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INTRODUCTION

It has been widely accepted that increasing the share of renewables in the production
of electricity is of crucial importance for the processes of decarbonization. Among the
pioneering renewable energy technologies over the last decades has been solar
photovoltaics (PV). With an estimated cumulative installed capacity of 8519 GW by
2050, solar PV is expected to become one of the most prominent energy technologies
next to wind energy [1]. In 2019, the global cumulative capacity of solar PV rose by
19%, reaching 633 GW in total with 117 GW of new capacity installed. Accounting for
2.7% of the global electricity supply, solar PV has the second-largest generation growth
of all renewables. This places solar PV slightly behind wind energy and ahead of
hydropower [2].

Crystalline silicon, an abundant material, has come to dominate the PV market. Despite
its indirect band gap and poor absorption coefficient, it has been very successful from
laboratory to commercial integration and it occupies, nowadays, 90% of the market’s
share. However, a wafer layer with a thickness of around 180 pum, which is
conventionally used for PV module manufacturing, accounts for 50% of silicon (Si) solar
cell production costs. This is a major concern, especially bearing in mind that crystalline
Si PV has reached an unrivaled level of maturity both within the academy and industry.
Precisely because of these, new PV technologies favoring more versatile applications
and having less environmental footprint have been in the making for some time. Thin-
film solar cells are among the new technologies attracting remarkable research and
development focus as they enable low-cost production, high power conversion
efficiency, and high specific power with an extremely lightweight and flexible structure
[3]. Amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium gallium
diselenide (CIGS) are the three most widely commercialized thin-film photovoltaics with
a less than 10% market share. Each has a direct band gap and a strong light absorption
capability, enabling the use of thin absorber material layer, usually in the range of 1-5
Mm. When compared to CdTe and CIGS, a-Si does not only require a lower silicon
content in comparison to crystalline silicon technologies. Since it does not use any toxic
heavy metals such as cadmium (Cd) or tellurium (Te) or rare elements such as indium
(In), tellurium and gallium (Ga), a-Si is also a more environmentally friendly option.
However, CIGS and CdTe are more promising in terms of energy conversion efficiency
as a-Si has a very high defect density. This leads to poor photoconductivity and prevents
doping, both of which are undesirable properties for PV applications [4]. To date, CdTe
and CIGS solar cells have been successful in achieving efficiencies of 22.1% and 23.4%
[5], [6], respectively, while hydrogenated a-Si couldn’t exceed 13.6 % [7]. Despite
successful utilization of CdTe and CIGS absorbers in solar cells, their technologies

remain behind crystalline silicon solar cell equivalents when it comes to efficiency and
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reliability. In terms of efficiency and stability, CIGS solar cells are comparable to Si solar
cells. However, the main issues of CIGS are lower yield, lower manufacturing capacity,
higher module production cost, and faster performance degradation with time.
Moreover, as already mentioned, the toxicity of Cd and Te, the scarcity and the high

price of In, Ga and Te hinder the widespread use of CdTe and CIGS photovoltaics [8].

The chalcogenide antimony selenide (Sb2Ses) recently appeared as a promising
alternative light-absorber material for high-efficiency photovoltaics because of its
attractive structural, optical, and electrical properties and favorable environmental
characteristics, such as a single-phase structure, suitable optical band gap (1.0 to 1.2
eV at 300 K), high light absorption coefficient (1 x 10> cm™ at around 1.8 eV), low
toxicity, and high element abundance [9]-[11]. In recent years, Sb2Ses-based solar
cells have experienced rapid development. The highest reported efficiency of 9.2% was
achieved by junction interface engineering of Sb2Ses solar cells, which were fabricated
by close-spaced sublimation (CSS) and in substrate configuration [12]. However, the
reported record efficiency is still far from its theoretical maximum value of 32% [13]

and is not yet competitive with thin-film solar cells on the market.

Achieving high efficiency for thin-film solar cells relies on our knowledge of
semiconductor materials and interfaces. These include charge carrier transport
mechanisms, recombination mechanisms, and impurities and defect structure [14]. The
latter, namely the properties of impurities and native defects are crucial for controlling
the material performance in PV devices. Defects are features in the crystal where the
crystal symmetry is broken. In other words, defects are the products of impairment of
the atomic arrangement from the ideal crystal structure. What defects do is to
control the doping level of the material, carrier lifetime, and the rate of interfacial
recombination [15]. One type of defect could make a semiconductor useful for producing
a device, and yet another type might have negative impacts, rendering the device non-
viable [16]. Usually, those defects possessing deeper energy levels and larger capture
cross-sections tend to act as recombination centers which lead to low device efficiency
[17]. Hence, it is of crucial importance to understand the properties of deep defect

states inside the band gap for the future development of solar cell systems.

Photoluminescence (PL) is an optical and non-destructive method with very high
sensitivity for studying recombination mechanisms and related defects in
semiconductors. While low-temperature PL investigates the defect structure,
temperature and laser power dependencies usually give information about the nature

of recombination processes [18].

11



The present work is focused on the analysis of the defect structure of Sh.Ses
microcrystals by using photoluminescence spectroscopy. Recently, the energy levels of
intrinsic defects have been determined by several experimental methods such as
temperature-dependent electrical conductivity [19], [20], admittance spectroscopy
[11], [19], and deep level transient spectroscopy [21], [15]. These empirical works are
followed by theoretical calculations using density functional theory [17], [22]. However,
the photoluminescence method as one of the most sensitive tools for studying defects
and related recombination mechanisms in semiconductors is barely used for defect
studies of Sba2Ses. In consideration of previously determined energy levels and their
assigned defects, this thesis aims to deliver a detailed analysis of the PL spectra of
Sb2Ses microcrystals and to reveal the radiative recombination mechanisms and related

defects.

The organization of this thesis is following; it consists of three main chapters. At first,
the literature review introduces Sb2Ses as absorber material for solar cells, including its
defect structure. In addition, the main material characterization technique,
photoluminescence spectroscopy is introduced. Following the literature review, the
experimental part describes the synthesis of Sb2Ses microcrystals and the experimental
setups of characterization techniques. The main part of the thesis is dedicated to results
and discussion focusing on the analysis of the temperature and laser power-dependent
photoluminescence spectra of studied Sb2Ses microcrystals. A radiative recombination
model for the studied materials is presented. Finally, the conclusions and outlook wrap

up the thesis.
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1. LITERATURE REVIEW

1.1 Antimony selenide (Sb.Ses) absorber material for

solar cells

1.1.1 General description of SbxSes

Sbh.Ses is a very promising photovoltaic absorber material because of its attractive
structural, optical, and electrical properties [9] and favorable environmental
characteristics [23]. Antimony selenide has a one-dimensional crystal structure
comprising of covalently bonded (SbsSes)n ribbons stacking together through van der
Waals force (see Figure 1.1). This special structure results in anisotropic optical and
electrical properties [12]. Sb2Ses is a stable chalcogenide [24] and it belongs to the
family of inorganic binary V2-VIz compounds [25]. It has a simple binary composition
with a fixed orthorhombic phase. The only expected secondary phases are elemental
selenium (amorphous or trigonal), elemental antimony, and antimony oxide (Sb203),
which can be detrimental to the overall performance of the solar cells [26]. Sb2Ses has
lattice constants of a = 11.62 + 0.01, b = 3.96 £ 0.01 A, and c = 11.77 + 0.0 A with a
primitive cell volume of 0.524 nm~3 and density of 5810 kg/m3 [27]. The raw materials
antimony (Sb) and selenium (Se) are comparatively abundant, low-toxic, and low-cost.
The abundance of Sb and Se elements in the Earth’s crust is 0.2 and 0.05 ppm,
respectively. Sb2Ses is not on the lists of highly toxic materials by American, European
Union, or Chinese regulation authorities, nor in the lethal dose LD50 or lethal
concentration LCt50 data [23]. As a consequence of the low buying rates, the cost of
the raw material is only 5 cents for depositing a 1 m? Sb.Ses thin film at a film thickness
of 1 ym [25]. Fabrication costs are also reduced due to a binary elemental composition,
single-phase, and low-temperature deposition (low melting point of 885 K) [24]. The
theoretical absorption coefficient was found to be >1 x 10* cm™! for energies above 1.5
eV, increasing to 1 x 10° cm™ at 1.8 eV, indicating a sharp and strong absorption edge
[28]. As a result, Sb2Ses films with only 1 uym thickness are sufficient to absorb photons
within the wavelength range of 400-1100 nm, which is an almost optimal spectral range
for PV conversion [9]. Thin-film Sb2Ses normally exhibits p-type conductivity [10]. Its
electron mobility is 15 cm?V-1s, and the hole mobility is 42 cm?V-1s't, comparable with
that of CdTe (np = 60 cm?V-1st). Furthermore, its dielectric constant is relatively larger
compared with CIGS (¢ = 13.6) and CdTe (¢ = 7.1), which leads to a lower exciton
binding energy that implies an immediate separation of electrons and holes upon

photogeneration [25].

