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INTRODUCTION

Global electricity generation was around 21 000 TWh in 2015 [1]. Most of the
electricity is produced using conventional carbon-based technologies due to
their lower price per watt. However, global fossil resources are depleting while
at the same time, the world’s population is growing rapidly. Therefore, the need
for a sustainable and environmentally friendly alternative energy source is
unavoidable.

Sunlight is the most abundant and free natural energy source, and light-to-
electricity conversion in a solar cell is one of the best-developed renewable
energy technologies [2]. The production of solar cells with reduced cost, high
efficiency and environmentally friendly processes is the current challenge for
photovoltaic research and industry for photovoltaics (PV) to be competitive
with conventional energy technologies. Currently, approximately 90% of the
world’s PV market is dominated by silicon-based technologies. The record
laboratory cell efficiency is 25.6% for mono-crystalline and 20.8% for multi-
crystalline silicon wafer-based technology [3]. Japan’s Kaneka Corporation has
reached a certified conversion efficiency of more than 26% for silicon
heterojunction solar cells [4].

In 2015, the market share of all thin film technologies amounted to about 8%
of the total annual production [3]. The most efficient thin film solar cells with
efficiencies of 22.1% [5] and 22.6% [6] are based on cadmium telluride (CdTe)
and copper (indium, gallium) diselenide (CIGSe), respectively. As production
volumes increase, the cost and scarcity of In and Te will become major issues
that may limit the utilization of widespread CdTe and CIGSe photovoltaics. In
the last decade, new absorber materials that use low cost and broadly available
elements have been proposed as an alternative. Quaternary L-I1I-IV-VI4 (I = Cu,
Ag; Il =Zn, Cd; IV = Si, Ge, Sn; VI = S, Se) chalcogenides form a large group
of semiconductors with variable structural, optical and electrical properties. The
kesterite-type CuZnSnSs (CZTS), CuxZnSnSes (CZTSe) and their solid
solutions Cu,ZnSn(S,Se)s (CZTSSe) continue to excite interest as potential
earth-abundant alternatives to CIGSe for application as absorber materials in
solar cells. These materials are closely related to CIGSe as their crystal
structures are very similar and the same preparation methods can be used.

By 2014, the efficiency of CZTSSe solar cells had reached 12.7% [7], but
progress since then has been slowing down. The main limiting factor for device
performance is the open circuit voltage, which is ~200 mV lower than that of
CIGSe cells with comparable bandgaps. The reasons for the voltage losses in
kesterite solar cells are still not clear. One possible cause is enhanced
recombination due to tail states arising from Cu-Zn disorder, surface
recombination and the influence of secondary phases [8-10].

During the last decade, the power conversion efficiency of solar cells based
on pure Cu,ZnSnS, absorber has achieved as high as 9.5% by using Zn;.«CdyS
buffer layer [11]. Despite suitable properties of the absorber material, the
performance of the photovoltaic device is still poor. For high efficiency solar
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cells, the bandgap of the absorber layer is one of the important parameters.
According to the Shockley—Queisser efficiency limit for solar cells using a
single p-n junction, an ideal solar energy absorber material should have a
bandgap around 1.4 eV [12]. The direct bandgap of CZTS is 1.5 eV [13]. To
reach the ideal bandgap, bandgap engineering is possible. Several studies have
shown the possibility to tune the bandgap of CZTS between 1.0 to 1.5 eV due to
the change in the anion composition. First-principles calculations on the band
structure and optical properties of CZTSSe have indicated that the mixed-anion
solutions are highly miscible [14]. It is also difficult to control the anion ratio of
S/Se (and therefore the control of bandgap) precisely through the annealing
processes.

For most compound semiconductors, it is commonly accepted that
substitution of heavier atoms from the same group in the periodic table results
in narrower bandgaps. Therefore, another possibility for tuning the bandgap of
CZTS is through substitution of Zn atom by Cd atom into the crystal lattice
forming a new Cu,CdSnS4 compound. Cd is a suitable element for lowering the
bandgap of CZTS because it belongs to the same group of elements and is larger
than Zn.

The present thesis is divided into four Chapters. The Introduction is followed by
a brief literature review in Chapter 1. It provides a short overview of [,-1I-V-VI4
compounds based solar cells. Further, the properties of Cu,ZnSnSs and
CuyCdSnSs, which are important for absorber materials for PV, are outlined,
followed by the description of the monograin powder technology. Summary of
the literature review and objectives of the research close Chapter 1. Chapter 2
presents the experimental details of monograin powder and polycrystalline
powder synthesis processes, as well as post-growth treatments and monograin
layer solar cell fabrication. The techniques used to characterize the properties of
powders and solar cells are also introduced. Chapter 3 is divided into three
sections and contains original experimental results together with the discussion.
All the results have been published in four peer-reviewed papers included in
Appendix A. The first section reports the effect of Zn substitution by Cd to the
structural and optical properties of Cu,ZnSnSs. The second section comprises
systematic investigation of the influence of structural disordering in CZTS on
the optoelectronic properties and devices based on these powders. The third
section is devoted to the modification of optoelectronic properties of
polycrystalline Cu,CdSnSs powder by the low-temperature annealing process.
The thesis concludes with a summary of the main goals.
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1 LITERATURE OVERVIEW AND THE AIM OF THE
STUDY

1.1 L-II-IV-VI4 compounds based solar cells

CuzZnSnS4 (CZTS) and Cu,CdSnSs (CCdTS) belong to the group of
I-1I-IV-V14 compounds and have recently emerged as promising light-absorber
materials for solar cells due to suitable energy bandgaps, high absorption
coefficient and earth abundant elements. The direct bandgap of CZTS is around
1.5 eV [13, 15, 16]. At first, the direct bandgap of CCdTS was estimated as
1.06 eV [17], but for today, it is proposed to be around 1.4 eV [18-20].
Absorption coefficients larger than 10* cm™ and p-type conductivity were also
measured for both of these compounds [17].

The pioneers of CZTS solar cells are Kentaro Ito and Hironori Katagiri. The
former was the first to report synthesis of CZTS thin films and suggest their
potential photovoltaic application [7]. The latter was the first to fabricate the
first CZTS solar cell, with an efficiency of 0.66% [21]. Until 2008, research on
CZTS solar cells was limited to a few groups. In 2010, IBM group achieved a
high conversion efficiency of about 10% [22]. In 2013, the Japanese thin-film
solar company Solar Frontier announced that in joint research with IBM and
Tokyo Ohka Kogyo, they had developed a world-record setting CZTSSe solar
cell with an energy conversion efficiency of 12.6% [23]. Currently, the highest
record efficiency for pure sulfide CZTS thin film is 9.5% [11].

With regard to Cu,CdSnS4, only few literature reports are available about
solar cell efficiencies based on CCdTS absorber material. In the 1970s, the Bell
laboratories were the first to make solar cells on Cu,CdSnS4 single crystal
absorbers. The Au/Cu,CdSnS4/CdS/In-Ga solar cell exhibited an efficiency of
1.6% [26]. In 2015, W. Zhao et al. [27] presented the Cu,CdSn(S,Se)s
nanocrystal thin film solar cell with a power conversion efficiency of 3.1% and
groups from NTU reported the best efficiency of 9.24% by adjusting the ratio of
Zn/Cd in CuzZn;—«CdySnS4 thin films using the low cost sol—gel method [28].
Recently, a group from UNSW in Australia led by M. A. Green investigated the
effects of Cd-alloying and the mechanism underpinning the performance
improvement and achieved the Cd-alloyed CZTS solar cell efficiency beyond
11% [29].

Although a noteworthy increase in the conversion efficiencies of I,-1I-IV-VI4
compounds based solar cells have been achieved in recent years, significant
improvements are required to further enhance efficiency to the level of CIGSe
solar cells, and to increase the commercial viability of these types of
photovoltaics.
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The following sections analyze some of the main aspects influencing the
efficiency of Cu,ZnSnS4 and Cu,CdSnS, based devices, from the fundamental
properties of absorber materials to the aspects related to -efficiency
improvements.

