.015 A and c = 14.905 A are in good agreement with the literature data
[98]. Additionally, Sh2Ses phase (PDF 03—-065—-2433) was detected, which crystallizes also
in orthorhombic structure.
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Figure 22. XRD patterns of a) as-deposited CuShSe; thin film, b) selenized at 380 °C and c) selenized
at 420 °C.

3.3.2 Properties of selenized CuShSe; thin films
In this part, post-deposition annealing was done in a dual zone heating tube furnace.
As-deposited CuSbSe: films were selenized at temperatures 380- 420 °C for 10 to 60
minutes under selenium vapor pressure of 133.32 Pa.

In Figure 22b and 22c are presented XRD patterns of the CuSbSe: thin films after
selenization at 380 °C and 420 °C, respectively. The strongest diffraction peaks can be
perfectly indexed to a tetragonal structure CusSbSes (PDF 01 85-0003; space group
I-42m) with lattice constants a = 5.645 A and ¢ = 11.237 A, which are in good agreement
with the experimental data in the literature [110]. In addition to CusSbSes, the binary
antimony selenide phase with the orthorhombic structure (ICDD # 01-089—-0821, space
group Pbnm) with the unit cell parameters a = 11.617 A, b = 11.750 A, ¢ = 3.972 A
was detected. Results suggest that selenization at selected temperatures leads to
decomposition of CuSbSe: to CuszSbSes and ShaSes [36].
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Figure 23a and Figure 23b show SEM images of cross-section and surface of the films
selenized at 380 °C for 10 and 60 minutes. Cross-sectional SEM images show that the
selenization process results in the formation of a double layer structure of the films.

C) i L |b)
10 min 380°C | || 60 min 380 °C

Figure 23. SEM images of cross-section and surface of thin films selenized at 380 °C a) for 10 min
and b) 60 min, at 420 °C c) for 10 min and d) 60 min showing the formed double-layered structure
of the selenized films.

The thickness of the top layer increases from ~300 nm to ~500 nm by increasing the
annealing time from 10 to 60 minutes.

Figure 23c and Figure 23d show the SEM images of cross-section and surface of the
films selenized at 420 °C for 10 and 60 minutes, respectively. The crystals in the top layer
of the film are growing much larger with increasing the annealing temperature and time.
Furthermore, top-view SEM images (inset images in Figure 23d) show the formation of
large, sintered crystals after annealing at higher temperatures (420 °C). The thickness of
top layer after selenization at 420 °C for 60 minutes is approximately 700 nm.
The estimated thickness of the bottom layer is ~700 nm. Unfortunately, the formed thin
film also contains pinholes between large crystals exposing the Mo back contact.

After the selenization at 420 °C for 60 minutes, the double-layered films were analyzed
by EDX elemental depth profiles across the cross-section of the film as shown in
Figure 24. According to the EDX profile, Cu concentration increased from the bottom
layer to top layer (marked with a red line in Figure 24(b) and the concentration of Sb
decreased in the same direction (marked with a green line in Figure 24(b). The content
of Se was homogeneously distributed over the cross-section of film (marked with a blue
line in Figure 24(b). EDX analysis showed that the surface layer contains Cu 33.8 at% and
Sb 12.1 at% ([Cu]/[Sb] ratio is ~2.8) and near the Mo back-contact, the Cu content was
9.7 at% and Sb content was 33.3 at% ([Cu]/[Sb]~0.3). To determine the phase composition
of double-layered Cu-Sb-Se films, Raman analysis was performed on the cross-section of
samples.
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Figure 24. a) SEM images of cross-section of selenized CuSbSe; thin film at 420 °C for 60 min and
b) corresponding EDX profile.

Figure 25 shows the Raman spectra measured from the cross-section of CuSbSe: film
selenized at 420 °C. Based on the relative intensities of the Raman peaks, it shows that
on the back contact side (edge near Mo/SLG) is mainly Sb.Ses phase with characteristic
Raman peaks at 98, 191 and 212 cm™ [111]. On the front side (near the surface) is mainly
CusSbSes phase with characteristic Raman peaks at 165, 183, 227 and 234 cm™, which
are in correspondence with the data presented in [116]. Raman peak at 242 cm™ belongs
to MoSe; [117]. XRD analysis confirmed that CuSbSe. films decomposed after
selenization at 380 °C and 420 °C, the new phases appeared according to the formula (9):

6 CuSbSe: (s) + Sez (g) <-> 2 ShaSes (s) + 2CusSbSes (s) (9)
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Figure 25. Raman spectra of CuSbSe; thin film selenized at 420 °C for 60 min.

As CusSbSes compound detected as the top layer of the selenized films has very small
bandgap 0.29 eV [34], KCN chemical etching was applied before using the selenized thin
films as absorber layers in solar cells. KCN etching is typically used to remove
Cu-chalcogenide phases [118]. After the etching process, the remaining porous thin film
contained mainly Sbh2Ses phase (Sb 39.6 at%, Se 57.5 at% by EDX) with small amount of
Cu (2.9 at% by EDX).
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Figure 26. SEM image of the cross-section of solar cell with the structure:
SLG/Mo/Sb,Ses:Cu/CdS/i-ZnO/ZnO:Al.

Figure 26 shows the SEM image of cross-section of the prepared solar cell structure
glass/Mo/Sh,Ses: Cu/CdS/i-ZnO/Zn0:Al. Current-voltage characteristic of the device is
shown in the Figure 27a. The highest PCE of 3.2% was achieved with the following
parameters: the open circuit voltage (Voc) of the cell was 373 mV, FF = 52.1% and short
circuit current density (Jsc) 16.5 mA/cm?. The working area was 3.9 mm?2,

Figure 27b shows the EQE spectra of the solar cell structure
glass/Mo/Sb,Ses:Cu/CdS/i-ZnO/ZnO:Al. EQE was used to determine the band
gap (Eg) value of absorber material. The EQE spectra was measured as a function
of the incident light wavelength at room temperature in the wavelength range from
350 to 1200 nm. From the linear segment of the low-energy side of the construction
(EQE)? vs. E curves, the effective bandgap energy (E;*) was evaluated. Estimated band
gap value was 1.25 eV, which is in good correlation with reported bandgap values for
SbhaSes [119].
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Figure 27. a) J-V characteristic and b) EQE of solar cell with the structure:
SLG/Mo/Sb,Ses:Cu/CdS/i-ZnO/ZnO:Al.
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Conclusions

In this thesis, two polycrystalline materials - CuSbSe2 and Sh2Ses were successfully
prepared. At first, a structural and compositional analysis was performed, followed by a
detailed photoluminescence (PL) study. There was no PL studies of these compounds
available in the literature at the beginning of this doctoral study and therefore,
no information was available about the radiative recombination mechanisms and related
defects in CuSbSez and ShaSes.

In addition, CuSbSe: thin films were deposited by magnetron co-sputtering method
and their morphology, structural properties and elemental and phase composition were
investigated. CuSbSe> thin films with single phase composition were annealed under
selenium atmosphere at different conditions and the changes in the morphology,
structural properties and elemental and phase composition of the films depending on
the annealing conditions were investigated. Following conclusions can be drawn:

1. According to the compositional analysis by EDX, the bulk composition of

synthesized CuSbSe: polycrystalline material was Cu-poor and Sb-rich.
The uniformity of polycrystalline sample was analyzed by EDX mapping, which
confirmed the uniform distribution of all elements. The phase and crystal
structure analysis by XRD and Raman spectroscopy confirmed that CuSbSe:
crystallized in orthorhombic structure.

2. A detailed PL analysis of the synthesized CuSbSe: polycrystalline material using
various temperatures and laser excitation powers was performed. The results of
PL study showed that the low-temperature (T = 10 K) PL spectra of CuSbSe>
consists of three emission bands: PL1 (1.28 eV), PL2 (1.17 eV), and PL3 (0.90 eV).
Based on the peak positions and temperature dependencies of the PL spectra the
PL1 band is proposed to result from the band-to-band (BB) recombination and the
PL2 band from the band-to acceptor (FB) recombination involving deep acceptor
defect with an activation energy of 165 * 6 meV, which is attributed to Cuss
antisite defect. The latter may act as a strong recombination center in a solar cell
limiting the performance of the device. The origin of the PL3 band remains open
and is proposed to result either from the deep donor — deep acceptor
recombination or result from the Sb,Ses secondary phase detected in the CuSbSe2
polycrystalline material.

3. ShaSes polycrystalline sample was prepared by isothermal annealing of the
commercial Sb2Ses powder at 350 °C in Ar atmosphere in the presence of
additional Se source. According to the XRD analysis, the material crystallized in
orthorhombic structure of SbaSes. According to photoreflectance spectroscopy,
the band gap value of the studied SbzSes polycrystals was determined to be
Eg=1.182 £ 0.010 eV at room temperature.

4. Adetailed PL analysis of the prepared ShaSes polycrystalline material using various
temperatures and laser excitation powers was performed. The low-temperature
PL (T = 10 K) study of Sb2Ses showed that PL spectra consists of three PL bands:
PL1 (1.24 eV), PL2 (1.10 eV), and PL3 (0.94 eV). The temperature dependence of
the PL bands positions revealed a slight shift towards higher energies in the case
of the PL1 and PL3 bands. PL2 band peak position showed a red-shift larger than
the temperature dependence of the band gap. PL1 and PL3 bands were found to
originate from the donor-acceptor pair (DAP) recombination. PL1 band is close to
the low-temperature band gap of Sb2Ses 1.32 eV and involves more distant pairs
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and shallower defects, while PL3 band involves more close pairs and deeper
defects, which again is not favourable for the solar cell performance. The origin of
the PL2 band remains open, but is proposed be related to the recombination at
the grain boundaries. To analyze the recombination mechanisms behind the PL
bands, also the laser power dependence of the PL spectra was measured at
T=10K. The power coefficient m ~0.6 was found for all three PL bands.
The detected m value, which is smaller than unity, indicates to the radiative
recombination of charge carriers localized at defects within the band gap for all
three PL bands.