SbhaSes can be characterized as a near-direct band gap material. For Sb2Ses single

crystals and polycrystalline thin films, both direct and indirect transition types with band
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gap (Eg) ranging from 1.0 to 1.3 eV (T=300 K) were reported [9], which approaches the
ideal Shockley-Queisser value [11]. Amorphous antimony selenide (a-Sb2Ses3) has a
larger gap than crystalline antimony selenide (c-Sb2Ses). The energetic difference
between the indirect and direct band gap of Sb.Ses decreases towards lower

temperatures and was found to be only 0.04 eV at T = OK [10].

Figure 1.1: (a) Crystal structure of Sb.Ses and (b) the non-equivalent atomic sites in each [SbgSeg]n

atomic chain. Two Sb sites and three Se sites are shown in red and blue, respectively [29].

1.1.2 Sb>Ses photovoltaic devices over the time

Sh.Ses based PV devices have only progressed recently, with the first report of a notable
efficiency being 3.21% by Choi et al. [30]. Since then, progress has been rapid, reaching
5.6% for a CdS/Sb2Ses heterojunction in 2016 [31] and, more recently, 5.9% for a
Zn0/Sb2Ses heterojunction [32], and the next record 7.6% for CdS/Sb>Sesz [21]. Despite
its short development time, Sb2Ses has already surpassed the efficiencies of long-
investigated binary inorganics, such as tin sulfide (SnS) and iron disulfide (FeS2) [28].
An efficiency of 9.2%, which is the highest value reported so far for this type of solar

cells, is achieved by junction interface engineering [12].

Most of these champion cells were prepared by using rapid thermal evaporation (RTE),
except the one with 7.6%, which was prepared by vapor transport deposition (VTD)
[21]. Very recently, Li et al. [12] reported on Sb>Ses solar cells fabricated by CSS
method with a power conversion efficiency (PCE) of 9.2%. To date, devices prepared
using physical deposition methods exhibited higher performance than chemical
deposition methods. It has been reported that Sb.Ses solar cells can be fabricated using
both substrate and superstate configurations. Nevertheless, the superstrate

configuration has been used more extensively in most of the champion solar cells [32],
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[34], [35], [32], [21], [31]; except for the latest 9.2% champion device, which was

fabricated in substrate configuration [12].

Despite the rapid improvement, the PCE is still far behind conventional CIGS (PCE =
23.4%), CdTe (PCE = 22.1%), copper zinc tin sulfoselenide (CZTSSe) (PCE = 12.6%),
and even a-Si (PCE = 13.6%) solar cells [19]. Mavlonov et al. [27] reported that in the
future, the following factors should be considered to further improve the PCE of SbaSes
solar cells: enhancement of the photocurrent, improvement of the open-circuit voltage
and fill factor via optimized carrier management, systematic investigation of defects,
implementation of novel buffer layers, optimization of device fabrication. However, the
study on SbaSes is lacking because of two difficulties: (1) the intrinsically low electrical
conductivity (10 - 107 S.cm) of Sb>Ses film creates obstacles for obtaining carrier
density and mobility directly from Hall effect measurement; (2) the strong anisotropy
in Sb.Ses crystal renders mobility measurement very complicated. Nevertheless,
understanding fundamental parameters of thin-film Sb2Ses is of great importance to

device configuration design, performance, and optimization [19].

C‘quSe:

Power conversion efficiency (%)

44
34 - CuSbs,

24

l" ; >SS
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Figure 1.2: The record PCEs for Sb-related thin-film solar cells: Sba2Ses (blue) [27].
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1.1.3 Optical properties

The optical properties of Sb-Se compounds strongly depend on both crystal structure
and chemical composition [27]. Polycrystalline Sb2Ses films with stoichiometric
composition exhibit Eg within the range of 1.0-1.3 eV in most of the reports [9], [35],
[12]. This Eg variation in polycrystalline films was attributed to the fact that SbzSes thin
films prepared by various methods and growth conditions could have different Sb/Se

ratios and/or different crystalline quality [13].

Chen et al. [9] confirmed optical transition type of c-Sb.Ses by the temperature-
dependent transmission spectrum (TDTS) and temperature-dependent
photoluminescence (TDPL). It is found that c-SbaSes is an intrinsically indirect band gap
(Eg,i) material with the lowest Eg,i of 1.03 £ 0.01 eV and the lowest direct band gap (Eg,d)
of 1.17 £ 0.02 eV at 300 K which indicates a small energy difference. At temperature
above 150 K, both direct and indirect transitions contribute to film absorption, while at

temperature below 150 K, the only contribution is from direct band gap [9].

It is reflected by experimental data, that Sb.Ses films have a high absorption coefficient
in the range of 10> cm™ for photon energies higher than the band gap [36], [23], [9].
This is a proof that Sb2Ses can be granted as a suitable absorber material for high-
efficiency thin film solar cells. A higher absorption coefficient enables fabricating thinner
absorber layers. While the incident light with photons below 800 nm wavelength is
entirely absorbed within 400 nm thick film, the penetration depth for photons with

wavelength beyond 900 nm reaches a micron.

The dielectric constant related to dielectric polarization and exciton binding energy is
also an essential parameter in semiconductors. The complex relative dielectric constant
could be described as €’ = n? - k?, €” = 2nk, where €” and €” are the real and imaginary
parts of the complex relative dielectric constant; n and k are the refraction index and
the extinction coefficient, respectively. €’ ranged from 10.7 to 16.5 at 612 - 1693 nm
for a-Sb.Sesz and 14.3 to 19.8 at 852 - 1693 nm for c-Sb2Ses [9]. High dielectric constant
values are favorable for the absorber layer because they lead to better screening of the
photo-generated charge carriers from electrically charged defects. Compared with CIGS,
CdTe and copper indium diselenide (CIS); the larger dielectric constant of c-Sb2.Ses
suggests smaller exciton binding energy and possibly immediate separation of electrons

and holes upon photogeneration [27].
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1.2 Defects in semiconductors

1.2.1 Classification of defects

Defects are defined as imperfections in a perfect crystal. In practice, all crystals have
impurities, whether by design or by accident and they have control over the doping level
of the material, carrier lifetime, and the rate of bulk and interfacial recombination. To
improve the performance of a solar cell, a proper understanding of its defect properties
is of crucial importance. The incorporation of electrically active dopants enables
modifying the electrical properties of semiconductors. When an impurity is intentionally
introduced into a semiconductor, then it is defined as a dopant. In addition, all
semiconductors contain native defects. Our expertise to control different types of defects

is highly decisive for the use of semiconductors in device applications [16], [37].

Defects can be classified by their atomic structure or by the energy levels that they
introduce into the band gap. Starting with the energy levels, defects can be divided into
two wide categories. Impurities whose electronic energies can be calculated using the
“effective mass approximation” are referred to as shallow impurities. Defects whose
energies cannot be calculated with that approximation are known as deep centers. Early
on, the deep levels were defined as energy levels, which are located near the middle of
the band gap, and the shallow levels as the ones located near the band edges. However,
now it is discovered that many defects with energy levels in the band gap near the
corresponding band edge have similar properties to deep levels and can act as traps for
the photoinduced charge carriers. As a result, the term "deep level" has been broadened

to any center, which cannot be classified as shallow [16].

According to their atomic structure, defects can be either a point defect, a line defect,
or three-dimensional bulk defects such as precipitates of secondary phase. Point defects
can also form defect pairs and complexes. A point defect usually occurs in a specific
location in the crystal that involves isolated atoms. Line defects involve rows of atoms
with a typical example of dislocations. Lastly, there are complexes that are formed from
a small number of point defects. Line defects are usually detrimental to devices,
therefore they have to be passivated. However, since the properties of point defects and
defect complexes tend to determine the electronic and optical properties of a
semiconductor, attention must be focused on them. Isolated point defects are further

classified as follows:
Vacancy: the vacancy created by a missing atom A is denoted by Va.
Interstitial: an atom A occupying an interstitial site is denoted by A..

Substitutional: an atom C replacing a host atom A is denoted by Ca.
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Antisite: a special kind of substitutional defect in which a host atom B occupies the site

of another host atom A, also denoted as substitutional defect Ba.

Frenkel defect pair: a complex Va+Ai formed by an atom A displaced from a lattice

site to a nearby interstitial site forming a charge neutral defect pair [16].

The Schottky defect pair: a complex Va+Vs formed by two oppositely charged host

atom vacancies maintaining charge neutrality and stoichiometry [37].
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Figure 1.3: Defects in gallium arsenide (GaAs): gallium vacancy (Vea), arsenic interstitial (Asi), arsenic
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antisite (Asca), and substitutional carbon (Cas) [37].

In addition to forming a defect pair, defects can also form complexes involving more
than two defects. Vacancies, interstitials and antisite defects are intrinsic or native
defects since they only involve the atoms of the host crystal. When defects involve
foreign atoms (i. e., impurity atoms), then these are referred to as extrinsic defects
[16].