1.2 Structural properties of Cu2ZnSnS4 and CuCdSnS4

CuyZnSnS4 and CuyCdSnS4 can be derived from the ternary CulnS; chalcopyrite
type lattice by replacing half of the indium atoms with zinc or cadmium atoms
and the other half with tin atoms. The crystal structures are therefore very
closely related, which presumes that excellent optoelectronic properties can also
be achieved for these materials.

oz © Qkp 9® o2 n ’. ®cd

os €ple - g o
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Cu2ZnSnSs Cu2CdSnSy

Figure 1.1 Crystal structures of kesterite-type CuZnSnS; and stannite-type
Cu>CdSnS4 [30].

Regarding the arrangement of the atoms in the crystal structure, two types of
structures with very similar formation energy exist: kesterite (space group /4)
and stannite (space group /42m) (see Figure 1) [15, 30, 31]. Initially, CZTS was
described as stannite-type [17], but now kesterite structure has been found to be
favored both experimentally [30] and theoretically [32]. Due to the similar
structural properties and isoelectronic nature of Cu” and Zn*', it is very difficult
to distinguish between the kesterite and stannite phases experimentally by X-ray
diffraction. It was confirmed [33] by neutron diffraction and in [34] by
anomalous diffusion studies that CZTS compounds crystallize in the kesterite
structure. It is suggested that the observed stannite structure for CZTS
compounds was due to the existence of partial disorders of Cu and Zn sites in
the I-II (001) layer of the kesterite phase [33-36]. This disorder could be due to
the formation of both kesterite and stannite phases during the crystallization
process since there is only a negligible difference in the lattice parameters and
the total energy. CCdTS has been found to crystallize in the stannite-type
crystal structure [36-38].

In both structures, the kesterite-type and the stannite-type, cations are
located on tetrahedral sites but their distributions on planes perpendicular to the
c-axis are not the same. Specifically, the kesterite structure consists of two
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alternating cation layers, each containing Cu and Zn or Cu and Sn, whereas in
the stannite structure, a layer of Cu alternates with a layer of Cd and Sn [33,
36].

1.3 Defect structure of Cu2ZnSnS4 and CuCdSnS4

Defects play an important role in the resulting optoelectronic properties of
semiconductor materials. Lattice defects are important material properties and
are crucial to the application of semiconductors in photovoltaic devices, since
they directly influence the generation, separation and recombination of electron-
hole pairs [39].

Based on several experimental and theoretical studies [40-42], the main
features of the defect properties of CZTS and CCdTS are very similar. It has
been found that Cuz, antisite defects have low formation energy and high
concentration due to the small atom size and chemical potential difference
between Cu and Zn (Cu, Zn = 1.35 A) [43], making the synthesized CZTS
always p-type. As the atom size difference between Cu and Cd is large
(Cd=1.55 A) [43], it can be expected that the formation energy of the Cucq
antisite may be high and the dominant defect will be the shallow Cu vacancy
(Vcu). The first principles calculations have shown that Cucq antisite defect still
has low formation energy, slightly higher than Cuz, in CZTS, by about 0.2 eV
[42]. Thus, the dominance of the acceptor Cucq results in intrinsic p-type
conductivity of Cu,CdSnS4, similar to that in CZTS [42].

A critical issue to improve the material quality of an absorber layer is the
control of intrinsic defects. In fact, the low open circuit voltage (V,c) has been
attributed to the recombination of light induced charge carriers due to the
activity of detrimental defects, which can be located in the bulk [44, 45] as well
as at the grain boundaries [46]. The type of defects prevailing and their [46]
concentration depends on the synthesis conditions.

So far, to obtain efficient solar cell devices from CZTS films, Cu-poor and
Zn-rich composition has been found to be most suitable [47-49] and this non-
stoichiometry in the quaternary kesterites results in the facile formation of self-
compensated defect complexes such as [Cuz,+Zncu], [Veut Zngy],
[Zns, + 2Zncy], [2Cuzn+ Snza] in CZTS. Similar defect complexes like
[Cucd + Cdcy] and [2Cucq + Sncq] have been proposed for Cu-poor and Cd-rich
CCdTS [44]. The defect pair [Cuz, + Znc,] turns out to be the most likely defect
in CZTS with the lowest formation energy of 0.2 eV, resulting in a high
concentration of these defects. Similarly, self-compensated antisite pair
[Cucd + Cdcy] having the formation energy of 0.21 eV is dominating in CCdTS.
The formation and clustering of [Cuz, + Zncy] and [Cucq + Cdcy] antisite pairs
induce a small bandgap shrinking in the corresponding sample areas, which can
cause bandgap fluctuations in the material [42].

Besides [Cuzn + Zncy] and [Cucq + Cdcy] pairs, the formation energies of
[2Cuzn + Snzy] and [2Cucq + Sncq] clusters are also low, about 0.2-0.6 eV and
0.43-0.65 eV, respectively [39, 42]. These clusters induce significant downshift
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of the conduction band as well as the upshift of the valence band. High
population of such defect complexes causes significant bandgap fluctuations
and electron-trapping states in the absorber materials and is thus detrimental to
the solar cell performance.

Zn and Cu are close neighbors in the periodic table with almost similar
atomic size. Therefore, it is more likely for Zn and Cu to occupy vacancies of
counterparts and result in a disordered kesterite structure in CZTS [50]. This is
usually considered as the main reason for the Cuz, and Znc, antisite defects in
the CZTS system [51]. Thus, using a larger Cd atom to partially replace Zn may
be one possible method to decrease the concentration of antisite defects [23].
The other possibility to reduce the Cu-Zn disordering appears to be a low
temperature post-annealing treatment [52, 53].

In the next sections, the disordering phenomenon proven to exist in the
kesterite structure in several studies [32, 52, 54] will be explained. In addition, a
route to optimize the bandgap of CZTS by cation substitution will be
introduced.

1.4 Ordering-disordering in crystal structure

Cu—Zn disorder in kesterites arises because of facile atomic exchange within
z=1/4 and z = 3/4 planes of the unit cell, while the rest of the lattice is
undisturbed [33, 55, 56]. Figure 1.2 shows the relevant lattice sites and planes in
the kesterite structure and illustrates the disorder-free and fully disordered
cases. The impact of Cu-Zn disorder on the properties of CZTS is an intensely
discussed topic and there are still unresolved problems such as influence on the
device performance.

X *9—e—0—® oOo 2= 34
® Cu © O 0.0
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o |.|0.0] |0 ©
Os B O B Ee B Bt EEEAl

Figure 1.2 Projections of the conventional kesterite unit cell of CZTS along the y-axis,
indicating the atoms, lattice planes and lattice sites involved in the Cu—Zn disorder. The
left-hand image shows the perfectly ordered case. The right-hand image shows the fully
disordered case, in which the Cu and Zn atoms in the z =" and % planes have a
random distribution among the 2c¢ and 2d sites [57].

Several recent studies [54, 58] have shown that the existence of Cu and Zn

cation disorder in Cu,ZnSnS4 kesterite crystal structure could be one reason for
the large open circuit voltage deficit limiting the efficiency of the solar cell
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device. Therefore, it is required to gain control over the Cu—Zn disorder. This
requires knowledge of the kinetics and temperature dependence of the order-
disorder transition. To describe the ordering of crystals, the ordering parameter
S is used, as introduced in Vineyard's theory of order—disorder kinetics [59]. S is
determined by the proportion of atoms located on the correct lattice sites in the
relevant crystal substructure. The order parameter S = 1 is for perfect ordering
and S = 0 for total disorder. S decreases with increasing annealing temperature,
and drops rapidly to zero at a critical temperature (T¢). The order—disorder
transition occurs at that critical temperature [52].

The degree of Cu-Zn disorder has been found to depend on the cooling rate
after sample synthesis. Rapid cooling results in the highest degree of disorder,
while slow cooling tends to give more ordered CZTS [33, 55, 56].

It is also possible to change the degree of Cu—Zn disordering during low-
temperature (LT) post-annealing at the temperature below the critical
temperature [52, 60, 61].

The order-disorder transition was found to be reversible and occurs at
260+ 10 °C [52], 200+£20 °C [53] and 195+ 5 °C [54] for reactively sputtered
CZTS, co-evaporated CZTSe and solution-processed CZTSSe films,
respectively.