. Cu-poor CuSbSe: thin films were successfully deposited by magnetron sputtering
method at 350 °C. Structural analysis by XRD and Raman spectroscopy revealed
that as-deposited films consisted mainly CuSbSe, phase with minor traces of
ShaSes. The influence of post-deposition annealing temperature from 380-420 °C
and annealing time from 10 to 60 minutes in selenium atmosphere on the
morphology and phase composition of CuSbSe: as absorber layer was studied.
Structural analysis by XRD revealed that selenization at selected temperatures led
to decomposition of CuSbSe> to CusSbSes and Sh2Ses phases. Cross-sectional SEM
images showed that the selenization process resulted in the formation of a double
layer structure of the films. According to the EDX profile and Raman analysis,
double-layered Cu-Sb-Se films consisted from mainly Sb2Ses phase on the bottom
of the layer and CusSbSes on top of the layer. As CusSbSes compound has very
small bandgap 0.29 eV, KCN chemical etching was applied before using the
selenized thin films as absorber layers in solar cells. Chemical etching with
KCN aqueous solution effectively removed CusSbSes phase and remained
porous SbzSes:Cu layer was implemented in the device with structure:
SLG/Mo/Sh2Ses:Cu/CdS/i-ZnO/ZnO:Al and the power conversion efficiency of
3.2% was achieved.
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Abstract

Properties of CuSbSez and Sb.Se: Absorber Materials for
Solar Cell Applications

The development of efficient photovoltaic (PV) materials composed of nontoxic and
earth abundant elements is of utmost importance to meet the increasing demand for
electricity production. Currently, crystalline silicon comprises more than 95% of the total
revenue of the photovoltaic electricity market. The thin film PV market is dominated by
relatively high-efficiency CdTe and Cu(In,Ga)Sez-based solar cells. The most significant
issue facing CdTe cells is concern about the high toxicity of cadmium and the biggest
obstacle to the widespread use of CIGS is the relative scarcity of indium, which leads to
high material costs. Therefore, alternative thin film PV technologies are being developed.
Recently, significant efforts have been made to better and more deeply understand the
structural, electrical, and optical properties of binary and ternary Sb-chalcogenide
semiconductors due to their potential applications in photovoltaics.

The family of ternary Cu-Sb-Se includes different compounds, among which the
ternary chalcogenide CuSbSe: has great potential for single junction solar cell having a
layered orthorhombic structure, a p-type conductivity with the suitable bandgap in the
range from 1.04 to 1.2 eV, and a very high optical absorption coefficient of ~10° cm™.
The electrical and optoelectronic properties of semiconductor materials are highly
dependent on the chemical composition and defect structure. Photoluminescence
spectroscopy (PL) is one of the most sensitive methods for studying defects and
photoexcited carrier recombination mechanisms in semiconductors. Unfortunately, at
the beginning of this thesis, there was no information about detailed PL analysis of
CuSbSez. Therefore, the first aim of this thesis was to synthesize single phase CuSbSe:
polycrystalline material by the melting method and to study the defect structure and
related recombination mechanisms by temperature and laser power dependent PL.
CuSbSe: polycrystalline material with uniform composition was synthesized from high
purity Cu, Sb2Ses, and Se precursors at 900°C by the molten phase reaction method.
According to the compositional analysis by energy dispersive X-ray spectroscopy (EDX),
the bulk composition of the synthesized CuSbSe: polycrystalline material was Cu-poor
and Sb-rich. The phase and crystal structure analysis by X-ray diffraction (XRD) and
Raman spectroscopy confirmed that CuSbSe: crystallized in orthorhombic structure.

The results of PL study, which was the first one in the literature, showed that the
low-temperature (T = 10 K) PL spectra of CuSbSe2 consists of three emission bands: PL1
(1.28 eV), PL2 (1.17 eV), and PL3 (0.90 eV). Based on the peak positions and temperature
dependencies of the PL spectra the PL1 band is proposed to result from the
band-to-band (BB) recombination and the PL2 band from the band-to-acceptor (FB)
recombination involving deep acceptor defect with an activation energy of 165 = 6 meV,
which is attributed to Cusp antisite defect. The latter may act as a strong recombination
center in a solar cell limiting the performance of the device and should therefore be
avoided. The origin of the PL3 band remained open.

Antimony selenide (Sb2Ses) is also potential absorber material for environment-friendly
and cost-efficient photovoltaics that have shown considerable progress in recent years,
reaching 10.12% of power conversion efficiency for Sb2Ses-based solar cells. However,
the bulk defect states in Sb2Ses have become one of the major obstacles to further
efficiency improvement. Therefore, to obtain the missing information about defect
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structure and related recombination mechanisms in polycrystalline Sb2Ses, the
photoluminescence study was performed. Commercially available Sb>Ses powder was
isothermally annealed in Se/Ar atmosphere at 350°C. According to the XRD analysis,
the material crystallized in orthorhombic structure of SbaSes. According to
photoreflectance spectroscopy, the band gap value of the studied Sbh:Ses polycrystals
was determined to be £; = 1.182 + 0.010 eV at room temperature.

For the first time, a detailed PL analysis of the prepared Sb:Ses polycrystalline
material using various temperatures and laser excitation powers was performed.
The low-temperature PL (T = 10 K) study of Sbh2Ses showed that PL spectra consists of
three PL bands: PL1 (1.24 eV), PL2 (1.10 eV), and PL3 (0.94 eV). The temperature
dependence of the PL bands positions revealed a slight shift (in the order of few meV)
towards higher energies in the case of the PL1 and PL3 bands. PL2 band peak position
showed a red-shift larger than the temperature dependence of the band gap. PL1 and
PL3 bands were found to originate from the donor-acceptor pair (DAP) recombination.
PL1 band was close to the low-temperature band gap of Sb2Ses 1.32 eV and involved
more distant pairs and shallower defects, while PL3 band involved more close pairs and
deeper defects, which again is not favourable for the solar cell performance. The origin
of the PL2 band remains open, but is proposed be related to the recombination at the
grain boundaries. To analyze the recombination mechanisms behind the PL bands,
also the laser power dependence of the PL spectra was measured at T=10K.
The detected power coefficient m values were smaller than unity, which indicated to the
radiative recombination of charge carriers localized at defects within the band gap for all
three PL bands. Similarly to CuSbSe>, the detected deep defects should be avoided if the
material is to be used as an absorber in PV.

The last part of the thesis is dedicated to the study of CuSbSe: thin films deposited by
magnetron co-sputtering method from Cu:Se and Sh:Ses targets. The sputtering
parameters for homogeneous CuSbSe: thin film deposition was found to be following: a
substrate temperature of 350 °C, a sputtering power of 27 W for Cu.Se and 88 W for
ShaSes. CuSbSe: thin films were subsequently annealed under selenium pressure 1 Torr
to improve the properties of as-deposited absorber material. The annealing temperature
and annealing time were varied in the range from 380°C to 420°C and from 10 to 60
minutes, respectively.

According to EDX analysis, the as-deposited CuSbSe: thin films had Cu-poor
composition. XRD and Raman analysis showed that as-deposited films contained mainly
CuSbSe: phase. SEM images showed that as-deposited single-layered CuSbSe: films
changed to double layered structure after the selenization. The thickness of the top layer
increased from 300 nm to 500 nm by increasing the selenization time from 10 to
60 minutes at 380°C. The top layer thickness increased even more by increasing the
temperature to 420°C for 60 minutes. After selenization, the double-layer structure
contained CusSbhSes phase as top layer and Sh2Ses phase as bottom layer. CusSbSes phase
was removed effectively by chemical etching with 10% KCN alkaline solution.
The remained Sb:Ses:Cu layer was implemented into the solar cell structure:
SLG/Mo/Sh2Ses:Cu/CdS/i-ZnO/Zn0:Al.  Complete device was characterized by
current-voltage and external quantum efficiency (EQE) measurements. EQE curves were
used to estimate the bandgap energy value of absorber layer (E;=1.25 eV). The highest
efficiency of 3.2% with open circuit voltage of 373 mV, fill factor 52.1% and short circuit
current density 16.5 mA/cm? was achieved.
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In summary, first detailed PL studies of CuSbSe2 and SbaSes presented in this thesis
filled some knowledge gaps about the defects and photoexcited carrier recombination
mechanisms in these materials, but some PL bands detected in these experiments
still need further studies. This study also demonstrated CuSbSe: thin films with
good morphology and crystallinity deposited by co-sputtering method. During the
post-annealing process, the CuSbSe: films decomposed and formed a double-layer
structure, which were not applicable as absorber material in solar cells. Chemical etching
treatment removed undesired phases, giving the opportunity to make Sb2Ses:Cu-based
a solar cell with efficiency 3.2%, demonstrating alternative approach for the preparation
of doped Sh2Ses based thin film PV devices.
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Lithikokkuvote

Piikesepatarei absorbermaterjalide CuSbSe; ja Sbh.Se;
omaduste uurimine

Paikeseenergeetikas (PV) kasutatavate keskkonnasGbralike ja maapd&ues laialt levinud
elementidest koosnevate materjalide uurimine ja arendamine on Ulimalt oluline, et
rahuldada kasvavat ndudlust elektrienergia jarele. Praegu moodustavad kristallilise rani
baasil pdikesepaneelid enam kui 95% paikeseelektri  tootmisvdimusest.
Ohukesekilelistest tehnoloogiatest domineerivad turul suhteliselt kdrge kasuteguriga
CdTe ja Cu(ln,Ga)Sez-baasil paikesepaneelid. CdTe paikeseelementide suurimaks
probleemiks on kaadmiumi toksilisus ja CIGS-i laialdast kasutamist piirab indiumi
kadttesaadavus, mis tingib korged materjalikulud. SeetGttu uuritakse ja arendatakse
jarjepidevalt alternatiivseid materjale ja tehnoloogiaid Ghukesekileliste PV rakendusteks.
Viimastel aastatel on enam tdhelepanu saanud uued kahe- ja kolmekomponentsed
Sb-kalkogeniididel pohinevad pooljuhtmaterjalid, millede struktuursed, elektrilised ja
optilised omadused on paljulubavad padikesepatarei absorbermaterjalide rakendusteks.