Many defects are electrically active and they can introduce electronic levels into the
band gap. These energy levels are basically the reason why semiconductors have gained
huge importance. Defects that can contribute free electrons to the host crystal are
known as donors. A donor level is one where the center becomes positively charged
when it gives up its electron. Defects that can contribute holes (i. e., remove free
electrons) are known as acceptors. An acceptor level is negative when occupied by an
electron. In general, semiconductors contain a mix of donors and acceptors. If a
semiconductor contains more donors than acceptors, for instance, then all of the

acceptors will be negatively ionized to compensate the donors.

For a donor impurity, the energy difference between the conduction band minimum
(CBM) and the donor level is the ionization energy or binding energy (Ed). This is the

amount of energy required to excite an electron from the donor atom into the conduction
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band. A donor is neutral when it has an electron bound to it and is positive when the
electron is liberated. The donor level is therefore called the (0/+) level. For an intrinsic
semiconductor, the Fermi level (Ef) is near the middle of the band gap. If the Er is above
the (0/+) level, then the level is occupied, so the donor is neutral. When the Er is below
the (0/+) level, the level is unoccupied, and the donor has a charge of +1. The other
way around, an acceptor level is called the (0/-) level. When the Fermi level is above
the (0/-) level, then the acceptor has a charge of —-1. When the Er is below the (0/-)

level, the level is unoccupied so the acceptor is neutral [37].

1.2.2 Defect structure of Sbh>Ses

The formation of defects accelerates radiative and nonradiative recombination and
degrades device performance [21]. Several researchers have experimentally
investigated intrinsic defects in Sb2Ses using admittance spectroscopy (AS) [19], [11],
temperature-dependent electrical conductivity (o(T)) [19], [20], deep level transient
spectroscopy (DLTS) [21], [15], and photoluminescence spectroscopy [10], [38], [39],
[23]. Experimentally determined energy levels of intrinsic defects in Sb.Ses are

summarized in in Table 1.1.

From DC reverse bias-dependent admittance measurements Hu et al. [11] found that
the capacitance response was indicating to three defect levels in the band gap of SbaSes
that were named D1 (0.286 eV above VBM), D2 (0.188 eV above VBM), and D3 (0.570
eV above VBM). Although the capture cross-section of D1 was large, the defect density
was low and the capture lifetime of holes was in the order of microseconds, suggesting
that D1 may not act as an effective trapping center. D2 was assigned as a shallow
acceptor level since the capture cross-section was so small and had a long capture
lifetime of holes in the order of milliseconds. D3 with both, high defect density and large
capture cross-section had a very short capture lifetime of holes in the order of
nanoseconds and, therefore, may act as very effective trapping or recombination center
that limits the efficiency of the Sba.Ses solar cell. However, the activation energy and
the capture lifetime of holes of both, D1 and D2 somehow related to cell efficiency, while
no obvious relationship was found between D3 and efficiency. Both D1 and D2 were
identified as bulk-type defects, while D3 was identified as an interface or near-interface

defect [11]. The bulk defects were not assigned to specific defects in SbaSes.

Chen et al. [19] reported about the temperature dependent conductivity and AS
measurements that were applied to determine the depth and density of defect states in
thin film Sb2Ses, respectively. From the temperature-dependent conductivity

measurements in between 160 K and 250 K a defect with an ionization energy of 0.111
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eV was found. This defect is ascribed to the shallow acceptor defect of Ses». AS was
used to determine the density of defect states and there was a Gaussian defect peak in
the gap with the peak position at 0.095+£0.008 eV, which is consistent with the defect
depth of 0.111+£0.005 eV obtained from temperature dependent conductivity
measurement. Moreover, H. Deng et al. [20] conducted temperature-dependent
electrical conductivity measurements as well and found out that for the Se-rich
Sbha(SexS: - x)3 alloy, the film only had one kind of shallow defect at 0.06 eV above
valence band maximum (VBM) attributed to Sesp, which played little effect to

photocarrier recombination.

Wen et al. [21] subsequently investigated the deep defects in CdS/Sb2Ses solar cells
fabricated via VTD. DLTS was used to investigate defect energy level, type, and
concentrations. Two acceptor defects were found, H1 at 0.48 eV above VBM and H2 at
0.71 eV above VBM, which were attributed to Vsp and Sesp, respectively. In the same
study, a donor defect at 0.61 eV below CBM attributed to Sbse was also found. It is also
shown, that Sest and Sbse acceptor and donor defects always have similar densities with
each other. This indicates that antisite defect pairs are formed in Sb2Sesz films,
presumably forming a [Sbse + Sess] complex [21]. Another DLTS study is presented by
Hobson et al. [15], where both Sb2Ses bulk crystals and solar cells were investigated.
The three defects were named as E1, E2, and E3, which are corresponding to energy
levels 0.378, 0.460, and 0.690 eV below the CBM, respectively. All the results show
common deep level signatures and they are expected to strongly limit the performance
of the solar cell. However, E3 has been consistently found as a problematic mid-gap

and as the dominant defect level [15].

Grossberg et al. [10] presented a PL study for investigating recombination mechanisms
and related defects in Sb2Ses polycrystals. Three PL bands positioned at 1.24 eV (PL1),
1.10 eV (PL2) and 0.94 eV (PL3). Temperature and laser power dependent
photoluminescence spectroscopy revealed the origin for the detected PL bands at
1.24 eV and 0.94 eV as donor-acceptor pair (DAP) recombination. The PL1 band involves
more distant DAPs while the PL3 band results from the deep donor-deep acceptor (DD-
DA) pair recombination. PL2 band at 1.10eV is proposed to originate from a
recombination related to the grain boundaries [10]. Recently, Krustok et al. [38]
presented a detailed study of free exciton and biexciton emissions in Sb2Ses
microcrystals under high photoluminescence excitation density. The A free exciton peak
was found at 1.311 eV and the B free exciton peak at 1.333 eV. The A and B biexcitons
were detected at 1.302 eV and 1.322 eV, respectively. According to peak positions of
observed free exciton and biexciton peaks from both, A and B band gaps at T = 3 K, the
binding energies of the excitons were calculated as 9 and 11 meV for B and A biexcitons,

respectively, and 6 meV for the A free exciton [38]. Shongalova et al.[39] and Zhou et
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al. [23] also reported measured PL spectra. However, there is no analysis of the data
presented to the reader. While Shongalova et al. detected the presence of two broad
(~100 meV) deep PL bands at 0.75 eV and 0.85 eV at T = 7 K, Zhou et al. [23]
measured a PL peak which is asymmetric with its peak located at 1.11 eV. The
asymmetric shape of the PL bands referred to the presence of randomly distributed

crystalline defects or impurities in the material.

Table 1.1: Experimentally determined energy levels of intrinsic defects in SbaSes.

Energy level (meV) | Proposed defect Method Reference
Ev+ 111 meV Sesp o (T) [19]
Ev+ 95 meV Sesp AS [19]
Ev+ 480 meV Vsb DLTS [21]
Ev+ 710 meV Sesp DLTS [21]
Ec - 610 meV Sbse DLTS [21]
Ev + 286 meV - AS [11]
Ev + 188 meV - AS [11]
Ev + 60 meV Sesp o (T) [20]
Ec - 378 meV - DLTS [15]
Ec - 460 meV - DLTS [15]
Ec - 690 meV - DLTS [15]
Ec - 47 meV Sbse PL [10]
Ec - 285 meV Sbse PL [10]
Ev + 33 meV Vspb PL [10]
Ev + 65 meV Vsbor Sesp PL [10]
Ev + 95 meV Sesp PL [10]
Ec - 11 meV - PL [38]

Ec - 6 meV - PL [38]
Ec - 9 meV - PL [38]

On the other hand, Liu et al. [17] and Savory et al. [22] have performed theoretical
defect calculations using density functional theory. The simulations revealed two
detrimental donor defects, Vse and Sbse, easily forming under the Se-poor condition,
while the more benign defects, Sesp and Sei, are the dominant defects in SbaSes film
produced in an Se-rich environment [17]. By the ab initio calculation, it is also predicted
that Vsb and Sesp are dominant acceptor defects in Se-rich Sb2Ses contributing to the p-
type conductivity [29], [28], [23].
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Theoretical studies showed that under Sb-rich conditions several defects e.g., Vse, Sbse
and the Se;, have formation energies below 1.5 eV, and are therefore expected to be
present in the film in reasonable concentrations (Figure 1.4a). However, under Se-rich
condition, the formation energies of several problematic defects are moved to higher
energy positions (Figure 1.4b). Overall, studies have shown that harmful intrinsic
defects have lower concentration under Se-rich condition compared to Sb-rich condition.
Therefore, it is predicted that longer minority carrier lifetime, better p-type conductivity,
and thus much better PV efficiency can be achieved under the Se-rich condition [17],
[22].