Near-resonant Raman scattering [52, 53] and photo-luminescence
spectroscopy [61, 62] are useful tools to estimate the degree of Cu-Zn
disordering in kesterites. The low-temperature annealing at different
temperatures below and above the critical temperature leads to the changes in
the degree of Cu-Zn ordering. It appeared in the width and symmetry of the A;
Raman peak [52]. The A; Raman peak was broadened with the increasing
annealing temperature, which is attributed to the higher degree of disordering. It
was found that the asymmetry of the A; peak is caused by a shoulder peak at
low wavenumber side that was attributed to the A; mode of the disordered
CwZnSnSy [52, 53, 63]. Scragg et al. measured the 785-nm Raman spectra of
nominally ordered and disordered CZTS films and calculated the ratio of
Q = (m2a)/ | (m3a), where | (m24) and | (m34) are the Raman peak intensities for
the A modes at 288 and 304 cm™'. Thus, they showed that there exists the
correlation: the larger the Q value, the more ordered is the structure [52].

By the first-principles calculations, the bandgap energy difference between
the ordered and disordered kesterite phases was predicted to be around 0.1 eV in
CZTS [64]. It is also confirmed by low-temperature photoluminescence (PL)
studies that the bandgap energy for disordered CZTS is about 100 meV lower
than for the ordered CZTS [57], resulting in a different position of PL bands
arising from the same recombination. Moreover, recent PL studies showed that
the radiative recombination could be different in the ordered and disordered
structures [65]. In the disordered material, the concentration of different defect
clusters is relatively high and radiative recombination involving these clusters
that induce local bandgap decrease dominates at cryogenics temperatures. At
temperatures below the order-to-disorder transition temperature, the
concentration of defect clusters can be reduced. As a result, radiative
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recombination involving deep acceptor defect with the ionization energy of
about 200 meV is dominating in the PL spectra of ordered CZTS [65]. Both
recombination channels, the one related to band gap energy fluctuations caused
by the defect clusters and the other related to deep acceptor defects, are usually
detrimental for solar cells.

In all of the studies reviewed, ordering annealing at a low temperature was
observed to reduce the concentration of Cuz, and Znc, defects, and
consequently increased the effective bandgap (E.*). One would expect the Vi
deficit to reduce if the concentration of defects is decreased. However, so far no
studies have reported this to occur in high-performance kesterite devices. Future
work should continue to explore the link between ordering induced by low-
temperature annealing and V. deficit in the kesterite-based devices.

1.5 Bandgap engineering

One of the most fundamental criteria for a semiconductor to be suitable for
photovoltaic applications is the absorption of incident photons to create
electron-hole pairs. For the absorption of the solar radiation, it is required to
choose the bandgap of the absorbing material appropriately. The Schockley-
Queisser limit, which describes the thermodynamic -efficiency limit for
photovoltaic solar energy conversion as a function of the bandgap of the
absorber used in the single junction solar cell device, hereby gives the upper and
lower limit for the bandgap [66]. For the solar spectrum, a maximum efficiency
of around 30% can be achieved with materials with bandgaps between 1.0 and
1.5 eV [66]. To reach the ideal bandgap and improve the efficiency, bandgap
engineering is possible. In a kesterite-based single junction solar cell, the ratio
of S/Se has been modified in several studies [67-70]. The best efficiency
(12.6%) was achieved by modifying the ratio of S/Se in the absorber material
forming CZTSSe solid solutions [23]. However, it is very difficult to control the
anion ratio of S/Se (and therefore, control the bandgap) precisely through the
annealing processes. Therefore, another method to alter the bandgap by
adjusting metal cations during the absorber synthesis, for example, by
controlling the ratio of Zn/Cd [29, 71, 72] or Sn/Ge [73-75], may be a better
alternative.

For most compound semiconductors, it is commonly accepted substitution of
heavier atoms from the same group in the periodic table results in narrower
bandgaps. As it is required to reduce the bandgap of CZTS for optimum
absorption and higher efficiency, we can substitute Zn atom with Cd atom,
which belongs to the same group of elements and is larger than Zn.

Synthesis of CuxZn;«CdxSnSs (0 < x < 1) alloy thin films by the sol-gel
method has been reported [71] to realize the goal of bandgap engineering in
Cu,ZnSnS4-based solar cells. Xiao et al. [71] reported that the optical bandgap
of CZCdTS alloy could be modified continuously from 1.55 to 1.09 eV as Cd
varies from 0 to 1, as determined by the optical absorption measurements. The
bandgaps of the CZCdTS films, which were made by spin-coating the precursor
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solutions followed by post-sulphurized treatment, determined by optical
transmittance spectra were presented to be controlled linearly by adjusting the
Cd/(Cd + Zn) ratios of the synthesis precursors from 1.35 (x = 0) to 1.15 eV
(x=1.0) [72]. In order to clarify the mismatch in the bandgap energies, the
CZCdTS solid solutions in the form of monograin powders were synthesized
and studied in this thesis (Paper I).

Lately, Su et al. [28] showed that the efficiency of Cu,ZnSnS4 solar cells
could be enhanced up to 9.82% through partial Zn atom substitution with a Cd
atom (x =0.4) by forming the CuzZn;.«CdxSnSs (x =0-1) solid solution. The
substitution of Zn with Cd in CZTS induced the phase transformation from
kesterite to stannite when x >0.6. In addition, the microstructure of CZTS thin
films was improved and the nature of secondary phases was changed to
Zn;«Cd,S rather than pure ZnS. The variation of the Cd content was also found
to change the depletion width, charge density, and series resistance in CZCdTS
devices [29]. It was assumed that the variation of the parameters of a solar cell
device as a function of the Zn/Cd ratio might be attributed to the change in the
electronic structure of the bulk of the CZCdTS thin film. It is due to the phase
transformation from Kkesterite to stannite, which in turn affects the band
alignment at the CZCdTS/CdS interface and the charge separation at this
interface.

Yan et al. [29] showed that the introduction of Cd to CZTS significantly
reduced the band tailing, which was confirmed by the reduction in the
difference between the photoluminescence peak position energy and optical
bandgap (£;) as well as by decreased Urbach energy. The microstructure,
minority carrier lifetime, and electrical properties of the CZTS absorber were
substantially improved by Cd alloying. In addition, X-ray photoelectron
spectroscopy (XPS) analyses show that the partial Cd alloying slightly reduces
the bandgap of CZTS via elevating the valence band maximum of CZTS. With
these positive influences of Cd, over 11% power conversion efficiency (PCE) of
the CZCdTS solar cell was achieved [29].

All these results suggest that further efficiency improvement of CZTS by
engineering the absorber is possible.

1.6 Monograin powder technology

Solar cell technologies are traditionally divided into three generations. First
generation solar cells are mainly based on silicon wafers. The benefits of this
solar cell technology lie in their good performance, as well as their high
stability. However, they are rigid and require a lot of energy in production. The
second generation solar cells are based on thin film materials like amorphous
silicon, CIGSe and CdTe, which have lower material consumption. Therefore, it
has been possible to reduce production costs of these types of solar cells
compared to the first generation. Third generation solar cells use organic
materials such as small molecules or polymers. Still, the stability of these types
of solar cells is still challenging [76].

18



Second generation solar cells can also be produced on flexible substrates.
However, as the production of second generation solar cells still includes
vacuum processes and high temperature treatments, there is still high energy
consumption associated with the production of these solar cells [76]. There is
also an alternative approach to prepare solar cell structures — by using powder
materials. Powder technologies are the cheapest technologies for materials
production.

Research and development of monograin layer solar cells at Tallinn
University of Technology began in 1996 after a two-year period of
investigations in the field of CulnSe, monograin powder growth [77].
Monograin is a single-crystalline powder particle consisting of one single
crystal or several single crystalline blocks grown into compact grain [77]. The
monograin layer (MGL) is a monolayer of about the same size powder grains
embedded into organic resin. The idea of MGL as a construction element of
optoelectronic devices was developed at Philips Laboratories in Eindhoven in
1967 [78].