Cu-Sb-Se perekonda kuuluvad erinevad tGhendid, mille hulgas on kolmekomponentsel
kalkogeniidil  CuSbSe>  suur potentsiaal absorbermaterjalina  Uhesiirdelises
paikeseelemendis. CuSbSez-I on kihiline ortorombiline struktuur, p-tldpi juhtivus, sobiv
keelutsoon vahemikus 1,04- 1,2 eV ja k&rge valguse neeldumiskoefitsent ~ 10° cm™.

Pooljuhtmaterjalide elektrilised ja optoelektroonsed omadused séltuvad suuresti
keemilisest koostisest ja defektstruktuurist. Fotoluminestsents spektroskoopia (PL) on
ks tundlikumaid meetodeid defektide ja kiirguslike rekombinatsiooniprotsesside
uurimiseks pooljuhtmaterjalides. Kdesoleva doktorit6d alguses ei olnud kirjanduses
teavet CuSbSe: iksikasjaliku PL analiilisi kohta. Siit tulenes ka kdesoleva doktorit6o
esimene eesmark siinteesida tihefaasiline CuSbSe2 polikristalne materjal sulatusmeetodil
ning uurida selle defektstruktuuri ja rekombinatsioonimehhanisme PL abil. Uhtlase
koostisega CuSbSe: polikristalne materjal siinteesiti kdrge puhtusega Cu, Sh2Ses ja Se
ldhteainetest 900 °C juures. Koostise analiilis naitas, et slinteesitud CuSbSe: oli
vasevaese ja antimonirikka koostisega. Struktuuriuuringud naitasid, et CuSbSe:
kristalliseerus ortorombilises kristallstruktuuris.

Esmakordselt teostatud madaltemperatuurse (T = 10 K) PL analllsi tulemused
naitasid, et CuSbSe> PL spekter koosnes kolmest kiirgusribast: PL1 (1,28 eV),
PL2 (1,17 eV) ja PL3 (0,90 eV). PL ribade asukohtade ja spektrite temperatuurisGltuvuste
pohjal leiti, et PL1 riba parineb tsoon-tsoon (BB) rekombinatsioonist ja PL2 riba
tsoon-aktseptor (FB) rekombinatsioonist, mis on seotud Cus, sligava aktseptordefektga,
mille aktivatsioonienergiaks méaarati 165 + 6 meV. Viimane vdib toimida tugeva
rekombinatsioonikanalina, mis piirab paikeseelemendi efektiivsust ja mille teket peaks
seetGttu dra hoidma. PL3 riba paritolu jai esialgu lahtiseks ja vajab lisauuringuid.

Sb2Ses on samuti potentsiaalne absorbermaterjal keskkonnasdbralike ja kulutdhusate
paikesepaneelide jaoks. SbaSes-baseeruvate paikeseelementide kasutegur on viimastel
aastatel ndidanud markimisvaarselt kiiret kasvu, saavutades kaesoleval aastal 10,12%.
ShaSes-s esinevad defektitasemed ja nende kaudu toimuvad rekombinatsioonilised kaod
on (heks peamiseks takistuseks korgemate kasutegurite saavutamisel. ShiSes
defektstruktuuri ja sellega seotud rekombinatsiooniprotsesse uuriti kdesolevas t60s
samuti fotoluminestsents spektroskoopia abil. Struktuurianallilis naitas, et eelnevalt
350°C juures Ar/Se aururdhus 138mutatud SbhzSes polikristalne pulber kristalliseerus
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ortorombilises struktuuris. Fotopeegelduse spektroskoopia abil madrati uuritud Sb2Ses
polikristallide keelutsooniks E; = 1,182 + 0,010 eV toatemperatuuril.

Poliikristalse Sbh2Ses jallegi esmakordselt teostatud detailse PL anallilisi jaoks kasutati
erinevaid temperatuure ja laseri ergastusvéimsuseid. Sb.Ses madaltemperatuurne
PL (T = 10 K) anallls naitas, et PL spekter koosnes kolmest PL ribast: PL1 (1,24 eV),
PL2 (1,10 eV) ja PL3 (0,94 eV). PL piikide asukohtade temperatuurisdltuvus naitas PL1 ja
PL3 piikide vaikest nihet (suurusjargus moni meV) kdrgemate energiate suunas. PL2 riba
maksimum nditas punanihet, mis on suurem kui keelutsooni temperatuuriséltuvus.
Leiti, et PL1 ja PL3 kiirgusribad on pd&hjustatud doonor-aktseptor paari (DAP)
rekombinatsioonist. PL1 riba asus Sb2Ses madaltemperatuurse keelutsooni (1,32 eV)
Iahedal ning hdlmas kaugemaid paare ja madalamaid defekte, samas kui PL3 riba hGlmas
lahemaid paare ja stgavamaid defekte, mis jallegi ei ole pdikeseelemendi kérgete
valjundparameetrite saavutamiseks kasulik. PL2 piigi tdpne pOhjus jai lahtiseks,
kuid seda voib seostada kristallide piirpinnal toimuva rekombinatsiooniga. Kiirguslike
rekombinatsiooni-mehhanismide anallitsiks kasutati ka madaltemperatuurset (T=10K)
PL spektrite laservGimsusest soltuvust, mille tulemusel leiti vdimsuskoefitsiendi m
vaartused, mis olid vdiksemad kui 1. See viitas, et kdigi kolme PL riba puhul on tegemist
laengukandjate kiirgusliku rekombinatsiooniga, milles osalevad keelutsoonis asuvatel
defektitasemetel lokaliseeritud laengukandjad. Leitud stigavate defektide teket tuleks
ara hoida, kui materjali on plaanis kasutada absorberina paikeseelemendis.

Doktorit66 kolmandas osas uuriti CuSbSe; dhukeste kilede sadestamist CuzSe ja SbaSes
markilaudadest magnetron- koospihustamise meetodil. Leiti, et homogeensete CuSbSe:
kilede sadestusparameetrid on jargmised: aluse temperatuur 350°C, Cu:Se ja SbzSes
pihustusvdimsused vastavalt 27 W ja 88 W. Seejérel 166mutati CuSbSe: kilesid Ar/Se
atmosfaaris, et parandada absorbermaterjali omadusi. L66mutamistemperatuuri ja
-aega varieeriti vastavalt vahemikus 380 °C kuni 420 °C ja 10 kuni 60 minutit.

Koostise ja struktuuri anallisid néitas, et sadestatud CuSbSe: kiled olid Cu-vaese
koostisega ja sisaldasid peamiselt CuSbSe: faasi. SEM pildid nditasid, et CuSbSe: kiled
lagunesid peale [66mutusprotsessi kahekihiliseks kileks. Pealmise kihi paksus suurenes
300 nm-It 500 nm-ni |66mutusaja pikendamisega 10 minutilt 60 minutile 380 °C juures.
Pealmise kihi paksus suurenes veelgi, tostes temperatuuri 420 °C -ni. Struktuuri analiiis
naitas, et kile Glemine kiht koosnes CusSbSes faasist ja alumine kiht Sb2Ses faasist.
CusSbSes kiht eemaldati tdhusalt keemilisel s6dvitamisel 10% KCN leeliselise lahusega.
Sdilinud Sb:Ses:Cu kihti kasutati absorbermaterjalina jargnevas paikeseelemendi
struktuuris: SLG/Mo/Sb2Ses:Cu/CdS/i-ZnO/Zn0:Al. Pdikeseelemendi valjund-parameetrite
iseloomustamiseks kasutati voolu-pinge analiilisi. Kvantefektiivsuse anallilisi kasutati
absorbermaterjali keelutsooni hindamiseks (Eg=1,25 eV). Suurim Sb;Ses:Cu baasil
valmistatud péaikeseelemendi kasutegur oli 3,2% valjundparameetritega: Voc=373 mV,
FF=52,1% ja Jsc= 16,5 mA/cm?.