Liu et al. [17] showed that compared with the donor defects Vse and Sbse, the acceptor
defect Sesp has much lower formation energy and thus higher concentration, which
makes the sample show intrinsic p-type conductivity [17]. Vse was reported to act not
only as n-type donor that reduces the effective p-type doping density of Sb.Ses film,

but also as a recombination center trapping photogenerated carriers [25].

Although the antisite defects Sbse and Sesp usually have an insignificant concentration
in three-dimensional covalent semiconductors, their concentration in Sb2Ses is high.
Similarly, the anion interstitial defect Sei has a high concentration in Sb2Ses due to low
defect formation energy. As can be seen from Figure 1.5, Sei has the (-2/0) ionization
level above the CBM, which means it does not contribute to the carrier concentration or
act as nonradiative recombination center. Consequently, it does not induce any deep

level in the band gap and its influence on the PV performance is benign [17].

(a) Se rich (b) Se poor
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Figure 1.4: The calculated formation energies of point defects in Sb2Ses as a function of the Fermi level under
a) Se-rich condition and b) Se-poor condition. g shows the charge states of the ionized defects, with positive
g showing ionized donor and negative q showing ionized acceptor defects [17].
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Figure 1.5: The ionization energy levels of point defects in Sb2Ses, referenced to the VBM level. The red lines
show the acceptor levels, and the blue lines show the donor levels [17].

1.3 Photoluminescence spectroscopy

1.3.1 Theory of photoluminescence

Photoluminescence is a non-destructive and highly sensitive optical technique used for
the determination of the electronic structure of semiconductors, including defect energy
levels. By definition, photoluminescence is the optical radiation emitted by a physical
system (in excess of the thermal equilibrium blackbody radiation) resulting from
excitation to a non-equilibrium state by irradiation with light [40]. The method enables
detecting the defects including their type, ionization energy, etc., determining the band
gap energy, the phase composition, and dominating radiative recombination
mechanisms. As a research tool, PL has the advantage of simplicity regarding sample
preparation. Also, materials from bulk crystals to thin films can be studied. However,
the information gained from the PL experiment requires very often detailed and
complicated analysis. For this reason, to assign the PL features to physical phenomena
correctly, usually many spectra of the same sample are measured with various

temperatures as well as laser excitation powers [41].

The photoluminescence process includes three main phases, which are (1) excitation,
(2) thermalization and (3) recombination. In the first event, the crystal is irradiated with
photons of energy greater than the band gap energy of the material. Consequently, the
electrons are promoted to higher energy levels in the conduction band, resulting in the
creation of electron-hole pairs. Then, excited pairs relax towards quasi-thermal
equilibrium distributions, where the excess energy of the electron is given to the crystal
lattice and the electron relaxes to the bottom of the conduction band [42]. During the

third event, the recombination of an electron and a hole takes place and this
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recombination energy will transform into radiative emission. As a result of a radiative
recombination, a photon is emitted with energy always smaller than the energy of the
exciting photon [41]. A PL spectrum, therefore, contains information about the

recombination mechanisms of photoexcited charge carriers in the material [43].

Temperature dependence

The PL peak position shift and the decline of the peak integral intensity @ with increasing
temperature indicates to a specific recombination process. If the PL peak shift is
following the temperature dependence of the band gap energy, then this is an indication
of the involvement of the band states in the recombination process [10]. In other cases,
DAP recombination, recombination involving fluctuating potentials, grain boundaries etc.
have to be considered. The ionization energies of the defect levels participating in the
recombination process can be determined from the temperature dependence of the PL
spectrum [44]. The thermal activation energies for the PL bands are obtained from the
Arrhenius plot where the dependence of In @(T) versus 1000/T at high temperatures is
fitted by using theoretical expression for discrete energy level [45]:

@ (0)
1+ a,T3/2+ a,T3/2exp (—E7/KT)’

®(T) = (1.1)

where a; and o> are the process rate parameters and Er is the thermal activation energy.

Laser power dependence

Different processes result in different contributions to the luminescence spectrum with
increasing excitation laser power [45]. The shift of the PL band position with changing
laser power may originate from various processes. Among the most probable are (1)
potential fluctuations in compensated samples, (2) impurity band formation, and (3)
changes in the DAP-type emission due to differences in the recombination probabilities

of close and distant pairs [46].

Additional information about the type of recombination process can be obtained from
the laser power dependence of the PL band integral intensity @. The dependence can be
described as @ ~ Pk, where P is the laser power. The k value, which can be obtained
from the @ (P) plot on the log-log scale, is an indication of the type of recombination.
For defect related recombination k < 1 is obtained, k> 1 indicates to a band-to-band or

excitonic emission [47].
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1.3.2 Recombination mechanisms

At thermal equilibrium, the carrier population decreases exponentially with energy and
therefore emissions are strongest from the lowest energy states. If there are defect
levels inside the band gap, the photoexcited electrons and holes can recombine
radiatively at these energy levels. This recombination can be either radiative (release of
a photon) or non-radiative (no photon production). When a spontaneous emission is
produced, the defect can be defined as a radiative recombination center and the energy
of the emitted photon is dependent on the change in the energy state of the electron-
crystal system. The amount of emission produced by a body under thermal equilibrium
at room temperature is very small, therefore most experiments are carried out under
nonequilibrium conditions. The creation of such conditions and the detection of the
resultant spontaneous emission from the sample is the essence of luminescence

experiments [16].

The traps which can act as recombination centers for electronic transition within the
band gap are either donor or acceptor levels. By studying the nature of these defect
levels, information about the impurity or defect can be resolved. Figure 1.6 represents
the energy band diagram of a semiconductor, illustrating the most common radiative
transitions. These transitions are excitonic transition, donor-acceptor pair transition,
free-to-bound transition (either band to acceptor or donor to band), and band-to-band
transition [42]. The properties of each recombination channel are different, especially
their behavior with temperature and laser power, which is why temperature and
excitation power dependent PL measurements are needed to identify the type of
recombination. There are some specific features of each type of PL emission and the

relevant ones for this thesis are described in the next sections.
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Figure 1.6: Most common radiative transitions observable with photoluminescence spectroscopy [41].



1.3.2.1 Donor-acceptor pair recombination

Often a semiconductor contains both donor and acceptor impurities. 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 (A~). When returning to
equilibrium, some of the electrons on the neutral donors will recombine radiatively with
holes on the neutral acceptors. This process is known as a donor-acceptor pair transition

(DAP transition) and can be represented by the reaction [16]:

D% + A — Epa= D*+ A~ (1.2)
The emission energy from a DAP separated by a distance R (R is much larger than the
lattice constant) can be calculated by the following equation, where Coulomb interaction
between the donors and acceptors modifies the DAP binding energy in such a way that
the transition energy Epa is distance-dependent [42].

2
EDA = Eg - (EA + ED) + (4’7[??)’ (13)

where E; 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, and o
is the permittivity of vacuum. The last term of Eq. (1.3) describes the Coulomb
interaction between the donor and acceptor defects [16]. As excitation power density
increases, the recombination involving more distant DAPs saturates and mainly closer
pairs having stronger Coulomb-interaction energy dominate the recombination.
Therefore, PL emission resulting from the DAP recombination shows energy shift to
higher energy side when the excitation power density is increased (so-called blueshift)
and this energy shift is a feature of DAP recombination process [44]. It is important to
notice that the magnitude of the blueshift is usually in the order of few meV per decade

of laser power density.

However, the correct value for the dielectric constant € in the case of very close pairs is
quite difficult to calculate, because it is obvious, that in compound semiconductors €
must be a combination of both optical and static dielectric constants. Therefore, Eq.
(1.3) must be considered as a very rough method to calculate the transition energy of
close donor-acceptor pairs. For very close pairs, where R: = R2 (shortest and the next
shortest donor-acceptor distance respectively), the energy separation AE between the
donor-acceptor pairs of the nearest or the next-nearest neighbors can be calculated as
follows [48]:

- ((B)-@)
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1.3.2.2 Free-to-bound recombination

At high temperatures, the shallow defects are expected to ionize and therefore band-
to-band recombination dominates. However, at lower temperatures, where the thermal
energy of carriers is smaller than the ionization energy of the defects, a free electron in
the conduction band can recombine with the holes trapped on the acceptors, or holes in
the valence band can recombine with the electrons trapped on the donors. This kind of
transition is called free-to-bound recombination. The emitted photon energy, i.e., the
peak position of the PL band Emax resulting from a free-to-bound recombination involving

an acceptor defect is described as:
Emax=Eg-EA (15)

where E4 is the band gap energy and Ea is the acceptor binding energy. The equation
can be formulated for the donor to band transition with using the donor binding energy
Ep instead of Ea as well [16].