The formation of monograin powders takes place during the heating process
in the molten phase of the flux. Single crystals or single-crystalline powders can
be obtained at temperatures above the melting point of the used salt at
temperatures lower than the melting point of the semiconductor itself. Initial
solid particles of low-solubility precursors react with each other in the molten
salt media, and the formed solid particles of the product compound start to
recrystallize and grow by the mechanism of Ostwald ripening [79].

The characteristics of monograin powder crystals are controlled by the
selection of the synthesis temperature, as well as the nature and amount of the
salt. The volume of the used molten salt has to exceed the volume of voids
between precursor particles. In this case, the formed liquid phase is sufficient to
repel both the solid precursor particles and the formed powder particles from
each other and to avoid sintering caused by the contracting capillary forces
arising in the solid — liquid phase boundaries. After the synthesis, the used salt
is removed by washing with a suitable solvent and the released monograin
powder is dried and sieved.

1.7 Secondary phases in Cu2ZnSnS4 and CuCdSnS4

High efficiency solar cells also require single-phase absorbers. As the existence
region of single-phase Cu,ZnSnS; is rather small [80], the outside of this single-
phase region, the co-existence of one or more secondary phases with a CZTS
phase is very likely.

The formation of secondary phases depends on the synthesis conditions.
CuS compounds can be expected for Cu-rich compositions, as well as for Sn-
and Zn-poor stoichiometry. For Cu-poor or Sn-rich samples, a second
quaternary compound Cu,ZnSn;3Ss (reported by Olekseyuk ef al. in [80]) is also
expected from the reaction of SnS, and CZTS at 700 °C. Highly conductive
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phases of Cu-S and Cu-Sn-S compounds are detrimental for photovoltaic
application of CZTS [81, 82] by creating shunting paths in the final devices.

Cu-poor and Zn-rich compositions are therefore desirable to suppress the
formation of Cu-S and Cu-Sn-S detrimental phases and are usually
implemented in the literature for the realization of high efficiency CZTS
devices. As a result of the Cu-poor and Zn-rich composition, ZnS is expected as
a single secondary phase for Zn-rich composition. It has quite high bandgap
energy (3.54 eV), which could create insulator regions in the CZTS absorber
layer, thus lowering the device performance. However, Cu-poor and Zn-rich
composition has been found to be most suitable so far to obtain efficient devices
from CZTS films [9, 21, 47, 49].

As the single phase in the quasi-binary system Cu,SnS; — CdS is shown with
the line on the phase diagram [83], a slight deviation from the stoichiometry
leads to the formation of Cu,SnSs in Cu-rich side and CdS secondary phases in
Cd-rich side, additionally to Cu,CdSnSs.

In the synthesis of Cu»Zn;«Cd«SnS4 solid solutions, Zn;«CdsS secondary
phase forms in the ZnS-CdS system. The Zn/Cd ratio in Zn;.xCdxS depends on
the ZnS/CdS ratio and has the same value as Zn/Cd ratio in Cu,Zn;<CdxSnS4
solid solution [84].

1.8 Summary of the literature review and objectives of the
research

During the last decade, solar cells based on the CZTSSe absorber material have
shown a significant increase in power conversion efficiency, from about 5.74%
up to 12.7% [47, 7]. However, the continuing increase in efficiency has been
slowing down. Several fundamental unsolved problems should be clarified for
further improvement.

The studies reported in the literature on the properties of kesterite and stannite
type absorber materials, and solar cells based on these materials can be
summarized as follows:

e One of the most fundamental criteria for a semiconductor to be suitable
for photovoltaic applications is the bandgap. As the bandgap of
CupZnSnS4 needs to be reduced for optimum absorption of the solar
radiation and higher efficiency, the ratio of S/Se is modified in several
studies. However, it is very difficult to control the anion ratio of S/Se
(and therefore to control the bandgap) precisely through the annealing
processes. Therefore, another method to alter the bandgap is by
adjusting metal cations during the absorber synthesis, for example, by
controlling the ratio of Zn/Cd. The bandgap values of Cu,Zn;«CdxSnS4
solid solutions reported in the literature depend on the synthesized
method and also on the used analysis method. Systematic investigation
is necessary to clarify the mismatches in bandgap values and find the
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optimal ratio of Zn/Cd for a suitable bandgap for photovoltaic
applications.

e The main limitation of the PCE in Cu,ZnSnS, based solar cells is low
open circuit voltage (V,.) as compared to the bandgap energy value E,.
The reasons for the voltage losses in kesterite cells are still not clear.
High concentration of defect complexes and defect clusters could cause
bandgap fluctuations and electron-trapping states; also, existence of
antisite defects in the absorber materials is detrimental to the solar cell
performance. Thus, using a larger Cd atom to partially replace Zn may
be one possible method to decrease the concentration of antisite defects.
The other possibility to reduce the Cu-Zn disordering appears to be a
low-temperature post-annealing treatment. Structural ordering should
reduce the concentration of Cuz, and Znc, defects, and consequently
increase the effective bandgap. One would expect the V. deficit to
reduce if the concentration of defects is decreased. However, so far this
has not been reported to occur in high-performance kesterite devices.

e Despite the reported material properties of pure Cu,CdSnS4 that seem to
be suitable for absorber material in photovoltaics, the performance of
devices is still low. Main reason for poor performance of Cu,CdSnS4
solar cells is still unclear and more information about the optoelectronic
properties is needed.

The aims of the present doctoral thesis were:

e to synthesize Cux(Zn;xCdx)SnS4 (x = 0-1) solid solutions of monograin
powders in KI molten salt and characterize the compositional, structural
and optoelectronic properties of these powders to find the optimal Cd
content in solid solutions for an ideal bandgap of Cua(Zn;<Cdx)SnSs-
based single junction solar cells;

e to study the influence of ordering-disordering in Cu,ZnSnS4 monograin
powders on the compositional, structural and optical properties of these
powders and on the performance of Cu,ZnSnS4 based monograin layer
solar cells;

e to clarify the existence of disordering in stannite-type compounds and
to study the influence of this phenomenon on the optoelectronic
properties of Cu,CdSnSs polycrystalline powder through low-
temperature annealing.
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2 EXPERIMENTAL

2.1 Preparation of powder samples

Monograin powder materials [published in Papers I, II, IV] studied in this thesis
were synthesized from different purity self-synthesized binary compounds
(CuS, ZnS, CdS, SnS) or commercially available elemental powders in the
molten salt. The polycrystalline powder of Cu,CdSnSs [Paper III] was
synthesized from elemental Cu, Sn, S and CdS binary compound by solid-state
reaction. Details about initial composition of studied materials and the
experimental synthesis conditions for powder preparation are presented in
Tables 2.1 and 2.2.

Table 2.1 Initial compositions of powders.

The precursor’s mixtures with or without flux (KI or Cdl,) were ground in

desired amounts in an agate mortar. The milled precursor’s mixture was placed
in quartz ampoules, which were degassed under dynamic vacuum (continuous
vacuum pumping) at temperature up to 100 °C (in case of using Cdl flux) or
270 °C (in case of using KI flux) and sealed by using CsHs/O; flame.
For the synthesis of monograin powders, the temperature of the muffle furnace
was increased from room temperature (RT) to 740°C (in case of using KI flux)
and 610 °C (in case of using Cdl, flux) with a rate of 4 degree/min and kept at
elevated temperature for 120 h. The growth of monograin powder crystals was
interrupted by cooling the ampoules naturally in the air. The flux was removed
by leaching with deionized water in ultrasonic bath and released monograin
powders were dried in the thermostat at 50 °C for 12 h. Dried powders were
sieved into granulometric fractions between 38 to 100 um. The sieving was
performed on a vibratory sieve shaker Retsch AS 200. For future technological
processes, the grains with diameters of 63-100 um were selected.
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Polycrystalline powder of CuxCdSnSs was synthesized by solid-state
reaction in sealed evacuated quartz ampoules. The temperature of the muffle
furnace was increased from RT to 200 °C with a rate of 10 degree/min.
Sulphurization process of metal components was obtained by keeping the
mixture at 200 °C for 24 h. Subsequently, the temperature of the furnace was
increased to 900°C with the rate of 12 degree/min and powder was
homogenized at this temperature for 168 h. A complete homogenization was
obtained by decreasing the temperature to 740 °C and keeping the powder at
this temperature for 168 h. Finally, the powder was cooled from 740 °C to RT
for 19 h.