Kokkuvotlikult voib oelda, et kdesolev doktoritoo taitis moned teadmiste lingad
CuSbSe: ja SbaSes esinevate defektide ja kiirguslike rekombinatsiooniprotsesside kohta,
mida uuriti esmakordselt kasutades fotoluminestsents spektroskoopiat. Moned
uuringutes leitud PL ribad aga vajavad tdiendavaid uuringuid. Doktoritdd raames
Onnestus sadestada hea morfoloogia ja kristallilisusega CuSbSe:> ohukesed kiled
magnetron-koospihustamise meetodil. Jarellddmutuse kdigus CuSbSe:z kiled lagunesid
kahekihiliseks kileks, mis ei sobinud paikeseelemendis kasutamiseks. Ebasobivad faasid
eemaldati téhusalt keemilisel soovitamisel ja saadud SbzSes:Cu absorbermaterjal
vOimaldas valmistada paikeseelemendid efektiivsusega 3.2%. Sellega pakuti vilja
alternatiivne meetod legeeritud Sb.Ses baasil Ohukesekileliste péaikeseelementide
valmistamiseks.
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The development of efficient photovoltaic (PV) materials com-
posed of nontoxic and earth abundant elements is of utmost impor-
tance to meet the increasing demands for electricity production.
Currently, the thin film PV market is dominated by the thin film
front-runners CdTe and Cu(In,Ga)Se, despite the fact that they face
the concern of high toxicity of cadmium and scarcity of indium con-
tained in those materials. This has driven the research to concentrate
on other absorber materials made from abundant and environmen-
tally benign elements.' In this context, quaternary Cu,ZnSn(SSe)y
compounds have gained significant attention and reached solar cell
efficiencies of 12.6%.” The efficiency has plateaued at around 13%
already for the past six years, and the researchers are facing the chal-
lenge of high open circuit voltage deficit of kesterite solar cells arising
from the combination of a high density of trap defect states, band tail-
ing, low carrier lifetime, and material inhomogeneity.

Among alternative compounds, ternary chalcogenide material
CuSbSe, (CASe) is one of the p-type semiconductors with great
potential having the bandgap in the range from 1.04eV to 1.2¢eV at
T =300K" " as reported by different research groups and a high opti-
cal absorption coefficient of ~10°cm™".” CASe is a line compound
that exists in the very narrow range of chemical compositions and has
an orthorhombic layered structure with the space group Pnma being
therefore crystallographically different from the extensively studied
kesterites and chalcopyrites.” Due to the narrow single phase material
region, the synthesis of phase-pure CuSbSe, by the solid state reaction

is rather challenging. Various methods have been used for the synthe-
sis of CASe crystals including mechanical alloying,"* fusion method,”
and solvothermal synthesis.’ Electrodeposition, ' sputtering,”'* and
reactive close-spaced sublimation'’ methods have been used for the
synthesis of CASe thin films. In the case of the current record solar cell
with an efficiency of 4.7%, the RF sputtering was used for the deposi-
tion of CASe thin film absorbers."” Theoretical spectroscopic limited
maximum efficiency analysis predicts an efficiency of 27% for the
CuSbSe, based solar cells, indicating a large space of growth for the
practical device efficiency."*

Only a couple of reports can be found about the optoelectronic
properties of CuSbSe,. In few studies, the results of the density func-
tional theory (DFT) calculations have been performed to determine
the formation energies and energy levels of possible point defects for
different chemical potentials in CASe.'”'” Based on the DFT calcula-
tions, the dominating defect in Se-rich CASe is the V¢, acceptor being
also behind the p-type conductivity of the material. In the case of a
Se-poor material, nearly equal formation energies and defect concen-
trations are predicted by DFT for the V¢, acceptor and Cu; donor
defects, resulting in strong compensation and intrinsic conductivity of
the material."” Therefore, the Se-poor composition should be avoided
if the material is used as the absorber for solar cells. According to the
theoretical calculations, the V¢, acceptor has a shallow energy level at
0.08 eV above the valence band maximum (VBM) and the Cu; donor
has an energy level at 0.15eV below the conduction band minimum
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(CBM)."” From deeper acceptor defects, Cugy, has the lowest formation
energy and has an energy level at 0.29 eV above VBM as predicted by
DFT in Ref. 15. On the other hand, theoretical calculations by Welch
et al."” also predict the high probability for the presence of deep sele-
nium vacancies Vs, with amphoteric character having both donor and
acceptor states in the gap, which can lead to photoexcited charge
carrier trapping influencing the charge carrier lifetime in CASe.
Transient terahertz spectroscopy measurements have revealed an elec-
tron lifetime of 190 ps in CASe."”

Experimentally, Rampino e al.'® have determined from the tem-
perature dependent electrical conductivity measurements the activa-
tion energies of acceptor defects of 45meV and 140meV in
stoichiometric and Cu-poor CASe, respectively. A deep acceptor level
with an activation energy of 0.17 eV was detected by Soliman et al."”
also from the temperature dependent electrical conductivity measure-
ments. Rampino et al.' have identified in the admittance spectroscopy
measurements on Cu-poor CASe thin films the contribution of a deep
defect with the activation energy of 270 meV to the total capacitance
of the cell. However, there are no photoluminescence (PL) studies of
this compound available in the literature, and therefore, no informa-
tion is available about the radiative recombination mechanisms and
related defects in this compound.

In this study, we synthesize the CuSbSe, polycrystalline material
by the melting method. The high purity precursor materials Cu,
Sb,Ses, and Se were weighted in appropriate ratios (Cu:Sb:Se is 1:1:2)
to produce 0.5 g of CuSbSe, and ground in an agate mortar, and the
mixture was loaded into a quartz ampoule and degassed. As according
to the literature the melting point for CASe is 490°C,'” the synthesis
took place above the melting point of the material. The stoichiometric
mixture of precursors was heated up in a furnace from room tempera-
ture (RT) to 900 °C for 3 h and maintained at this temperature for 1 h.
After that, the ampoule was taken out from the furnace and quenched
into cold water. The resulting polycrystalline ingot had a diameter of
about 6mm and a length of ~10 mm. For analysis, the ingot was
broken into pieces.

The synthesized material was investigated using Raman scattering,
X-ray diffraction (XRD), Energy Dispersive X-ray Spectroscopy (EDX),
and temperature as well as laser power dependent photoluminescence
spectroscopy (PL) to determine the crystallographic properties, phase
composition, and defects dominating in the radiative recombination
processes in order to improve the understanding of the fundamental
properties of this promising absorber material for solar cells.

The crystal structure of the studied CASe sample was determined
by XRD by using a Rigaku Ultima IV diffractometer with monochro-
matic Cu K1 radiation (4 = 1.5406 A) at 40kV and 40 mA operating
with the silicon strip detector D/teX Ultra. Micro-Raman spectra were
recorded by using a Horiba’s LabRam HR800 spectrometer with a
532 nm laser line. For PL excitation and signal detection, the 442 nm
line of a He-Cd laser and a Hamamatsu InGaAs detector were used,
respectively. A closed-cycle helium cryostat was employed to measure
the temperature dependency of the PL spectrum in the temperature
range from 10K to 300 K. The EDX analysis was performed on a Zeiss
Merlin high-resolution scanning electron microscope equipped with a
Bruker EDX-XFlash6/30 detector.

According to the EDX analysis, the synthesized CASe polycrys-
talline material had uniform Sb-rich composition—Cu 24.0 at. %, Sb
26.0at. %, and Se 50.0at. %, which corresponds to the chemical

scitation.org/journal/apl

formula CuSb;;Se,;. A minor contribution of Sb,Se; was also
detected by EDX in the studied samples. An example of the EDX map-
ping of a CASe polycrystalline material is presented in Fig. 1.

Figure 2 presents the XRD pattern of the studied material mainly
consisting of the characteristic peaks of CuSbSe, with orthorhombic
structure Pnma. The determined lattice parameters a=6.308 A,
b=3.985A, and c=15.014 A are in good agreement with the experi-
mental data in the literature.'”*” XRD analysis also revealed the minor
contribution of elemental selenium (Se-f JDPDF 01-073-2121).

Due to the superposition between the peaks in the XRD pattern
of the CASe and some of the secondary phases, micro-Raman spectros-
copy was used as a comparative method for the phase analysis of the
synthesized compounds. The Raman spectrum of the CASe polycrys-
talline material is presented in Fig. 3 showing the characteristic peaks
of CuSbSe, at 103, 139, and 214 cm . In addition, minor contribution
of Sb,Se; [the shoulder peak at 189 cm™ ! (Ref. 21)] to the Raman spec-
trum was detected. The Raman peaks at 103, 139, and 214 cm ™' are in
correspondence with the data presented in Ref. 4 and were assigned to
the Ay, By, and A, vibrational modes of CuSbSe,, respectively.'”

As mentioned in the introduction of this paper, there are no pho-
toluminescence studies of CuSbSe, available in the literature. We per-
formed a detailed photoluminescence analysis of the synthesized
CuSbSe; polycrystalline material using various temperatures and laser
excitation powers. The temperature and laser power dependencies of
the PL spectrum of CASe are shown in Figs. 4(a) and 4(b), respec-
tively. The PL spectrum of CASe at T = 10K consists of three asym-
metric PL bands at 1.28¢eV, 1.17¢eV, and 0.90 eV, named PL1, PL2,
and PL3, respectively. The detected PL bands have a slightly asymmet-
rical shape with an exponential slope on the low-energy side and were
therefore fitted with an empirical asymmetric double sigmoidal func-
tion (see the details in Ref. 22) for the detailed analysis of the PL bands.
In general, the asymmetric shape of the PL bands is common to com-
pensated multinary semiconductors with a high concentration of
native defects that induce spatial potential fluctuations to the mate-
rial.”*” The potential fluctuations will lead to a local perturbation of
the band structure, also broadening the defect level distribution and

FIG. 1. Elemental composition mapping of a synthesized CASe polycrystalline
material by EDX.
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FIG. 2. XRD pattern of the studied CuSbSe, polycrystalline material.
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resent the fitting of the spectrum with Lorentz peaks.
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forming band tails enabling additional recombination paths for the
light-generated charge carriers.