If the temperature dependence of the PL band position follows the temperature
dependence of the band gap and if the PL band position does not shift with the varied
laser excitation power, then this is an indication that the band states are involved in the
recombination process [10]. If in addition, the laser power dependence of the integrated
intensity of the PL band @ follows the @ ~ P* (P is laser power) relation with k<1, then

this PL band originates from the free-to-bound recombination.

1.3.2.3 Excitonic recombination

Excitons are expected to form when photoexcited electrons and holes are bound to each
other by Coulomb interaction [16]. An exciton (also called a free exciton) is the
fundamental electronic excitation in a semiconductor, yet it may become trapped at
defect sites before the electron-hole pair recombines [49]. At low temperatures, the
neutral donor and acceptor defects attract excitons via van der Waals interaction, and
eventually the defect bound excitons form. Free excitons can also be bound to each
other forming a biexciton. Excitons are most often investigated by low-temperature PL

spectroscopy on high purity and high-quality semiconductors [16].

PL emission resulting from a free exciton is usually situated very close to the band gap
energy and follows its temperature dependence. Moreover, the laser power dependence
of the integrated PL intensity shows a linear growth, where the coefficient k is expected
to be k > 1. The biexciton, on the other hand, shows a remarkable red-shift with the
increasing temperature and the integrated intensity shows a superlinear growth with

the increasing laser power with k = 2 [38].
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Aim of the thesis

In the literature, ShaSes is presented as a promising photovoltaic absorber material due
to its high absorption coefficient [28], near-direct optimal band gap [9], and its rapid
improvement in the last decade [12]. Yet, further progress can only be achieved with
optimized carrier management, implementation of novel buffer layers, optimization of
device fabrication, and systematic investigation of defects [27]. This thesis focuses on
understanding the properties of intrinsic defects in Sb2Ses using photoluminescence
spectroscopy. As can be seen from the literature review, only a few researchers have
investigated the defect structure of Sb>Ses. Moreover, PL owns a very small share
among the characterization methods used for studying the defects in this material. The
theoretical simulations based on the density functional theory reveal that Vse and Sbse
are two detrimental donor defects in Sb2Ses produced in a Se-poor environment, while
Sesp and Sei are more benign defects in ShoSes produced in a Se-rich environment [17].
However, the common result from theoretical calculations and experimental methods
demonstrates that cation-anion antisite defects (Ses» and Sbse) are the dominant
defects, making them the most likely candidates for possible recombination centers.
Moreover, these antisite defect pairs formed in Sba2Ses films also presumably form
[Sbse+Sesy] defect complexes [17], [22].

When the above-given information is taken into consideration, the present study aims:

1. To familiarize with the main material characterization techniques (PL and Raman

spectroscopy) used in thesis.

2. To investigate the intrinsic defects in Sb2Ses microcrystals with different elemental

compositions using PL spectroscopy.

3. To clarify the main radiative recombination processes in examined Sb-rich and

stoichiometric Sb2Ses microcrystals.
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2. EXPERIMENTAL

2.1 Synthesis of Sb>Ses microcrystals

The two Sb2Ses samples, Sb-rich and stoichiometric Sb>Ses studied in this thesis
consisted of several randomly oriented microcrystals that mostly had a needle-like
shape and the size of couple of tenths of micrometers in width and up to hundred

micrometers in length, see scanning electron microscopy (SEM) images in Figure 2.1.

Stoichiometric 4
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Figure 2.1: SEM images of Sb-rich and stoichiometric Sb>Ses microcrystalline powders synthesized at
temperatures 380°C (left) and 450°C (right).

The Sb2Ses microcrystalline powders were synthesized in a two-temperature zone
furnace in the sealed evacuated quartz ampoules from 5N purity Sb metal powder and
elemental Se pellets with 4N purity. Sb metal powder (0.1 g) was poured into one side
of a quartz ampoule and Se pellets (0.118 g) as a chalcogen source were introduced to
the other side. The quartz ampoule volume was 25 ml with size of 1,0 cm inner diameter
and 32.5 cm in length. The precursors inside the ampoule were degassed at room
temperature under dynamic vacuum-pumping process for 1 hour and then the ampoule
was sealed at a vacuum level of 1.3 x 102 mbar. The sealed ampoule was then placed
into a pre-heated two-zone tube furnace, which enables precise control and regulation
of the temperature of both zones. In this setup, the vapor pressure of the Se source
was determined and controlled by the lowest temperature in the system. The
temperature zone (zone 1) in which the Sb source was placed was kept at 500 °C and
the Se source (zone 2) varied for the 2 samples, being 380°C for sample 1 (Sb-rich)
and 450°C for sample 2 (stoichiometric), which corresponds to the partial pressure of
Se of 2.67 mbar and 16.4 mbar, respectively. Since it was not clear, how long synthesis

time should be used, 3 hours and 96 hours were used for sample 1 (Sb-rich) and sample
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2 (stoichiometric), respectively. Finally, the ampoule was taken out from the furnace

and cooled down naturally to room temperature with a cooling rate of 120°C/min.
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Figure 2.2: Schematic graph of two-temperature zone furnace and the temperature profile for Sb.Ses
synthesis.

2.2 Material characterization methods

2.2.1 X-ray diffraction (XRD)

XRD is used for characterizing crystalline materials. The technique provides information
on crystal structures, phases, preferred crystal orientations (texture), and other
structural parameters, such as lattice parameters, average grain size, crystallinity,
strain, and crystal defects. The diffraction pattern is produced by constructive
interference of a monochromatic beam of X-rays scattered at specific angles from each
set of lattice planes in a sample. The peak intensities are generated by the distribution
of atoms within the lattice. Eventually, the X-ray diffraction pattern gives a unique

fingerprint of atomic arrangements present in the sample [50].

In the present thesis, XRD was used for the detection of the phase composition of the
two microcrystalline powders. The measurement was carried out with Smartlab (Rigaku)
Ultima IV diffractometer equipped with rotating 9 kW Copper anode X-ray tube (A =
0.154 nm, at 40 kV and 40 mA) in Bragg Brentano geometry (10°-70° 26 angle range
with 0.02° step). Reference XRD pattern was simulated from Sb>Ses PDF Card file
obtained from crystallographic open database. Lattice constants were identified
manually to match experimental XRD peak positions based on orthorhombic crystal

system.
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2.2.2 Energy-dispersive X-ray spectroscopy (EDX)

EDX is an X-ray-based technique, which is used to describe the chemical composition of
materials. While the sample is bombarded with high-energy electrons, the electrons are
ejected from the inner shell of the studied atoms producing an electron vacancy. This
vacancy is then filled by an electron from a higher energy level. This transfer of electrons
releases energy in the form of X-rays and these characteristic X-rays are detected by
the EDX. By measuring the characteristic X-ray energy and intensity of each element’s

X-rays, the elements, as well as their concentration in the sample, are determined [51].

The chemical composition of the two microcrystalline samples were determined by EDX
using a Zeiss Merlin high-resolution scanning electron microscope equipped with the
Bruker EDX-XFlash6/30 detector (the measurement error is about 0.5 at%).

2.2.3 Raman spectroscopy

Raman scattering is a fast and usually non-destructive technique for investigating the
vibrational spectra, phase composition and structural properties of materials. Raman
spectroscopy method is based on the inelastic scattering of monochromatic light by the
medium, leading to a change in the frequency of the incident light. It provides detailed
information about chemical structure, phase and polymorphy, crystallinity, and
molecular interactions of materials in any state (solids, liquids, gases). Each material
has its unique Raman spectrum as the lattice vibrations depend on the mass of the
vibrating atoms as well as on the bond strengths between them [16]. The information
depth of this technique depends on the wavelength of the incident monochromatic light
as well as on the absorption coefficient of the material under examination. In this thesis,
Raman spectroscopy was used for determining the phase composition of the
microcrystals. According to the literature, the set of Raman active zone center phonon
modes of Sb2Ses have the following symmetries predicted by group theory: ' = 10Ag
+5B1g +10B2g +5B3g, where A modes are symmetric and B anti-symmetric, respectively
[52].

Room temperature Raman spectroscopy was carried out using Micro-Raman
spectrometer HORIBA LabRAM 800HR. In this study, a Nd:YAG laser beam with a
wavelength of 532 nm is used for the excitation and is focused on the sample by using
a x50 objective. This results in a spot size of around 10 micrometers in diameter and a
penetration depth of 100 nanometers. The scattered laser light is analyzed by using the
1800 lines/mm grating monochromator and a Si CCD detector. The system enables
spectral resolution of 0.5 cm™. The measurement has been performed using the filter

D2 reducing the initial laser power 100 times in order to avoid damage of the sample
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surface. The measurement range was from 50 to 550 cm™ as the Raman spectrum of
Sbh2Ses and possible secondary phases such as Sb20s lies in this spectral region. The
scan time was 100-150 seconds. Lorentzian peaks were used for fitting and analyzing
the spectra in each dataset using the Fityk software. Consequently, the resulting peak
position values were compared across datasets with the values available in the literature
to determine the phase composition of the studied samples. The full width at the half
maximum (FWHM) values of the dominating Raman peaks were used for evaluating the

crystalline quality of the samples.