Table 2.2 Experimental synthesis conditions for powder preparation.

Detailed procedure of monograin and polycrystalline powder preparation
and synthesis is described in experimental sections in Papers I, II, IV and III,
respectively.

2.2 Post-treatments of Cu2ZnSnS4 monograin powders

Generally, during the synthesis of monograin powder, some part of precursor
compounds is dissolved in the flux material at the growth temperature. In the
cooling process, the dissolved material precipitates on the formed solid crystal
surfaces. The removal of secondary phases from the surface of the monograins
has been one of the major challenges to improve the performances of CZTS
MGL solar cells. In this contribution, the complex etching with fresh-made 1%
bromine methanol for 5 min followed by 10% KCN aqueous solution for 5 min
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was performed for all powders used in the current experiments. According to
studies [85, 86], bromine-based solution etching mainly removes Cu and Zn,
leaving the crystal surface Sn- and chalcogenide-rich, which is removed by
subsequent KCN etching.

After chemical etching, an annealing step at high temperature typically
above 740 °C in S atmosphere is required to obtain high quality absorbers. A
standard process in the CZTS monograin powder technology is the post-growth
annealing of powder in quartz ampoules in a two-temperature-zone tubular
furnace (see Figure2.1) at 740 °C in the sulphur atmosphere of 10° Torr
pressure for 1 h. After high-temperature annealing, the ampoule with powder is
normally cooled in air from 740 °C to RT for about 5 min.

T2

R

Distance from furnace entry side (arbitary units)

— > T,°C
Y

Quartz
ampoule

Cross-section of two-temperature-zone furnace

Figure 2.1 Scheme of tubular furnace and temperature profile along the ampoule in the
furnace during heat treatment in the two-temperature-zone setup. T1 and T2 are the
temperatures in component (sulphur) and material (monograin powder) zones,
respectively.

The process parameters for chemical etching and thermal annealing are
based on earlier studies [85-87].

2.2.1 Cooling parameters for Cu2ZnSnS4s monograin powders

According to the literature review, one possibility to modify the degree of Cu-
Zn disordering is to use different cooling regimes after high-temperature (HT)
treatments. Therefore, the influence of the cooling regime after HT-annealing in
S atmosphere on the CZTS monograin powder properties and on the
performance of the solar cells based on these powders was studied (CZTS-I)
[Paper II]. The powders were cooled from 740 °C to RT by four different
cooling times to obtain various degrees of ordering (see Table 2.3). The fastest
cooling (named as Cooling A) rate was performed by quenching the ampoule
with powder into cold water to freeze the HT thermal equilibrium of lattice
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defects, corresponding to the state of maximum Cu-Zn disorder [56, 62]. The
standard cooling (Cooling B, 5 min) was done in the monograin powder
technology by cooling ampoules after HT-annealing in an air. The Cooling C
(15 min), the ampoules together with special quartz tube that surrounded the
ampoules was done in an air. The longest cooling (Cooling D, 510 min) was
performed turning the heaters off and ampoules were cooled naturally with
furnace to room temperature. Except for the fastest cooling, the other cooling
profiles are presented in Figure 2.2.
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625 Cooling C: 300°C—100°C for 6 min
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Figure 2.2 Temperature profiles for three different cooling rates. The temperature

evolution registration during quenching in water is not presented in this figure, as the
measurement was unfeasible.

As seen from Figure 2.2, the powders pass the temperature region near the 7.
from 300 to 100 °C with different times. The parameters of cooling regimes are
presented in Table 2.3.

Table 2.3 Parameters of cooling regimes after HT treatments.

CZTS-1 Cooling time from 740 °C to RT, min | Cooling time around 7., min
Cooling A Quenched -

Cooling B 5 (standard) 1.6

Cooling C 15 6

Cooling D 510 215

All powders used in the cooling experiments had parallel samples. These
samples were also used in later low-temperature experiments. In section 3.2.1.2,
the influence of additional LT-annealing after different cooling regimes on the
optoelectronic properties of CZTS monograin powder and solar cell devices is
discussed [Paper II].
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2.2.2 Low-temperature annealing of Cu:ZnSnSs monograin
powder

Another way to change the Cu-Zn ordering in the CZTS structure is low-
temperature post-annealing at the temperature below the critical temperature
(T, ~260°C) [52]. Therefore, after standard post-treatment of monograin
powders in S atmosphere, followed by cooling from 740 °C to RT for 5 min, an
additional annealing at low temperatures below 7. was studied (CZTS-II)
[Paper II].

Experimental parameters for the low-temperature annealing study are
presented in Table 2.4. After LT-annealing, all powders were cooled naturally
in the air to RT.

Table 2.4 Experimental conditions for low-temperature annealing of CZTS-11.

Powder material Annealing temperature, °C Annealing time, min
100 30, 60, 120, 240
125 120, 240, 1440, 6720
CZTS-1I 150 5, 15, 30, 120, 240, 10080
175 5,15, 30, 60, 120, 240
200 3,5,15,30, 60,120
225 5,10, 30, 60, 120
250 5, 10, 30, 60, 120

2.2.3 Low-temperature annealing of Cu:CdSnSs polycrystalline
powder

The theoretically predicted [43] existence of disordering in Cu,CdSnSs was
studied by applying low-temperature annealing similar to that used for CZTS
studies.

Before low-temperature annealing study, the synthesized Cu,CdSnSs4
polycrystalline powder was ground in an agate mortar and divided to equal
amounts to the quartz ampoules, which were subsequently evacuated to
102 Torr vacuum and sealed with C3Hg/O, flame. All sealed ampoules were
heated up to 740 °C, annealed at this temperature for 1 h and then cooled by
quenching into cold water. This annealing was done for healing out the
mechanical damages on the powder particle surfaces caused by the grinding
process.

As the critical temperature for CuxCdSnS4 was not found in the literature, the
low-temperature annealing study was done at the following temperatures (7a):
100 °C, 150 °C, 175 °C, 200 °C, 225 °C, 250 °C, 300 °C, 350 °C, and 400 °C for
different times from 1 h to 2 weeks. After low-temperature annealing, the
ampoules were quenched to cold water.
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2.3 Fabrication of monograin layer solar cells

The post-treated monograin powders were used as absorber materials
in MGL solar cells with the following structure:
graphite/Cuy(Zn,Cd)SnS4/CdS/i-ZnO/ ZnO:Al/Ag. The scheme of MGL based
solar cell structure is shown in Figure 2.3.

| Glass substrate
g Glue
\r"f‘ ZnO:Al
" i-Zn0
cds
Absorber crystal
Epoxy

: o X
Graphite back contact

Common collector front contact

Figure 2.3. Scheme of monograin layer solar cell [88].

The fabrication of monograin layer solar cells started with the formation of the
photoactive membrane. The thin epoxy layer stripe with the controlled thickness
was applied on the temperature stable plastic foil by the doctor blade method.
The thickness of the epoxy was fixed by the grain size used for membrane
preparation. It should be at least 40% of the grain size. Powder grains with
similar size in excess were rolled over the epoxy layer for several times. The
lower grains adhered to the resin and remaining powder was shaken off. Finally,
the applied grains were pressed into epoxy so that the upper part (approximately
50% of grain size) remained uncovered. After polymerization of epoxy, the
monograin layer membrane was ready for the next technological processes.