From the laser power dependence of the low-temperature PL
spectrum of CASe, a blueshift of the PL1 and PL2 bands with increas-
ing excitation power was detected with the magnitudes of 8 meV/
decade and 12 meV/decade, respectively. The peak position of the PL3
band did not vary with the laser power. A large blueshift observed for
the PL1 and PL2 bands is typical for the recombination in a material
including spatial potential fluctuations and/or bandgap fluctuations
and band tails.”*”” The dependence of the integrated intensity ® (P)
of PL bands on the excitation laser power P is following the sublinear
dependence @ ~ P™ as can be seen in Fig. 5. The power coefficient m
can be found as the gradient of the ®(P) plot on a log-log scale as
shown in Fig. 5(a) giving values m = 1.06, m = 0.72, and m = 0.63 for
the studied PL bands PL1, PL2, and PL3, respectively. The detected m
values for PL2 and PL3 bands that are smaller than unity indicate the
radiative recombination of charge carriers localized at defects within
the bandgap.”® The m value above the unity observed for PL1 generally
indicates the excitonic or band-to-band transitions.

Figure 5(b) presents the temperature dependencies of the inte-
grated intensities of the PL bands @ from which the thermal activation
energies were determined. The linear dependence of In®(T) vs 1000/T
at high temperatures was fitted by using the theoretical expression for
discrete energy levels,””

@

O(T) =
M 140y T2 + 0, T3/2 exp (—Er /kT)’

(1)

where o; and o, are the process rate parameters and Ey is the thermal
activation energy. Thermal activation energies 165+ 6meV and
106 = 5 meV were obtained for the PL2 and PL3 bands in CASe, indi-
cating the involvement of rather deep defects in the radiative recombi-
nation processes. There was no linear dependence of Ind(T) vs
1000/T at high temperatures found for the PL1 band. The temperature
dependencies of the peak positions of all three PL bands more or less
follow the temperature dependence of the bandgap energy as pre-
sented in Ref. 15. The peak position close to the bandgap of CASe
around 1.3 eV at T = 10K (considering that the bandgap at T =300 K
is 1.2¢eV as found in Ref. 5) and the behavior of the PL1 band with
laser power and temperature allow us to propose that this emission
results from the band-to-band recombination that is usually an indica-
tion of good optoelectronic quality of the material.
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FIG. 5. (a) Integrated PL intensity @ of different PL bands as a function of the laser
power P. The lines are least squares fit to the data. (b) Temperature dependencies
of the integrated intensities of the PL bands; solid lines present the fitting results
with Eq. (1).

Appl. Phys. Lett. 115, 092101 (2019); doi: 10.1063/1.5114893
Published under license by AIP Publishing

115, 092101-3



Applied Physics Letters

The integrated intensity and the peak position of the PL2 band
show the dependence on temperature and laser power typical for the
band-to-acceptor transition involving holes localized in the valence
band tail and electrons at a deep acceptor level. The obtained thermal
activation energy obtained from the quenching of the PL2 band
165 = 6 meV resembles the position of the deep acceptor level from
VBM. Rampino et al.'® and Soliman et al.'” also found deep acceptor
defects with similar activation energy from the temperature dependent
electrical conductivity measurements.

The PL3 band with a thermal activation energy of 106 * 5 meV
is rather small considering the bandgap of the CuSbSe, at T=10K.
Such deep PL bands with low activation energy and no shift with laser
power are often found to result from the deep donor—deep acceptor
recombination in multinary chalcogenide semiconductors.”*”’ The
behavior of the PL3 band depending on the temperature and laser
power should be studied further and samples presenting this PL band
separately would be very useful for the more detailed analysis. We can-
not exclude that this PL3 band could also be related to the Sb,Ses sec-
ondary phase that was detected in the studied samples. Similar deep
PL bands showing very small thermal activation energies (on the order
of few tenths of meV only) were detected in closely related CuSbS,”
and attributed to free-to-bound recombination that, however, would
require additional explanation of the large discrepancy between the
bandgap and PL band position. Hence, such deep PL bands as is PL3
in this study should be investigated further.

In conclusion, the results of a detailed photoluminescence study
on a CuSbSe, perspective absorber material for PV applications are
presented. Radiative recombination in CuSbSe, polycrystalline
material was studied by temperature and laser power dependent
photoluminescence spectroscopy that revealed the band-to-band and
band-to-deep acceptor transitions. In addition to the edge emission,
we were able to detect experimentally from the PL measurements the
presence of the theoretically predicted deep acceptor defect with an
activation energy of 165 = 6 meV in the studied CuSbSe,.

This work was supported by Institutional Research Funding
No. IUT19-28 and Personal Research Funding No. PUT1495 of the
Estonian Ministry of Education and Research and by the European
Regional Development Fund, Project No. TK141.
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Antimony selenide (Sb,Ses) absorber material has great potential for low-cost photovoltaics due to its
excellent optoelectronic properties and low processing temperatures. This study presents detailed
temperature and excitation power dependent photoluminescence (PL) analysis of Sb,Ses; polycrystals
revealing the dominating radiative recombination mechanisms and related defects in the studied ma-
terial. The low-temperature (T=10K) PL spectrum consisted of three bands at 0.94eV, 1.10eV and
1.24 eV, the last one located close to the low-temperature band gap of Sb,Se3 1.32 eV. The PL bands at
1.24 eV and 0.94 eV were found to originate from the donor-acceptor pair recombination, the first one at
1.24 eV involving more distant pairs while the second one at 0.94 eV resulting from the deep acceptor —
deep donor pair recombination. Third PL band at 1.10eV is proposed to be related to the grain
boundaries.

Donor-acceptor pairs

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Antimony selenide (Sb,Ses) belongs to V,—VI3 (V = As, Sb, Bi;
VI = S, Se, Te) binary materials that have been attracting research
interest due to their potential applications in photovoltaic and
thermoelectric devices, as well as in Li- and Na-ion batteries
[1-3]. Its constituent elements are of low-toxicity, earth-abun-
dant, and inexpensive. SbySes is a p-type material with high ab-
sorption coefficient (>10°cm~'at short wavelength [4]) and
nearly optimal band gap energy for solar energy conversion
around 1.2eVat T=300K [5]. Solar cells based on core-shell
structured SbySes; nanorod array have recently reached effi-
ciencies of 9.2% [6].

From the structural properties point of view, SbySes is a one-
dimensional line type compound consisting of covalently bonded
(Sb4Seg ), ribbons that are stacked together by van der Waals forces
and crystallizing in orthorhombic crystal structure with space
group Pbnm [6]. The Sb,Ses grains can grow in a columnar manner
enabling effective charge carrier transport in one direction. Both,
direct and indirect band gap of SbySes have been detected [6,7].
Chen et al. [7] determined indirect band gap Eg ;=1.03 +0.01 eV
and direct band gap of Eg, ¢ = 1.17 + 0.02 eV at 300K from the op-
tical absorption measurements of SbySes thin films. The energetic

* Corresponding author.
E-mail address: maarja.grossberg@taltech.ee (M. Grossberg).

https://doi.org/10.1016/j.jallcom.2019.152716
0925-8388/© 2019 Elsevier B.V. All rights reserved.

difference between the indirect and direct band gap of Sb,Ses de-
creases towards lower temperatures and was found to be only
0.04eVatT=0K.

Defects in the absorber material play a crucial role in deter-
mining the solar cell performance. There is very little information
available about the defects in SbySes. Recently, a comprehensive
study of the first-principles calculations of the defects in Sb,Se; was
published by Huang et al. [8] stating that due to the low symmetry
of the quasi-one-dimensional structure of Sb,Ses, a series of donor
and acceptor levels are predicted in the band gap of the material
since each point defect located at non-equivalent atomic sites can
have very different properties. Even the presence of some un-
common defects in binary chalcogenide compounds such as the
two-anion-replace-one-cation antisite 2Ses,, producing a shallow
acceptor level is predicted by the theoretical calculations in the
same study [8].

The ab initio calculations predict Vsp and Sesp as dominant
acceptor defects in Se-rich Sb,Ses that is aimed for the PV ap-
plications [8—10]. Chen et al. [11] and Liu et al. [10] have
experimentally determined an acceptor defect level with
E, =111 meV and E, = 107 meV from the temperature dependent
conductivity measurements, respectively. It was assigned to Sesp,
defect as it is predicted by theoretical calculations as the defect
with the lowest formation energy in Sb,Ses; with the energy level
at about 0.1eV above the valence band edge [8,10]. The same
defect was detected also in admittance spectroscopy measure-
ments with E; =95 meV and the density of defects states about
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1x 10" cm~>ev~! [11]. The two deep acceptor defects with en-
ergy levels at Ey+0.48 eV and Ey+0.71 eV detected in Sb,Ses by
deep level transient spectroscopy (DLTS) were assigned to Vsp
and Sesp, correspondingly [12]. The donor defect at Ec — 0.61 eV
detected in the same DLTS study, was assigned to Sbse donor.
Recently, Tao et al. [13] published a temperature dependent
admittance spectroscopy study on SbySes solar cells with an ef-
ficiency of over 7% and detected the presence of three deep
defect levels at 363 meV, 398 meV, and 435 meV, however, no
assignment of the defects is provided to the reader. Interestingly,
it was also found in Ref. [12] that in different samples, the defect
densities of Sesp and Sbse are always very similar suggesting that
they might form [Ses, + Sbse] defect complexes as is also pre-
dicted in the recent study by Huang et al. [8].

Photoluminescence is a valuable tool for studying recombina-
tion mechanisms and related defects in a semiconductors, however,
no defect studies of SbySe; by luminescence methods could be
found in the literature. Only a low-temperature (T = 7 K) PL spectra
of SbySejs thin films were reported by Shongalova et al. [14], where
the presence of two broad (~100 meV) deep PL bands at 0.75 eV and
0.85 eV is detected. However, there is no analysis of the data pre-
sented to the reader. Hence, the aim of this study is to fulfil the gap
and provide a detailed analysis of the PL spectra of high quality
Sb,Ses polycrystals to reveal the radiative recombination mecha-
nisms and related defects.