2.2.4 Photoluminescence spectroscopy

Temperature dependent PL measurement (the PL setup is shown in Figure 2.3) was
carried out using a closed-cycle helium cryostat (Janis CCS-150) to measure the PL
spectra at temperatures from 20 K to 180 K. The crystals were glued with a cryogenic
grease on a copper plate and mounted on the cold finger of the cryostat. The
temperature was controlled via temperature controller (LakeShore Model 321) that
enables to measure computer controlled automatic temperature dependence. For PL
excitation, a He-Cd laser with the wavelength of 441 nm was used. An optical chopper
is used for modulating the incident laser beam on the sample in order to distinguish and

amplify the resulting PL signal reaching the detector.

Chopper

Mirror
‘ LASER '—%—\
PC Lock-in Amp

<4“——» Lens1
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Lens 3 Lens 2
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Figure 2.3: Schematic description of the PL setup.

The emitted light was conditioned using a cut-off low-pass filter and focused on the

lateral entrance of the computer-controlled single grating (600 mm™!) monochromator
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(f = 0.64m) (Horiba Jobin Yvon FHR640). Luminescence was dispersed by the
monochromator and detected by the Hamamatsu InGaAs photomultiplier tube. For
amplifying the PL signal, a Stanford SR810 DSP lock-in amplifier was used. For the laser
power dependent measurements of the PL spectra, neutral density filters were used for
altering the power of the incident laser beam. The excitation power was varied in the
range from 0.77 to 37.1 mW. The laser power dependent PL measurements were carried
out at T = 20 K.

3. RESULTS AND DISCUSSIONS

3.1 Elemental composition

To determine the elemental composition of microcrystals (see SEM image in Figure 2.1)
energy dispersive X-ray spectroscopy technique was employed. EDX is showing Sb-rich
SbhaSes (42 at% of Sb and 58 at% of Se) composition for sample 1 and stoichiometric
Sbha>Ses composition (ratio of Sb:Se atoms 2:3) for sample 2. The samples are
accordingly named as Sb-rich Sb2Ses and stoichiometric Sb2Ses. In addition, elemental
Sb as separate crystals was found in sample 1, which most probably resulted from the
un-reacted Sb precursor due to too short synthesis time at chosen synthesis

temperature. No secondary phases were found in sample 2.

3.2 Structural and phase analysis

The structural properties of microcrystals were investigated by Raman spectroscopy and
X-ray diffraction method. The Raman spectrum of the studied Sb.Ses microcrystals is
presented in Figure 3.1 The spectrum was fitted by using Lorentzian curves indicated as
dashed lines in Figure 3.1. The characteristic Raman spectrum of Sb2Ses consisted of 6
Raman peaks at 99, 125, 155, 185, 191, and 212 cm for Sb-rich and at 99, 125, 155,
186, 192, and 212 cm for stoichiometric sample, the Raman peak at 191 and 192 cm"
! being the dominant one for each sample, respectively. The both collected Raman
spectrums display very similar results and they are in agreement with previously

reported literature data by Grossberg et al. [10] and Shongalova et al. [53].

Shongalova et al. [28] reported, that the most intense peak at 190 cm™ is characteristic
of Sb-Se stretching mode and it is pointed as an A; mode. The peak at 155 cm™ can be
associated with Sb-Sb bonds, corresponding to the Big mode. The vibration modes at
125 and 212 cm™ are related to Se-Se bonds, which are assigned to A; modes. The

often-found Raman mode around 250 cm™ and the small shoulder close to the 252 cm-
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! peak which are indicating Sb.03 and amorphous Se respectively, could not be detected

in our samples. Eventually, no contribution from secondary phases to the Raman

spectrum could be monitored [39].
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Figure 3.1: The Raman spectrum of the studied a) Sb-rich and b) stoichiometric Sb>Ses microcrystals. The

dashed lines indicate to the Lorentzian peaks used for fitting the spectra.
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Figure 3.2: The XRD pattern of the studied a) Sb-rich and b) stoichiometric Sb2Ses microcrystals. The asterisk
(*) indicates to the dominating XRD peaks of elemental Sb found in Sb-rich Sb.Ses.

The XRD pattern of the studied Sb2Ses microcrystals is displayed in Figure 3.2. According
to the analysis with respect to PDF_00-015-0861, both materials crystallize in
orthorhombic structure of Sb.Ses with space group Pbnm #62. The main diffraction
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peaks showing the characteristic structure of Sb>Ses are marked on the XRD pattern of
both Sb-rich and stoichiometric Sb>Ses crystals. In the Sb-rich sample, strong
contribution of the elemental Sb to the XRD pattern is detected (see Figure 3.2.a) as
was also detected by EDX. According to the peak positions, estimated lattice parameters
of the Sb-rich sample are a = 1.1670 nm, b = 1.1801 nm and c = 0.3975 nm and for
stoichiometric samplea = 1.1650 nm, b = 1.1784 nm, and ¢ =0.3980 nm. These values
are in good agreement with the data reported in the literature [10], [38] and in the

crystallographic database.

3.3 Photoluminescence of Sb-rich Sb>Ses microcrystals

The photoluminescence spectrum of Sb-rich sample at 20 K is presented in Figure 3.3.
The graph presents the fitting of the spectrum with an empirical asymmetric double
sigmoid (ADS) function [54] resulting in two PL bands positioned at 1.12 eV (PL1) and
0.85 eV (PL2).

007/ ————— 7T T T T T T 7

PL2 Sb,Se; Sb-rich ]
0.06 | ]

T=20K

0.05 -
0.04 |

003 §

PL intensity (arb. units)

0.02 -

0.01 -

0.00 L L L =
0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30

E (eV)

Figure 3.3: Low-temperature PL spectrum of Sb-rich Sb.Ses microcrystals with the result of spectral fitting
with ADS function.

The temperature dependence of the PL spectrum between 20 and 180 K is presented in
Figure 3.4. The PL band peak positions (Figure 3.5) revealed a shift towards lower
energies with the rising temperature in the case of both PL bands. The PL1 peak position
follows the temperature dependence of the band gap energy of Sb.Ses [24] indicating

to the involvement of the band states in the corresponding recombination mechanism.
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PL2 band on the other hand shifts very slowly towards lower energies with increasing
temperature indicating to the DAP recombination. Rapid thermal quenching of the PL1
band was observed above T = 60 K, while the PL2 band showed much slower quenching.
The thermal quenching of the PL bands is often used to get information about donor and
acceptor states behind the defects [41]. Figure 3.6 shows the Arrhenius plot of the
thermal quenching of PL1 and PL2 bands, which was fitted by using the theoretical
expression for discrete energy levels Eq. (1.1). Obtained thermal activation energies for
PL1 and PL2 bands are ErpL1) = 60+5 meV and ErpL2) = 143+4 meV, respectively.
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Figure 3.4: The temperature dependence of the PL spectrum of Sb-rich Sb2Ses microcrystals.
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Figure 3.5: The temperature dependence of the PL band peak positions of Sb-rich Sb.Ses microcrystals.
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Figure 3.6: The Arrhenius plot showing the thermal activation energies for two PL bands of Sb-rich SbaSes

microcrystals obtained from the fitting of the curves with Eq. (1.1).

To analyze the recombination mechanisms behind the PL bands, also the laser power
dependence of the PL spectra was measured at T = 20 K, see Figure 3.7. The laser
power dependencies (from 0.77 to 32.7 mW) of PL band peak positions and intensities
are presented in Figures 3.8 and 3.9, respectively. As can be seen in Figure 3.9, the
laser power dependence of the PL intensity for both bands follows the relation @ ~ P¥
and k values of 0.7 and 0.6 were found for PL1 and PL2 indicating to a defect related
recombination. The peak position of PL2 band shifts slightly towards higher energies
with increasing excitation power, while in case of PL1 band no shift was observed. The
rate of the detected blueshift for PL2 band is 1 meV per decade of the laser power,
which is characteristic to donor-acceptor pair recombination. At low excitation laser
intensities, the recombination is involving DAPs with different distance. On the other
hand, at high enough excitation laser intensities the main contribution to the DAP
recombination comes from the closer pairs. Distant DAP recombination saturates at high
excitation laser powers, whereas close pairs have a larger transition probability and can
accommodate more carriers. Therefore, when the excitation power increases, a shift of
the PL band peak energy to higher energies is observed [47]. Thus, in our case, the
quite small shift of PL2 band peak position with excitation power suggests that the

recombination is originated by very close donor-acceptor pairs.