To form the p-n junction, CdS thin film with approximately 45 nm was

deposited on top of the MGL using the chemical bath deposition (CBD) method
by a standard recipe developed in the Laboratory of Photovoltaic Materials,
TTU. The bath solution contained NHsOH, Cdl, as Cd source and SC(NH), as
S precursor. Before CdS buffer layer deposition, 10% KCN etching was used to
remove possible SnS, or S deposits on the crystal surface, which could be
formed after annealing in the sulphur vapor. Chemical etching was performed at
room temperature, as reported in [85]. To increase shunt resistance, an i-ZnO
layer with a thickness of about 40-45 nm and a conductive ZnO:Al layer with a
thickness of about 350-400 nm were deposited using the radio frequency
magnetron sputtering system to act as a top electrode.
Finally, to intensify the collection of charge carriers, the silver nanorods and
conductive silver paste grid contacts were applied on top of the bilayer of ZnO
window, and the structure was glued onto a glass substrate. After removal of the
plastic foil substrate from the top of the structure, the surfaces of powder
crystals were released from the epoxy by etching it in the concentrated H,SO4
for determined times. After opening of back contact areas, the abrasive
treatment was applied. Subsequently, graphite paste for the back contact was
used.
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2.4 Characterization of monograin and polycrystalline powders

2.4.1 Material characterization

This section presents the analytical techniques used to characterize the
monograin powders and monograin layer solar cells. Detailed information about
the instruments and measurements is given in the experimental sections of
Papers I-1V.

Scanning electron microscopy

The morphology of synthesized powder crystals was studied by high-resolution
scanning electron microscope (HR-SEM) Zeiss ULTRA 55 [I-IV]. The SEM
images were made by Dr. Valdek Mikli at Tallinn University of Technology.

Energy dispersive X-ray spectroscopy

The bulk composition [I-IV] and elemental mapping [III] of the synthesized
powder crystals were analyzed by energy dispersive X-ray spectroscopy (EDX)
on Zeiss (HR-SEM) ULTRA 55 equipped with a backscattered detector and
Bruker Esprit 1.8 system with an accelerating voltage of 20 kV. Compositional
analysis and elemental mapping were made from polished cross-section of
individual crystals. The measurement error for elemental analysis is about
0.5 at%. The EDX measurements were carried out by Dr. Valdek Mikli at
Tallinn University of Technology.

X-ray diffraction

The crystalline structure of monograin powders [I] was characterized by X-ray
diffraction (XRD) wusing a Rigaku Ultima IV diffractometer with
monochromatic Cu Ka radiation A = 1.54056 A at 40 kV and 40 mA, using a
D/teX Ultra silicon strip detector. For the identification of crystal phases, the
Joint Committee on Powder Diffraction Standards (JCPDS) database was used.
Lattice parameters were calculated using Rigalku PDXL Version 1.4.0.3
software. The XRD measurements of monograin powders were carried out by
Dr. Arvo Mere at Tallinn University of Technology.

XRD patterns of Cu,CdSnS4 polycrystalline powders [III] were recorded on a
Bruker AXS X-ray diffractometer D5005 using Cu Kal radiation A = 1.54056 A
with variable slit V12. Obtained data were analyzed by using the International
Centre for Diffraction Data (ICDD) PDF 2015 database. The XRD patterns of
polycrystalline powders were recorded by Dr. Rainer Traksmaa at Tallinn
University of Technology.
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Room-temperature micro-Raman spectroscopy

The phase composition of the powders [I-1V] was studied by room-temperature
micro-Raman spectroscopy using Horiba’s LabRam HR 800 spectrometer
equipped with a multichannel CCD detection system in the backscattering
configuration using a 532 nm laser line with a spot size of 5 micrometers. The
measurement error in Raman peak position is 0.5 cm”. The Raman
measurements of powders were carried out by Dr. Taavi Raadik and by
Dr. Maarja Grossberg at Tallinn University of Technology.

The same equipment was used for room temperature photoluminescence
(RT-PL) measurements. The measurement error in the values of the PL peak
position is 0.005 eV. RT-PL measurements were made by Dr. Maarja Grossberg
at Tallinn University of Technology.

Photoluminescence spectroscopy

For low temperature PL measurements [I-IV], the powder crystals were
mounted in the closed-cycle He cryostat and cooled down to 10 K. The 658 nm
or the 441 nm He-Cd laser line was used for PL excitation and the spectra were
detected by using an InGaAs detector. The measurement error in the values of
the PL peak position is 0.005 eV. The PL measurements were carried out by
Dr. Maarja Grossberg at Tallinn University of Technology.

2.4.2 Solar cell characteristics

Completed solar cell structures were characterized by dark and light current-
voltage (I-V) and quantum efficiency measurements (QE).

Current-Voltage measurements

Several parameters were used to characterize the efficiency of the solar cells.
I-V curves were measured to evaluate the open-circuit voltage (V,.), short-
circuit current density (Ji), fill factor (FF) and efficiency (#) of the monograin
layer solar cells. Measurements were performed using Keithley 2400 source
meter in dark and under standard test conditions light with illumination intensity
of 100 mW/cm? (AM 1.5) [IL, IV]. The measurement error in V,. values can be
considered up to 10 mV.

Quantum efficiency measurements

Unfortunately, the evaluation of E, from the UV-VIS reflectance spectra of
monograins is rather challenging. Quantum efficiency (QE) analysis is an
alternative method that can be used to estimate the effective bandgap energy
E.* of the synthesized absorber materials [89].

Spectral response measurements were performed in the spectral region of
350-1235 nm using a computer controlled SPM-2 prism monochromator. The
generated photocurrent was detected at 0 V bias voltage at RT by using
a 250 W halogen lamp. The QE measurements were carried out by Dr. Mati
Danilson at Tallinn University of Technology.
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3 RESULTS AND DISCUSSION

The following sections, 3.1-3.3, report the results of a systematic study of the
structural and optical properties of the CZCdTS solid solutions, effect of
structural disordering of CZTS on the material properties and solar cell
performance, and modification of optical properties of Cu,CdSnS,4
polycrystalline powder by the low-temperature annealing process. These results
have been published in Papers [-IV.

3.1 Zn substitution by Cd in Cu2ZnSnS4 monograin powders
3.1.1 Composition of Cuz(Zn;xCdx)SnS4 monograin powders

Cu(Zn; xCdx)SnS4 solid solutions were synthesized by the monograin powder
technology, the experimental synthesis conditions of which were presented in
Section 2.1.

In order to study the influence of Zn substitution by Cd on the bulk
composition of powder crystals, EDX analysis from mechanically polished
crystals was performed. As presented in Table 2.2, the ratios of [Cu]/[Sn]=1.85
and [Cu]/([Cd]+[Zn]+[Sn])=0.88 were kept constant in precursor mixtures and
the ratio of [Cd]/([Cd]+[Zn]) was varied from 0 to 1. The average compositional
ratios of elements in the synthesized CZCdTS solid solutions determined from
EDX analysis are listed in Table 3.1.

Table 3.1 Compositional ratios of Cuy(Zn;~Cdy)SnSs monograin powders.

[Cd)/ Compositional ratios in powder
CdJ+[z
([ ]in[ T fcay [Cul/ (CAIZal/ | reuysn] | [S/IMet]
precursors | [CAIH[Zn]) | ([CAJH{Zn]+{Sn]) [Sn]
0 0 0.93 1.03 1.90 1.01
0.2 0.18 0.92 1.06 1.89 1.02
0.4 0.38 0.89 1.08 1.87 1.03
0.6 0.57 0.90 1.05 1.84 1.03
0.8 0.78 0.90 1.02 1.82 1.02
1 1 0.92 0.97 1.82 1.04

The results confirm that the value of x = [Cd]/([Cd]+[Zn]) in synthesized
powders is close to the input value of x in precursors. It can be seen that the
ratio of [Cu]/[Sn] in the monograin powders decreases by increasing the Cd
content in precursors. But the ratio of [Cu]/([Cd]+[Zn]+[Sn]) in all synthesized
powders is higher than the same ratio in precursor mixtures (0.88), i.e. the final
powders are more Cu-rich than the Cu content in the precursor mixtures. The
ratio of ([Cd]+[Zn])/[Sn] decreased by increasing the Cd content and powders
contain separately secondary phase crystals like Zn; xCdyS or CdS. SEM images
of the typical Cd-rich monograin powders are presented in Figure 3.1(a) and (b).
It is in good agreement with the phase diagram of the quasi-binary system
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CuzSnS; - CdS  presented in [83], where a slight deviation from the
stoichiometry in Cd-rich side leads to the formation of the CdS secondary
phase.