2. Experimental

The 5N purity Sb,Ses polycrystals from Alfa Aesar were post-
annealed in isothermal sealed quartz ampoules at T= 623K in Ar
atmosphere (100 Torr) in the presence of additional Se source for
30 min as these were found to be the optimal post-treatment
conditions for SbySes thin films studied in parallel in order to
obtain photoconductive SbySe; with uniform stoichiometric
composition.

The elemental and phase composition of the sample were
determined by Energy Dispersive X-ray spectroscopy (EDX) and
Raman spectroscopy. The EDX analysis was performed on Zeiss
Merlin high-resolution scanning electron microscope equipped
with the Bruker EDX-XFlash6/30 detector. According to the EDX
analysis, the SbySe; samples have close to stoichiometric compo-
sition, being very slightly Se-rich. Micro-Raman spectra were
recorded by using a Horiba’s LabRam HR800 spectrometer with a
532 nm laser line with the spot size of 10 um in diameter. The
crystal structure of the studied Sb,Ses was determined by X-ray
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diffraction (XRD) by using a Rigaku Ultima IV diffractometer with
monochromatic Cu K1 radiation (A = 1.5406 A) at 40 kV and 40 mA
operating with the silicon strip detector D/teX Ultra. The lattice
constants were determined using the Rietveld refinement pro-
cedure by Rigaku PDXL version 1.4.0.3 software.

A 0.64m focal length single grating (600 mm~') mono-
chromator and the 442 nm line of a He—Cd laser with different
power and spot size of 100 um in diameter were used for the PL
measurements. For PL signal detection a Hamamatsu InGaAs pho-
tomultiplier tube was used. A closed-cycle helium cryostat was
employed to measure temperature dependencies of the PL spectra
at temperatures from 10K to 300 K.

The photoreflectance (PR) measurements were made with a
traditional setup [15] where the f= 64 cm grating monochromator
together with a 250 W halogen bulb was used as a primary beam
and a 45mW He—Cd laser (441 nm) as a secondary beam. The
reflectance signal at 85 Hz was detected using a Si detector with a
lock-in amplifier in the spectral range from 1.1 to 1.3 eV.

3. Results and discussion
3.1. Structural properties

The XRD pattern and the Raman spectrum of the studied Sb,Se3
polycrystals are presented in Fig. 1a and Fig. 1b, respectively. Ac-
cording to the XRD analysis, the material crystallizes in ortho-
rhombic structure of Sb,Ses with space group Pnma 62 (ICDD: 01-
083-7430). All detected XRD peaks belong to SbySes, only main
diffraction peaks are labelled for the clarity of the figure. The
following lattice parameters were determined: a = 1.17833(10) nm,
b=0.39776(6) nm and ¢ = 1.1634(2) nm being in correspondence
with the data reported by other research groups [16].

The characteristic Raman spectrum of the studied Sb,Se; con-
sisted of 6 Raman peaks at 99, 125, 155, 185, 191 and 213 cm~ !, the
Raman peak at 191 cm™! being the dominant one. The obtained
Raman spectrum is in good correlation with the recently published
data by Shongalova et al. [17] showing that the often found Raman
mode around 250cm™! that is absent in our samples is corre-
sponding to Sby03 instead of SbySes. No contribution from the
secondary phases to the XRD pattern and to the Raman spectrum of
the studied material could be detected.

3.2. Photoreflectance and photoluminescence results

For determining the band gap of the studied Sb,Ses polycrystals,

20 1 Sb,Se; 191 (b) |
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Raman shift (cm™)

Fig. 1. The XRD pattern (a) and the Raman spectrum (b) of the studied Sb,Se; polycrystals indicating to the single phase material.
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Fig. 2. PR spectrum of the studied Sb,Ses crystals at T=300K. The red solid line
presents the fitting of the experimental data with Eq. (1). The inset graph presents the
temperature dependence of the bandgap energy of the material determined from the
PR spectra in the temperature region from 120K to 300 K. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

photoreflectance spectroscopy in the temperature range from
120K to 300 K was used. The PR spectrum of SbySes at T=300K is
presented in Fig. 2. The measured PR spectra were analyzed by the
low-field line-shape function with a third derivative functional
form, developed by Aspnes [18]:

%:Re[Ae"d’(Engnr)*"], m

where E is the photon energy and A, ¢, Eg, and I' are the amplitude,
phase, optical transition energy, and broadening parameter of the
spectrum, respectively. The exponent n in Eq. (1) depends on the
type of the critical point, and determining its proper value is of
particular importance in analyzing PR spectra. n=2.5, corre-
sponding to a three-dimensional critical point, was used for the
fitting of all PR spectra. The band gap E; = 1.182 +0.010 eV and the
broadening parameter I' =74 + 12 meV were found for Sb,Se; at
T=300K. The temperature dependence of the bandgap energy of
SbySes presented in the inset graph of Fig. 2 is in very good
agreement with the data presented in Ref. [5], however, they found
slightly larger broadening parameter I' = 82 meV at T=300K.

The temperature dependence of the PL spectrum of the studied
Sb,Ses polycrystals in the temperature region from T=10K to
T =90Kis presented in Fig. 3. The inset graph presents the fitting of
the spectrum at T=10K with an empirical asymmetric double
sigmoid function [19] resulting in three PL bands positioned at
1.24eV (PL1), 1.10eV (PL2) and 0.94 eV (PL3). The PL bands have
slightly asymmetric shape with a steeper decline at high-energy
side and a nearly temperature independent incline at the low-
energy side that is common in semiconductors with band tails
[20]. The average depth of the band edge fluctuations determined
from the low energy side of the PL1 band at T= 10K according to
Ref. [20] is y =17 meV, which is smaller than the Urbach energy
38 meV at T=300K found by Chen et al. in Ref. [11] indicating to
the good quality of our studied polycrystals.

The temperature dependence of the PL bands positions (Fig. 4a)
revealed a slight shift towards higher energies in the case of the PL1

Temperature:
10K

| aT=sK
90K

PL Intensity (arb. units)

PL Intensity (arb. units)

0.8 0.9 1.0 1.1 12 1.3

E (eV)

Fig. 3. The temperature dependence of the PL spectrum of the studied Sb,Ses poly-
crystals. The inset figure presents an example of the fitting of the spectra.

and PL3 bands. PL2 band peak position shows a red-shift larger
than the temperature dependence of the band gap [5]. The thermal
activation energies for the bands obtained from the Arrhenius plot
(Fig. 4b) where the dependence of InI(T) versus 1000/T at high
temperatures was fitted by using theoretical expression for discrete
energy levels [21]:

Do

M =17 aT372 + a; 1372 exp( — Er/KT)’

(2)

where ¢ is integrated intensity, «; and ay are the process rate
parameters and Er is the thermal activation energy. As predicted
by the fast quenching of the PL spectra with temperature (see
Fig. 3) small thermal activation energies Eypr1)=33+5meV,
Er(pr2) = 65 + 6 meV and Eyp3) = 93 + 3 meV were obtained.

Considering the low temperature band gap of SbySes
Eg=1.32 eV [5,7], the positions of the detected PL bands at T= 10 K
being quite distant from the band gap, and the obtained small
thermal activation energies, one can propose that the PL1 and PL3
bands most probably arise from the donor-acceptor pair (DAP)
recombination. The presence of high concentration of donor-
acceptor pairs is also predicted by the theoretical calculations [8].

To analyze the recombination mechanisms behind the PL bands,
also the laser power dependence of the PL spectra was measured at
T=10K, see Fig. 5. The inset graphs present the laser power de-
pendencies of the PL bands positions and intensities. The depen-
dence of the integrated intensity @ (P) of PL bands on the excitation
laser power P is following the dependence @ ~ P™ as can be seen
from the inset graph in Fig. 5. The power coefficient m can be found
as the gradient of the @(P) plot on a log-log scale as shown in upper
inset graph in Fig. 5 giving m ~0.6 for all three PL bands. The
detected m value which is smaller than unity indicates to the
radiative recombination of charge carriers localized at defects
within the band gap for all three PL bands [22].

The peak position of the PL2 and PL3 bands varied only slightly
(less than 1 meV/decade) with the laser power. A blueshift of the
PL1 band with increasing excitation power was detected with the
magnitude of 3 meV/decade, which is characteristic to donor-
acceptor pair recombination as well as to a semiconductor
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Fig. 5. The laser power dependence of the PL bands of Sb,Ses at T=10K. The inset
graphs present the laser power dependencies of the PL bands peak positions (bottom
graph) and intensities (upper graph).

involving band tails [20]. The emission energy from a donor-
acceptor pair separated by a distance r can be calculated by the
following equation [23]:

o2

hvmax =Eg — (Eqa + Eg) (3)

" dmeger”

where Eg is the bandgap energy, E; and E4 are the acceptor and
donor ionization energies, respectively, r is the distance between
the donor and acceptor, e is the electron charge, ¢ is the static
dielectric constant, and &g is the permittivity of vacuum. The last
term of Eq. (3) describes the Coulomb interaction between the
donor and acceptor defects. The relatively small shift of the PL3
band with laser power and rather “deep” peak position indicate to
the DAP recombination via very close donor-acceptor pairs, while
the PL1 band involves DAP with larger distance between donor and
acceptor defects.