Sbh2Ses has a binary chemical composition, yet due to the low symmetry of the atomic

sites, the defects are surprisingly complicated and unique. Same type of point defects
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located in different atomic sites can lead to different recombination. Furthermore, the
uncommon defects that are rarely seen in other semiconductors, have a higher tendency
to form in Sb2Ses. The reason for this lies behind the weak van der Waals bonds and
the large distance between the covalently bonded ribbons [29]. Both, the antimony and
selenium atoms are affected from the low-symmetry of the unit cell. Accordingly, there
are two different lattice sites for Sb and three different lattice sites for Se [55]. Since
the PL2 band involves DAP with very close pairs, (so-called deep donor-deep acceptor
pair - DD-DA pair) the donor and acceptor defects engage with the closest Se and Sb
sites in the lattice. The closest four Se-Sb pairs and their corresponding Coulomb
energies as well as donor ionization energies Es (see Table 3.1) were calculated using
Equation (1.2), considering Epa = 0.85 eV, Eg = 1.333 eV [38], € = 24 [19] and Ea =

0.143 eV. The resulting Ep values are very close to each other.

Table 3.1: The calculated Coulomb energies and corresponding donor ionization energies for the four most
probable close DAPs in SbaSes. Sb-Se bond lengths are taken from [55].

Bond length (&) Coulomb energy (eV) Donor ionization energy, Ep (eV)
Sb(2)-Se(1): 2.588 0.232 0.572
Sb(1)-Se(3): 2.664 0.225 0.565
Sb(1)-Se(2): 2.678 0.224 0.564
Sb(2)-Se(3): 2.803 0.214 0.554

The calculations using density functional theory by Liu et al. [17] show that the deep
level donor defects like Vse and Sbse are more likely to form in the Sb-rich environment.
This partly confirms the fact that the high-efficiency thin-film solar cells having Sb2Ses
absorber layer are fabricated under Sb-poor conditions [29]. Moreover, Wen et al. [21]
detected a defect with a binding energy of 0.610 eV below the conduction band in DLTS
measurements and attributed it to antimony antisite (Sbse), which shows a very similar
Ep value with the donor ionization values calculated for PL2 band [21]. The acceptor
defect involved in the DAP recombination behind PL2 band is most probably Sesy with
ionization energy Ea = 0.143 eV as determined from the Arrhenius plot in Figure 3.6.
This is in good correlation with Sesp, acceptor ionization energies obtained in other
studies that were summarized in Table 1.1. As a conclusion, we can say that the PL2
band in Sb-rich Sb2Ses is originated from DAP recombination most probably involving
Sbse and Sesp defects.
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Figure 3.7: Laser power dependence of the low-temperature PL spectrum of Sb-rich Sb>Ses microcrystals.

The PL1 band exhibits a different behavior than the PL2 band and must originate from
different type of recombination. The temperature dependence of PL1 band peak position
and the temperature dependence of band gap energy are showing comparable behavior,
where both spectrums shift to lower energies with similar magnitudes [9]. The observed
red-shift of the peak position with temperature and the fact that it is following the
temperature dependence of band gap is the sign, that the band states are associated
with the recombination process [10]. This is supported also by the fact that PL1 band is
not shifting with changing laser power (see Figure 3.8). Nevertheless, considering the
PL1 band position at 1.12 eV, the value of the obtained thermal activation energy of
0.06 eV and the band gap energy of Sb.Ses of 1.333 eV, the detected emission cannot
result from band-to-band or free-to-bound recombination. Very similar behavior of a PL
band at 1.11 eV in Sb2Ses polycrystals was found by Grossberg et al. [10] and the PL
band is proposed to originate from the recombination involving grain boundaries,
however, it is not confirmed. At this point, we can propose that we see the same PL

band that was seen in Ref [10], however, further studies are needed to clarify its origin.
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Figure 3.8: The laser power dependence of the PL band peak positions of Sb-rich Sb2Sez microcrystals.
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Figure 3.9: The laser power dependence of the PL band intensities of Sb-rich Sb>Ses microcrystals.

40



3.4 Photoluminescence of stoichiometric Sb>Ses

microcrystals

The photoluminescence of the stoichiometric sample at 20 K together with the fitting
result using ADS function is presented in Figure 3.10. Three PL bands positioned at 1.26
eV (PL1), 1.04 eV (PL2), and 0.86 eV (PL3) are detected.
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Figure 3.10: Low-temperature PL spectrum of stoichiometric Sb.Ses microcrystals with the result of spectral
fitting with ADS function.

The temperature and laser power dependencies of the PL spectrum were measured and
are shown in Figures 3.11 and 3.15. The PL2 band quenches very fast with increasing
temperature and eventually disappears at T = 65 K. Starting from the same
temperature, the PL4 band (1.30 eV) appears at the high energy side of the spectrum,
which can be seen clearly from the PL spectra at T = 125 K presented together with the
fitting result in Figure 3.12. We observed that the PL1 and PL2 bands have rather an
asymmetrical shape and a steeper incline at the high energy side. It is important to
mention here that the InGaAs PMT detector rapidly loses its sensitivity starting from 1.3

eV, meaning that the high-energy side of the spectrum is slightly modified by this.
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Figure 3.11: The temperature dependence of the PL spectrum of stoichiometric Sb>Ses microcrystals.
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Figure 3.12: PL spectrum of stoichiometric Sb2Ses microcrystals at 125 K with the result of spectral fitting
with ADS function.

42



The temperature dependence of the PL band peak positions (Figure 3.13) reveals an
apparent red-shift in the case of PL1 and PL2 bands and a rather small red-shift in the
case of PL3 band. The PL1 and PL2 bands follow the temperature dependence of the
band gap of Sb2Ses [24]. This behavior is an indication that the band states are involved
in the recombination process [10]. In the case of the PL4 band, the peak shifts first to

lower energies and then stays constant.
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Figure 3.13: The temperature dependence of the PL band peak positions of stoichiometric Sba.Ses

microcrystals together with the band gap energy (Eg) from Ref. [24] presented as solid blue line.

As a result of the analysis of the temperature quenching of the PL bands, the Arrhenius
plot is displayed in Figure 3.14. The experimental data for the temperature dependence
of the integrated PL band intensities were fitted by Eq. (1.1). Calculated thermal
activation energies for each peak using the Eq. (1.1) are depicted on the Arrhenius plot.
It turned out that all peaks show quite small thermal activation energies 0.06 eV. More
precisely 0.052+0.004 eV for PL1, 0.022+0.004 eV for PL2, 0.021+0.005 eV for PL3,
and 0.029+0.003 eV for PLA4.
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Figure 3.14: The Arrhenius plot showing the thermal activation energies for the PL bands of stoichiometric
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Figure 3.15: Laser power dependence of the low-temperature PL spectrum of stoichiometric Sb.Ses

microcrystals.

The laser power dependence of the PL spectrum is presented in Figure 3.15. The

spectrum was measured at T = 20 K with different laser excitation powers varied
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gradually from 0.77 to 37.1 mW. The peak position of PL2 and PL3 bands blueshifted
only slightly with increasing laser power (<1 meV/decade), see Figure 3.16. In the case
of PL1, no shift was observed. The laser power dependence of PL band intensities is
shown in Figure 3.17. The integrated PL band intensities @ increase linearly with respect
to the laser power P, following ® ~ P, The k values of 0.94, 0.7 and 0.6 were obtained
for PL1, PL2 and PL3 bands, respectively, indicating to a radiative recombination of
charge carriers localized at defects within the bandgap [10]. Since the PL4 band shows
up only after T = 65 K, no analysis about the laser power dependence could be

conducted.

Based on the above descriptions of the temperature and laser power dependent behavior
of the PL bands in stoichiometric Sb.Ses, following conclusions can be drawn. We
propose that the PL1 band originates from the free-to-bound recombination involving
an acceptor defect with an ionization energy of 0.052+0.004 eV. Considering the PL1
band position at 1.26 eV and the thermal activation energy 0.052 eV, the sum of these
two adds up to the band gap of Sb2Ses. In addition, the proposed origin of PL1 band
(band-to-acceptor recombination) is supported by the fact that this PL band does not
shift with laser power and its peak position follows the temperature dependence of the
band gap that are characteristic for the free-to-bound PL emission [10]. This is the first
time, when this type of PL emission is detected in Sb>Ses and the presence of this type
of shallow acceptor defect should be beneficial for the solar cell device performance.

Based on theoretical calculations, this shallow acceptor could be Vs, or Sesy [29].
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Figure 3.16: The laser power dependence of the PL band peak positions of stoichiometric Sb.Ses

microcrystals.
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The PL2 band exhibits a similar response with the PL1 band, where the temperature
dependence of the peak position shows a red-shift and follows the temperature
dependence of the band gap (see Figure 3.13). Besides, the peak position almost doesn't
shift with the laser power (see Figure 3.16). These trends prove that the band states
are involved in the recombination process. However, considering the PL band peak
position at 1.04 eV, the resulted emission could have the same origin as the PL1 band
in the Sb-rich sample at 1.12 eV, rather than a band-to-band or free-to-bound
recombination. As Grossberg et al. [10] described the PL peak at 1.11 eV, we propose
that the PL2 band is originated from the recombination involving grain boundaries,
claiming the PL2 band is the same band as the PL1 in the Sb-rich sample and the PL
band that was reported in Ref. [10]. However, further studies are needed to clarify its

origin.
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Figure 3.17: The laser power dependence of the PL band intensities of stoichiometric Sb2Ses microcrystals.