Crystals with round shape are determined as CdS and Zn;.Cd.S secondary phase,
respectively.

Secondary phase crystals are visually very easily recognized because of the
round shape. The ratio of [Zn]/[Cd] in Zn;«CdiS crystals is the same as in
primary CZCdTS crystals, as shown in [84].

3.1.2 Influence of the Cd content on Cu;ZnSnS4 structural
properties

3.1.2.1 X-ray diffraction analysis

Figure 3.2 shows the XRD patterns of monograin powders of CZCdTS solid
solutions. The major diffraction peaks are indexed as corresponding to the
(112), (200), (220), (312) and (332) planes of kesterite phase of Cu,ZnSnS,
(ICDD PDF2008, 01-075-4122) and stannite phase of Cu,CdSnSi (ICDD
(PDF2008, 00-029-0537). Figure 3.2 (a) shows the enlarged view of the (112)
diffraction peaks. The peaks are shifted to the lower angle side with an
increasing Cd content in the CZCdTS solid solutions.

The splitting of the profiles of (220) and (204) reflections due to the lattice
distortion caused by the replacement of Zn by Cd for different x values is
shown in Figure 3.2 (b). The splitting of the (220) peak increases up to x = 0.4.
Then, besides the splitting, the high angle peak (204) appears and both (220)
and (204) peaks are visible separately. The high angle peak (204) narrows with
the increasing Cd content.
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Figure 3.2 (a) XRD patterns of monograin powders of Cux(Zn;Cd,)SnSy solid solutions
with 0 <x <1, (b) enlarged view of the (112) diffraction peaks and (c) splitting of the
profiles of the (220) and (204) reflection.

Lattice constants for all powders were calculated from the XRD data
(Figure 3.3). The a-axis lattice constant increases almost linearly from 5.433 to
5.593 A as the Cd content increases from 0 to 1. The expansion of the lattice in
this direction can be attributed to the larger ion radius of Cd than that of Zn or
Cu. The simplest possibility is that Cd substitutes other metal atoms at their
sites in the crystal lattice of CZCdTS. As the theoretically calculated
substitution energies of Cd atoms at Cu, Sn and Zn atom sites in the CZTS
lattice are Equp(Cdcu) = 0.69 eV, Equw(Cdss) = 1.07 eV and Eqw(Cdz) = 0.53 eV
[90], the isoelectronic substitution of Cd at the Zn site is most likely.
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Figure 3.3 Lattice parameters of a, c and c/2a as a function of the Cd content in
Cuy(Zn;«Cdy)SnSy.
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The ratio of the lattice parameters c/2a for CZCdTS in dependence of chemical
composition is shown also in Figure 3.3. Schorr et al. carried out a neutron
diffraction study of the CusFe;«Zn,SnS, solid solutions and found that the ratio
of the lattice constants c/2a is equal to or greater than 1.0 for kesterite-type
structure [31]. According to this, we could assume that CZCdTS solid solutions
have kesterite-type structure in the region 0 < x < 0.3 and in the region
0.4 <x <1 they exist in a stannite-type structure. Still, Su et al. [28] showed
that the substitution of Zn with Cd in CZTS induced the phase transformation
from kesterite to stannite when x > 0.6.

3.1.2.2 Raman analysis

In order to find out the existence of the secondary phases and confirm the
stannite-kesterite transition point, the Raman measurements were performed. A
linear shift of the A; Raman mode of CZCdTS towards lower wavenumbers
(from 338 to 332 cm') with an increasing Cd content in powders is
demonstrated in the region 0 < x < 0.4 (Figure 3.4).
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Figure 3.4 Raman spectra of Cu(Zn;Cdy)SnSs (0 <x < 1) monograin powders. Inset

graph: Frequency and FWHM of the A; Raman mode versus the Cd content in
Cug(Zm_xCdx)SnSz;.
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Subsequent increase of the Cd concentration did not change the frequency of A,
mode. The other Raman peaks for Cu,ZnSnS; and for Cu,CdSnSy4 correspond
well to data in Paper IV and in [91-93]. No secondary phases were observed in
the spectra of the crystals. The frequency and full width at half maximum
(FWHM) of the main A; mode versus the chemical composition of the solid
solution are plotted in the inset graph of Figure 3.4. A significant broadening
from 5to 8 cm” of the A; mode for powder with the value of x =04 is
observed. This could be attributed to the existence of disorder effects in the
mixed crystals related to the structural transition from kesterite to the stannite
structure. Both pure phases, CZTS and CCdTS, present equally narrow A;
modes.

3.1.3 Influence of the Cd content on Cu2ZnSnS4 optical properties
Optical properties are characterized by low-temperature (7=10K) PL

measurements. Normalized PL spectra of CZCdTS solid solutions with different
Cd content are presented in Figure 3.5.
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Figure 3.5 Normalized low-temperature PL spectra of Cux(Zn;~Cd)SnSs (0 <x <1)
monograin powders. Inset graph shows the dependence of the PL band position on the x
value.

Low-temperature PL spectrum consists of one broad asymmetric PL band at
1.3 eV in CuZnSnS4 and at 1.1 eV in Cu,CdSnS4. PL bands with such an
asymmetric shape are often observed in multinary compounds that contain large
concentrations of charged defects [92]. A shift of the PL band of CZCdTS
monograin powders towards lower energies with an increasing Cd content is
observed in the region 0 < x < 0.4. Further increase in the Cd concentration did
not change the PL band position significantly.
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To estimate the bandgap values of the synthesized CZCdTS absorber materials,
the external quantum efficiency (EQE) analyses were used. The normalized
EQE spectra of MGL solar cells based on Cux(Zni-«Cdx)SnS4 solid solutions
show a shift of the absorption edge to longer wavelength in the region
0<x<0.4 (Figure 3.6). E,* values calculated from EQE measurements for
CuZnSnS4 and Cu,CdSnS, devices are 1.55 eV and 1.37 eV, respectively. The
linear change of the effective bandgap from 1.55 eV to 1.4 eV was observed in
the region 0 <x<0.4 and subsequent increasing of the Cd content in the
absorber material changed the bandgap value only down to 1.37 eV (inset graph
in Figure 3.6).
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Figure 3.6 Normalized EQE spectra of Cux(Zn;«Cd.)SnSs; monograin layer solar cells.
Inset graph presents the corresponding bandgap energy values determined from EQE
measurements dependending on the Cd content.

Based on the EQE and low-temperature PL results, we propose that in the
kesterite-structured CZCdTS, the bandgap of the material can be changed in a
larger extent by substituting Zn with Cd than in the stannite-structured
CZCdTS. In addition, we determined (Paper IV) the room-temperature band gap
energy of CCdTS 1.4 eV that is much larger than observed in the previous
studies [71, 72]. Moreover, the large distance between the low-temperature PL
band position and the bandgap energy of the CZCdTS material indicates a
radiative recombination involving deep defects throughout the whole solid
solution series. The radiative recombination mechanisms in CZTS and CCdTS
are analyzed in more detail in Sections 3.2.1.2 and 3.3.2, respectively.

Summary of Zn substitution by Cd in Cu,ZnSnS; monograin powders

Cuz(Zn;4Cdy)SnS4 (x = 0-1) entire range of solid solutions of monograin
powders in KI molten salt were synthesized. As [Cd]/([Cd]+[Zn]) in the
synthesized powders and in precursor’s mixture is quite close, it can be
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concluded that Cd incorporation to the Cu,ZnSnSs; material is available and
controllable. The major diffraction peaks are indexed as corresponding to the
(112), (200), (220), (312) and (332) planes of kesterite phase of Cu,ZnSnS, and
stannite phase of Cu,CdSnSs. Split of (220) peak into (220) and (204) peaks
confirms the transition from kesterite to stannite-type structure from the Cd
content around X = 0.4 in Cux(Zn;xCdx)SnSs solid solutions. Calculated ratios
of lattice parameters c/2a also revealed the phase transition from kesterite to
stannite. The Raman A; mode, PL band position and bandgap energy of
Cuy(Zn; xCdy)SnSy solid solutions showed the linear shift from 338 to 332 cm’,
from 1.3 to 1.1 eV and from 1.55 to 1.4 eV, respectively with an increasing Cd
content in the region 0 < x < (0.4. Subsequent increase of the Cd content in solid
solutions did not change these values significantly. The results of this study
suggest that the x value around 0.4 has an optimal bandgap of 1.4 eV and could
be a suitable material for the absorber layer in single junction solar cells. This
result is in good agreement with the study [29], where the highest PCE of
Cuz(Zn;xCdy)SnS4 solid solutions (11.5%) is achieved with the Cd content
x=0.4.