Due to a low symmetry of SbySes crystal lattice, 2 different
lattice sites for Sb and 3 different sites for Se exist [24]. The closest
distance r=0.2588nm is between Se(1) and Sb(2) sites

corresponding to the Coulomb energy of 232 meV (e =24 [11]).
Considering the peak position of the PL3 band, the thermal acti-
vation energy, and the bandgap energy of SbySes similar value for
the Coulomb energy for the PL3 band is expected. Accordingly, our
results show that we have a donor-acceptor pair, where the donor
and acceptor defects occupy closest Se and Sb sites in the lattice.
These so-called deep donor-deep acceptor pairs (DD-DA) were
discovered previously in CdTe [25], in chalcopyrites [26], and in
kesterites [27]. It is known that the electron (hole) wave function in
the deep donor (acceptor) level must be highly localized. Therefore,
for more distant pairs, there is practically no overlapping of carriers
wave functions and, consequently, no observable recombination
emission. According to Ref. [8] all single defects in Sb,Ses are quite
deep and therefore they indeed can form DD-DA pairs. When
paired, single acceptor and donor defect levels are pushed towards
band edges and the thermal activation energy of these complexes
will become quite small. While the PL1 band of more distant pairs
shows a certain blueshift with increased excitation intensity, the
PL3 band corresponding to DD-DA pairs practically does not shift.
Moreover, DA pairs having somewhat larger separation and thus
smaller Coulomb energy can cause the observed slightly asym-
metric shape of the PL bands in addition to the broadening caused
by the band tails. For example, Sb(1)-Se(3) sites are separated by
the distance r = 0.2664 nm and the corresponding Coulomb energy
is only about 7 meV smaller than for the closest distance.

The shallowest single acceptor defect in slightly Se-rich Sb,Ses is
Sesp(1) defect having a depth of about 100 meV [8,11]. We can as-
sume, that this defect is a component of DA pair responsible for the
PL1 band. The corresponding donor defect is not clear and requires
further studies.

The PL2 band behaves differently from the PL1 and PL3 bands
referring to a different type of recombination. According to Fig. 4
(a), the PL2 band peak position shows a red-shift comparable or
even slightly larger than the temperature dependence of the band
gap energy and it is independent of the magnitude of the laser
power. However, taking into account the PL2 band peak position,
the low-temperature band gap of SbySe3 Eg = 1.32 eV [5,7] and the
thermal activation energy for this PL band, it cannot be attributed to
a simple band-to-acceptor recombination. Moreover, the observed
peak position shift with temperature is an indication of the
involvement of the band states in the recombination process for the
PL2 band. Therefore, we propose that the most probable origin of
the PL2 band is related to grain boundaries. There are different
models about PL in the vicinity of grain boundaries, they all are
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based on band bending and thus on local reduction of bandgap
energy or the depth of defect levels. In this case, the recombination
can occur through tunneling processes near grain boundaries,
where a significant band bending is present. Similar model was
proposed also for Z-bands in CdTe [28]. In our polycrystalline
samples the concentration of grain boundaries is quite high and
therefore the intensity of the PL2 band is also relatively high. Of
course, further studies must be performed to clarify this recombi-
nation related to grain boundaries.

4. Conclusion

In conclusion, the results of a detailed photoluminescence study
on Sb,Ses as perspective absorber material for PV applications is
presented. Radiative recombination in SbySes; polycrystals was
studied by temperature and laser power dependent photo-
luminescence spectroscopy that revealed the origin for the detec-
ted PL bands at 1.24eV and 0.94eV as donor-acceptor pair
recombination. The PL1 band involves more distant donor-acceptor
pairs while the PL3 band results from the deep donor — deep
acceptor recombination. These results are in agreement with the
theoretical defect calculations that predict high concentration of
donor-acceptor pairs in this low symmetry quasi-one-dimensional
Sb,Ses material. Third PL band at 1.10 eV is proposed to be related to
the grain boundaries, but requires further studies to clarify the
recombination model behind this PL band.
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Many compound semiconductors in the Cu-Sb-Se group of materials have a great potential as effective and low-
cost absorber material for thin film solar cells, such as CuSbSey. In this study, the deposition of CuSbSe thin films
by magnetron sputtering method from binary precursors was investigated. As deposited thin films were annealed
in selenium atmosphere in different conditions. The influence of selenization temperature and time on the
structural and optoelectronic properties of the thin films was studied.

As-deposited CuSbSe; thin films had Cu-poor composition. According to structural analysis, as-deposited films
contained also SbySes secondary phase. Post-deposition annealing resulted in the formation of CuszSbSes/SbaSes
double-layered structure in the films. Chemical etching with KCN effectively removed Cu3SbSe4 phase and
remained SbySes:Cu layer was implemented in soda-lime glass/Mo/SbaSes:Cu/CdS/i-ZnO/ZnO:Al solar cell de-
vice structures, which showed the highest efficiency of 3.2%.

1. Introduction

The family of ternary Cu-Sb-Se system includes different compounds:
CuSbSes, CuzSbSes, CuzSbSey, CuzSbSeg and Cuj2SbsSe;s. Among these
compounds, CuSbSe; has received the most research attention due to its
suitable properties like p-type conductivity, band gap of 1.04 - 1.2 eV
[1-4], and absorption coefficient of 1.8 x 10° em ™! [5] for solar energy
conversion. In addition to that, the constituent elements of CuSbSe, are
inexpensive, nontoxic, and abundant in the earth’s crust, which meets
the requirements of future photovoltaic (PV) device development.
CuSbSe;, crystallizes in an orthorhombic structure with Pnma space
group [6].

Cu-Sb-Se system is complicate because it contains besides CuSbSey
phase, at least five binary or ternary phases including CusSe, CuSe,
SbySes, CusSbSey, and CusSbSes that could exist as secondary phases if
the samples are nonstoichiometric or prepared with an inappropriate
process [7]. CuSbSe; exists in very narrow compositional region; it
should be close to 1:1:2 to prevent the formation of secondary phases.
Cu-Se phases are highly conductive and can cause a shunting effect, but
SbySes for example has good optoelectronic properties and has been
shown to be an efficient PV absorber [8].

According to spectroscopic limited maximum efficiency calculations
[9], the theoretical power conversion efficiency (PCE) of CuSbSe; solar
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cells is 27%. The highest efficiency reported up to now is 3.8%, where
CuSbSe, absorber layer was grown by low-temperature pulsed electron
deposition [10]. Experimental PCE of CuSbSe; solar cells is still low
mainly due to the presence of secondary phases (CusSe, SbaSes,
CuszSbSes, CusSbSe4 etc.) [11].

Various methods have been used for the synthesis of CuSbSe; thin
films- electrodeposition [1], sputtering [2,12], reactive close-spaced
sublimation [13], electron beam evaporation [14] and pulsed laser
deposition [15]. Co-sputtering of the binary compounds used in the
present study is a thin film deposition technique, which can provide
control on the stoichiometry of the dense films over a large area with a
high uniformity. There have been only few studies on the fabrication and
characterization of CuSbSe, thin films using the co-sputtering method
[2,7,12].

The general approach for improving the optical and electrical
properties of polycrystalline thin films of semiconductor compounds is
post-deposition annealing involving the introduction of additional vol-
atile elements such as the chalcogen [16]. Selenization process is used to
improve properties and quality of absorber materials.

The aim of this study was to prepare CuSbSe; thin films by magne-
tron co-sputtering method from CuySe and SbySes targets and to develop
post-deposition annealing process for as-deposited CuSbSe; films. The
structural and compositional properties of co-sputtered and post-
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annealed Cu-Sb-Se films, as well as the optoelectronic properties of the
solar cell devices based on the annealed thin films were systematically
investigated.

2. Experiment

Cu-Sb-Se thin films were deposited by co-sputtering method
(Angstrom Engineering Evovac 030 with three sputter sources with glow
discharge) from binary targets of CusSe (Direct Current Sputtering, DC)
and Sb,Ses (Radio Frequency Sputtering, RF) at substrate temperature
350 °C for 1 hour. The purity of both targets was 99.99% (Testbourne
Ltd). For the substrates, molybdenum as back contact was deposited by
DC magnetron sputtering onto cleaned soda-lime glass (SLG) at sub-
strate temperature of 400 °C and Ar pressure of 0.67 Pa for 50 min.

The rotational speed for glass substrate was 2 rpm. The distance
between the substrate (10 cm x 10 cm size) and the targets was set as 12
cm. The background pressure of the vacuum chamber was 0.00093 Pa
and the process pressure was 0.53 Pa. The applied power was 27 W for
CusSe and 88 W for SboSes.

The as-deposited Cu-Sb-Se films were post-annealed in selenium
vapor in a dual zone heating tube furnace. Selenization was done in the
degassed and sealed quartz ampoules. The sample was put in one side of
the ampoule, and Se grain in the second side. Temperatures of both
zones were controlled separately. Temperature of the sample side was
varied from 380 to 420 °C, annealing time was varied from 10 to 60 min
and vapor pressure of selenium was kept constant at 133.32 Pa. After
selenization, all samples were cooled down naturally to room
temperature.

Finally, to evaluate the potential of selenized absorber thin films for
photovoltaic applications, heterojunction solar cells with the structure
of SLG/Mo/absorber/CdS/i-ZnO/Zn0O:Al were fabricated. The CdS
buffer layer was deposited by chemical bath deposition method with
subsequent RF sputtering of the i-ZnO/Zn0:Al window layer. CdS was
deposited from an aqueous solutions containing 0.02 M cadmium ace-
tate dihydrate (Cd(CH3COO),02H,0) as source of Cd, 0.35 M thiourea
(SC(NH3)2) as source of S, 2 M ammonium hydroxide (NH4OH) as a
buffer solution for keeping the pH at 11.6. The deposition time was 10
min and temperature was 60 °C. Prior to CdS deposition, the selenized
films were etched with 10 wt.% KCN alkaline solution for 60 s.