The PL3 band regardless of the similar band position at 0.85 eV and 0.86 eV in Sb-rich
Sh>Ses and stoichiometric Sb2Ses, respectively, seems to have different origin in these
two studied samples. Unlike in the Sb-rich Sb2Ses, the PL3 band in stoichiometric Sb>Ses
shows almost no shift of the PL band position with temperature and the thermal
activation energy of the temperature quenching of this deep PL band is only 21 meV.
The absence of the temperature dependence of the PL3 band position could indicate that

this emission could originate from the intercentral recombination process, which is not
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affected by the temperature dependence of the band gap of the material. Also, the small
thermal activation energy could be explained by this recombination model. However, as
so far there is no evidence of such luminescence centres in Sb>Ses, this should be
studied further.

Finally, the PL4 band that appears in the spectra from T = 65 K is positioned at 1.3 eV
at T = 125 K, which is very close to the band gap of Sb2Ses. The interpretation of this
PL band is challenging as it is positioned in the spectral region where the detector
sensitivity is rapidly decreasing. The PL4 band position follows the temperature
dependence of the band gap energy at first and then starting from 100 K stays almost
constant. This could be due to the detector sensitivity limit. The near-band-edge
emission of the same stoichiometric Sb2Ses microcrystals was recently investigated by
Krustok et al. [38], where the PL emission in the spectral region from 1.30 - 1.33 eV is
represented by two pairs of free excitons and biexcitons. Unlike in this thesis, where a
steady state laser source is used, the measurements in Ref. [38] were done by using
very high excitation powers generated by the pulsed laser source. Excitons are often
observed in crystals with very high quality and their generation rate is higher at high
temperatures and high excitation powers. As a result, in this thesis the PL4 band
detected at 1.3 eV at T = 125 K is the same excitonic PL emission observed in Ref. [38]
using high excitation powers. The narrow width of the band (0.04 eV) also suggests that
PL4 band originates from excitons. Moreover, the PL4 band is showing very similar
behavior with the biexciton XXg at 1.322 eV, which is described in Ref. [38].
Unfortunately, we did conduct laser power dependent PL measurements at higher
temperatures due to the low PL signal intensity and cannot therefore compare the
corresponding behavior of the PL4 band with the XXg band in Ref. [38]. Another feature
of biexcitons is that they reveal a noticeable red-shift in temperature-dependent
measurements, while free excitons usually follow the temperature dependence of the
band gap [56]. In our case, the peak position first shifts to lower energies and then
stays stable (see Figure 3.13). The reason behind this behavior is probably the fact that
the PL4 includes also the contribution of the free exciton Xs at ~1,31 eV in addition to
the XXs peak, but in these measurements these peaks are not resolved as in [38].
However, the PL measurements using steady-state laser enabled us to learn also about

the deep defect emission in this stoichiometric Sb>Ses microcrystals.
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4. CONCLUSIONS

The purpose of the current study was to investigate the intrinsic defects in Sb2Ses
microcrystals with different elemental compositions using PL spectroscopy and to clarify
the main radiative recombination processes behind the observed emissions. The PL
spectrum of Sb-rich sample revealed two PL bands at 0.85 eV and 1.12 eV, where the
deep emission dominates. The PL band at 0.85 eV having high thermal activation energy
of 143 £ 4 meV was assigned to a deep donor-deep acceptor pair recombination,
considering the detected blueshift with laser power. The calculations showed that the
DAP involves a deep donor defect with an ionization energy of 0.572 eV and the deep
acceptor defect with ionization energy of 0.143 eV. Based on the findings from the
literature and taking the acceptor and donor energy levels into account, the
recombination was attributed to Sbse and Sesy antisite defects, which are expected to
be present in Sb2Sesz in high concentrations. The second PL band at 1.12 eV was
proposed to originate from a recombination involving grain boundaries based on the
same behavior observed for this band previously in the literature However, the origin of

this PL band it is not confirmed and needs to be studied further.

During the PL measurements of the stoichiometric Sb2Ses sample, we distinguished four
PL bands at 0.86 eV, 1.04 eV, 1.26 eV and 1.3 eV, where the edge emission dominates.
The temperature dependence of PL spectrum showed that at higher temperatures
starting from 65 K, the band positioned at 1.04 eV disappears and a new peak at 1.30
eV appears. Based on the temperature and laser power dependent behavior of the PL
band at 1.26 eV, this band was attributed to free-to-bound recombination involving an
acceptor defect with ionization energy of 52 £ 4 meV. This type of PL emission is
detected in ShxSes for the first time and it should be beneficial for the solar cell device
performance as shallow acceptors donate free carriers and increase the p-type
conductivity of the material. Based on previously reported defect energy levels the
acceptor defect was attributed to Vsp or Sesp. The second PL band positioned at 1.04
eV, was proposed to have the same origin as the band in the Sb-rich sample at 1.12 eV,
which is a recombination involving grain boundaries. Unlike the rest of the PL bands,
the third band showed a different kind of behavior, where there was almost no shift of
the PL band position with temperature, and the thermal activation energy of the
temperature quenching of this deep PL band was only 21 meV. The temperature and
laser power dependent behavior of this PL band is rather unusual and it is proposed that
this emission may originate from the intercentral recombination process, which is not
reported before in Sb2Ses and needs further confirmation. Finally, the PL band at 1.3 eV
with narrow width and position very close to the band gap is proposed to originate from

the excitonic recombination. Very similar excitonic emission was reported recently for
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the same stoichiometric Sb2Ses microcrystals using very high excitation powers
generated by the pulsed laser source. However, in this thesis using steady-state laser
we were able to learn also about the deep defect emission in the stoichiometric Sb2Ses

microcrystals.

Consequently, the results of this PL investigation show that deep defects tend to appear
in the Sb-rich sample, whereas in the stoichiometric sample the edge emission
dominates. This finding was also supported by theoretical calculations, where
detrimental defects are shown to form easily under Se-poor conditions and more benign
defects are the dominant defects under Se-rich condition, thus much better photovoltaic
efficiency can be achieved under the Se-rich condition. In this study we did not obtain
Se-rich samples targeted during the growth, however, our results show that with the
decrease in the relative concentration of antimony, the formation of deep defects can
be suppressed and shallow defects promoted.

Further studies should be performed to confirm the origin of the PL bands currently

attributed to grain boundary related and intercentral recombination.
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SUMMARY

This study is focused on the investigation of the defect structure of Sb2Ses using
photoluminescence spectroscopy. Photoluminescence is a sensitive method for studying
defects and related recombination mechanisms in semiconductors. In the literature,
ShaSes is presented as a promising photovoltaic absorber material due to its attractive
properties and its rapid improvement in the last decade. However, the Sb>Ses based
solar cell efficiencies are still far behind the ones of the conventional thin film solar cells
and a systematic investigation of the defect structure holds great importance to achieve
further progress. In addition to this, the defects in Sb2Ses are surprisingly complicated
and unconventional. Moreover, only a few publications about photoluminescence of
Sb.Ses are available, which makes the interpretation challenging but also highly

essential.

In the scope of the thesis, two different Sb2Ses microcrystals were prepared. Lower
temperature and shorter synthesis time resulted in Sb-rich samples while stoichiometric
samples were achieved with higher temperature and significantly longer synthesis time.
The elemental and phase composition and structural properties were confirmed with
EDX, Raman spectroscopy and XRD measurements, respectively. The presence of

elemental Sb as a secondary phase was detected in Sb-rich SbaSes.

The photoluminescence spectra of Sb-rich microcrystals and their dependence on the
temperature and excitation power were measured. At T = 20 K, two PL bands positioned
at 1.12 eV (PL1) and 0.85 eV (PL2) were observed. The PL1 band is attributed to a
recombination involving grain boundaries, yet further studies are needed to clarify its
origin. The PL2 band, on the other hand, is proposed to originate from very close donor-

acceptor pair recombination probably involving Sbse and Sesy defects.

The photoluminescence of the stoichiometric sample at 20 K revealed three PL bands
positioned at 1.26 eV (PL1), 1.04 eV (PL2), and 0.86 eV (PL3). Starting from 65 K the
PL2 band vanishes and the PL4 band (1.30 eV) appears at the high energy side of the
spectrum. The proposed origin of PL1 band is a free-to-bound recombination involving
an acceptor defect, which was assigned to Vs» or Sesp. We suggest that the PL2 band is
originated from the recombination involving grain boundaries, claiming the PL2 band is
the same band as the PL1 in the Sb-rich sample. Finally, the PL3 and PL4 bands are
proposed to originate from the intercentral recombination process and excitonic

recombination, respectively.
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