The crystallographic properties and phase composition of the
deposited thin films were investigated by Raman scattering measure-
ments and X-ray diffraction (XRD). For XRD, a Rigaku Ultima IV
diffractometer with monochromatic Cu Ka1 radiation (A = 1.5406 A) at
40 kV and 40 mA operating with the silicon strip detector D/teX Ultra
was used. Micro-Raman spectra were recorded by using a Horiba’s
LabRam HR800 spectrometer with a 532 nm laser line. The evolution of
the surface morphology and the thickness of films was performed with
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high-resolution scanning electron microscope (HR-SEM Zeiss Merlin).
Measurements were made at an operating voltage of 3 kV. The chemical
composition of the thin films was determined using an energy dispersive
x-ray analysis (EDS) system (Bruker EDX-XFlash6,/30 detector). For EDS
analysis was used operating voltage 10 kV (and 20 kV for mapping) and
the concentrations of elements were calculated by using PB-ZAF stan-
dardless mode.

Photovoltaic properties of devices based on Cu-Sb-Se films were
analyzed by current-voltage characteristics (I-V) and external quantum
efficiency (EQE) measurements. -V characteristics were measured
under the 100 mW/cm? illumination using a Keithley 2400 Source
Meter. EQE measurements were done using a computer-controlled SPM-
2 monochromator and a 100 W halogen-tungsten light source.

3. Results and discussion
3.1. Properties of as-deposited Cu-Sb-Se films

Fig. 1 shows SEM images of a) the cross-section and b) surface of as-
deposited Cu-Sb-Se thin film co-sputtered from binary targets at 350 °C.
Cross-sectional image of Cu-Sb-Se absorber shows that a compact film
with thickness around 1.4 um was obtained. Top-view SEM image shows
that the surface of as-deposited film is heterogeneous. According to the
EDX analysis, the as-deposited Cu-Sb-Se polycrystalline thin films had
Cu-poor composition - Cu 22.4 at%, Sb 27.3 at% and Se 50.3 at%. EDX
elemental mapping analysis of the Cu-Sb-Se thin film showed Sb- and Se-
rich regions - Cu 15.3 at%, Sb 32.7 at%, Se 52.0 at% (yellow and pink
colored areas in the inset map in Fig. 1b), which could correspond
mostly to SbySes phase.

Phase composition of the as-deposited film was determined by
Raman analysis. Fig. 2 shows Raman spectra of as-deposited Cu-Sb-Se
with peaks at 93, 103, 180, 209, and 214 em™!, which are attributed to
CuSbSe, phase [17]. Additionally, Raman peak at 192 cm ! was
detected, which is assigned to SbySes secondary phase [18].

According to XRD pattern presented in Fig. 3a, as-deposited Cu-Sb-Se
film consists of CuSbSe; phase (PDF 01-083-9473), which crystallize in
orthorhombic structure with space group Pnma. The determined lattice
parameters for CuSbSe; a = 6.294 A, b=14.015A and c = 14.905 A are in
good agreement with the literature data [19]. Additionally SbySes phase
(PDF 03-065-2433) was detected, which crystallizes also in ortho-
rhombic structure.

3.2. Properties of selenized Cu-Sb-Se films
In this study, post-deposition annealing was done in a dual zone

heating tube furnace. As-deposited CuSbSey films were selenized at
temperatures 380420 °C for 10 to 60 min under selenium vapor

Fig. 1. SEM images of a) cross-section and b) surface of as-deposited Cu-Sb-Se thin film sputtered at 350 °C. Enlarged view in Fig.1b shows EDX elemental mapping

of the surface regions of SbySes.
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Fig. 3. XRD patterns of a) as-deposited Cu-Sb-Se thin film, b) selenized at 380 °C and c) selenized at 420 °C.
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Fig. 4. SEM images of cross-section and surface of thin films selenized at 380 °C a) for 10 min and b) 60 min, at 420 °C ¢) for 10 min and d) 60 min showing the

formed double-layered structure of the selenized films.

pressure of 133.32 Pa.

Fig. 4a and Fig. 4b show SEM images of cross-section and surface of
films selenized at 380 °C for 10 min and 60 min. Cross-sectional SEM
images show that the selenization process results in the formation of a
double layer structure of the films. CuSbSe, decomposed to CusSbSe4
and SbySes [12]. The thickness of the top layer increases from ~300 nm
to ~500 nm by increasing the annealing time from 10 to 60 min.

Fig. 4c and Fig. 4d show the SEM images of cross-section and surface
of the films selenized at 420 °C for 10 and 60 min. The crystals in the top
layer of the film are growing much larger with increasing the annealing
temperature and time. Furthermore, top-view SEM images (inset images
in Fig. 4d) show the formation of large sintered crystals after annealing
at higher temperatures (420 °C). The thickness of top layer after sele-
nization at 420 °C for 60 min is approximately 700 nm. The estimated
thickness of the bottom layer is ~700 nm. Unfortunately, the formed
thin film also contains pinholes between large crystals exposing the Mo
back contact.

After the selenization at 420 °C for 60 min, the double-layered films

were analyzed by EDX elemental depth profiles across the cross-section
of the film as shown in Fig. 5. According to the EDX profile, Cu con-
centration increased from the bottom layer to top layer (marked with a
red line in Fig. 5b) and the concentration of Sb decreased in the same
direction (marked with a green line in Fig. 5b). The content of Se was
homogeneously distributed over the cross-section of film (marked with a
blue line in Fig. 5b). EDX analysis showed that the surface layer contains
Cu 33.8 at% and Sb 12.1 at% ([Cu]/[Sb] ratio is 2.79) and near the Mo-
back contact the Cu content was 9.7 at% and Sb content was 33.3 at%
([Cul/[Sb] =0.29).

To determine the phase composition of double-layered Cu-Sb-Se
films, Raman analysis was performed on the cross-section of samples.
Fig. 6 shows the Raman spectra measured from the cross-section of Cu-
Sb-Se film selenized at 420 °C. Based on the relative intensities of the
Raman peaks, it shows that on the back contact side (edge near Mo/SLG)
is mainly SbaSes phase with characteristic Raman peaks at 98, 191 and
212 [17]. On the front side (near the surface) is mainly CusSbSe4 phase
with characteristic Raman peaks at 165, 183, 227 and 234 cm’l, which
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Fig. 5. a) SEM images of cross-section of Cu-Sb-Se selenized at 420 °C for 60 min and b) corresponding EDX profile.
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Fig. 6. Raman spectra of Cu-Sb-Se thin film selenized at 420 °C for 60 min.

are in correspondence with the data presented in Ref. [20]. Raman peak
at 242 cm ™! belongs to MoSe; [21].

XRD analysis confirmed that CuSbSe; films decomposed after sele-
nization at 380 °C and 420 °C, the new phases appeared. In Fig. 3b and
3c are presented XRD patterns of the Cu-Sb-Se films after selenization at
380 °C and 420 °C. It can be seen that strongest diffraction peaks can be
perfectly indexed to a tetragonal structure CusSbSe4 (PDF 01 85-0003;
space group I-42 m) with lattice constants a = 5.645 Aandc=11.237A,
which are in good agreement with the experimental data in the litera-
ture [20]. In addition to CusSbSey, the binary antimony selenide phase
with the orthorhombic structure (ICDD # 01-089-0821, space group
Pbnm) with the unit cell parameters a = 11.617 A b=11.750 A, c =
3.972 A was detected.

3.3. Properties of solar cells

As CusSbSes4 compound detected as the top layer of the selenized
films has very small bandgap 0.29 eV [22], KCN chemical etching was
applied before using the selenized thin films as absorber layers in solar
cells. KCN etching is typically used to remove Cu-chalcogenide phases
[23]. After the etching process, the remaining porous thin film contained
mainly SbaSes phase (Sb 39.6 at%, Se 57.5 at% by EDX) with small
amount of Cu (2.9 at% by EDX). Fig. 7 shows the SEM image of
cross-section of the prepared solar cell structure glass/Mo/SbySes:
Cu/CdS/i-Zn0O/Zn0:Al and the highest PCE of 3.2% was achieved. The
open circuit voltage (V,) of the cell was 373 mV, fill factor (FF) 52.1%
and short circuit current density (Jy.) 16.5 mA/cm?. The working area

Fig. 7. SEM image of the cross-section of solar cell with the structure: glass/Mo/Sb,Ses:Cu/CdS/i-ZnO/ZnO:Al.
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Fig. 8. a) J-V characteristic and b) EQE of solar cell with the structure: glass/Mo/Sb,Se3:Cu/CdS/i-ZnO/ZnO:Al.

was 3.9 mm? (Fig. 8).

EQE was used to determine the band gap (Eg) value of absorber
material. The EQE spectra was measured as a function of the incident
light wavelength at room temperature in the wavelength range from 350
to 1200 nm. From the linear segment of the low-energy side of the
construction (EQE)? vs. E curves, the effective bandgap energy (Eg*) was
evaluated. Estimated band gap value was 1.25 eV, which is in good
correlation with reported bandgap values for SbaSes [24].

4. Conclusion

In this study we successfully deposited CuSbSey thin films by
magnetron sputtering method. According to EDX analysis the as-
deposited CuSbSe2 thin films had Cu-poor composition. Structural
analysis by XRD and Raman spectroscopy revealed that as-deposited
films had additionally traces of SbySes. Post-deposition annealing in
selenium atmosphere resulted in the formation of CusSbSes/SbySes
double-layered structure in the films. Chemical etching with KCN
effectively removed Cu3SbSe4 phase and remained SbySes:Cu layer was
implemented in SLG/Mo/SbySes:Cu/CdS/i-ZnO/Zn0:Al solar cell de-
vice structures. The highest efficiency of 3.2% was achieved absorber
layer that was post-annealing at 380 °C for 30 min followed by KCN
etching.
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