3.2 Disordering studies in Cu2ZnSnS4 monograin powders

As discussed in Section 1.4, disordering in the Cu-Zn planes of the kesterite
crystal structure occurs and is proposed to be a possible reason for low V.. The
degree of Cu—Zn disordering can be changed by using different cooling regimes
after high temperature treatments or low-temperature post-annealing at the
temperature below the critical temperature [52]. To study the disordering
phenomenon in monograin powders, the influence of cooling rate on CZTS-I
powder materials properties was investigated and for low-temperatures (LT),
annealing studies were used CZTS-II powder [Paper II].

3.2.1 Influence of cooling rate on Cu2ZnSnS4 properties
3.2.1.1 Compositional analysis

Compositional analyses by EDX were made from the polished cross-section of
individual crystals of CZTS powders cooled from 740 °C to RT by using
different cooling rates. For each of the cooling conditions, the analysis was
performed on at least eight different polished crystals. The average
concentration ratios of elements in CZTS powder crystals are presented in
Table 3.2.
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Figure 3.7 SEM image of polished cross-section of individual crystals of CZTS powder.

The highlighted red circle indicates darker gray area, signifying secondary phase
of ZnS.

Table 3.2 Compositional ratios of CZTS powders cooled from 740 °C to RT after S-
treatment by using different cooling times. PL band positions and corresponding values
of Ve for solar cells based on these powders before and after additional LT-annealing.

Parameters
. Parameters after different cooling regimes after additional
Cooling .
reoim LT-annealing
cgime [Cu]/ [Zn) | [SV Voo | PLmax | Voe | PLumax
([Zn]t+[Sn]) | [Sn] | [Met] | mV) | (eV) | (mV) | (eV)
Cooling A 0.91 1.05 1.00 582 1.21 613 1.31
Cooling B 0.92 1.07 1.00 685 1.26 759 1.34
Cooling C 0.92 1.06 1.00 724 1.29 748 1.35
Cooling D 0.91 1.06 1.00 648 1.35 691 1.35

It can be seen that the bulk composition of CZTS monograin powders did
not change significantly by increasing the cooling time after post-treatment.
Only the ZnS secondary phase as separate crystals in the powders was detected
and it is usually found to be present in CZTS monograin powders with Zn-rich
composition (see Figure 3.7).

3.2.1.2 Photoluminescence and Raman results

Previously, the Cu—Zn disordering has been probed by Raman spectroscopy
[52, 53, 94] and by PL measurements [57, 61]. Scragg et al. showed that there is
remarkable correlation between the RT-PL peak energy and the order parameter
S in CZTS. In the most ordered sample (S ~ 0.8), the RT-PL peak energy
reaches 1.43 eV [57]. It was shown in our group’s previous study that there is a
correlation in PL peak energies (7 = 10 K) and the degree of Cu-Zn ordering
[51]. PL and RT-PL were therefore used to estimate the degree of Cu-Zn
ordering in studied CZTS monograin powders.
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PL Intensity (arb. units)

Figure 3.8 PL spectra of CZTS monograins with different cooling regimes are shown by
solid lines and the parallel samples, subsequently annealed at 150 °C for 4 h, are
shown by dashed lines with the same colors.

PL studies showed that slower cooling of CZTS monograin powders after
HT-treatment shifted the typical broad asymmetric PL band position from
1.21 eV to 1.35 eV (~140 meV) (Figure 3.8). As mentioned in experimental
section 2.2.1, all powders used in the cooling experiments were additionally
annealed at 150 °C for 4 h. The annealing parameters were selected from the
results of Section 3.2.2.

The additional annealing at 150 °C for 4 h after different cooling processes
shifts the PL band position to a higher energy side, giving a hint to a further
increase in the ordering degree (the PL band positions are listed in Tables 3.2).
The shift of the PL band position of the slowest cooled powder by additional
LT-annealing is only 5 meV, indicating that maximum ordering is already
reached with the first cooling step. The behavior of the PL bands with increased
Cu-Zn ordering is in correspondence with our previous PL study of CZTS with
different cooling regimes [61]. It was shown that the shift of the PL bands is
caused by two processes — improved Cu-Zn ordering of the crystals leading to
increased bandgap energy by about 100 meV and change in the recombination
type from band to tail to band to impurity type, the latter involving deep
acceptor defect with the ionization energy of about 200 meV.

Scragg et al. measured the 785-nm Raman spectra of nominally ordered and
disordered CZTS films and calculated the ratio of Q =1 (m2a) /I (m34). 1 (M2a)
and /(mss) are the Raman peak intensities for the A modes at 288 and
304 cm™!, showing that there exists the correlation: the larger the O value, the
more ordered is the structure [52]. Studies on our CZTS monograin powders
have demonstrated that different crystal planes show different intensities of the
Raman peaks used for calculating O values; therefore, we have used the FWHM
of the A, mode to evaluate the degree of ordering. In the present study, the
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FWHM of the A; Raman peak was found to decrease from 6.5 to 3.6 cm™' for
the best performed CZTS monograin powder after additional LT-annealing (see
Figure 3.9). A similar trend was observed in the RT-PL spectra (Figure 3.10),
where the band-band emission was detected.
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Figure 3.9 The shift in the FWHM of the Figure 3.10 The shift in the RT-PL band
Al Raman peak of the best performing position of the best performing CZTS
CZTS monograin powder due to the LT- monograin powder due to the LT-
annealing annealing.

Although the PL band position of the slowest cooled powder indicates the most
ordered material, interestingly, the value of V,. for corresponding CZTS
monograin layer solar cell is not the highest (Table 3.2). The value of V.
increases from 582 to 724 mV by increasing the time of cooling up to 15 min
from 740 °C to RT, but further increase of the cooling time results in lower
values of V,. (648 mV) for the corresponding solar cell. This could be explained
by the change in the radiative recombination mechanism since in the slowest
cooled powder, the deep trap (~200 meV) related recombination dominates and
reduces the positive effect of the bandgap increase to the V. in the most ordered
material.

Therefore, we can conclude that the change in the defect structure of CZTS
monograins accompanying the improved Cu-Zn ordering is most probably
leading to the change in the Fermi level position determining the V. value. This
is in agreement with the results of Bourdais et al. [54], showing that the
bandgap changes induced by the Cu-Zn disorder are not fully responsible for the
Voo deficit in the kesterite solar cells. We should state here that besides changes
in the bulk, the presence of secondary phases and compositional changes in the
near surface layer induced by very slow cooling after sulphur treatment
resulting in changed CZTS/CdS interface properties can be responsible for the
decrease in the solar cell parameters, including V,.. Since ZnS was found to be
present in all our samples, we can exclude its influence on the changes in PL
spectra and solar cell parameters. The studies of junction formation between
ordered CZTS and buffer layer are a subject for further studies.
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3.2.2 Impact of low-temperature annealing on the CZTS
monograin layer solar cells

As a result of the experiments in Section 3.2.1, the best performing solar cell is
based on the powder that was cooled from 740 °C to RT for 5 min (CZTS-I in
Figure 3.11). The same cooling regime was used for the second powder
(CZTS-II in Figure 3.11), where the powders were additionally annealed at
different temperatures from 100 to 250 °C for different times. The difference
between the powders CZTS-I and CZTS-II is presented in Table 2.2. The values
of V,. of CZTS MGL solar cells in dependence of LT-annealing at temperatures
from 100 to 250 °C for different times are presented in Figure 3.11.
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Figure 3.11 Evolution of Vo, of MGL solar cells based on CZTS-1I powders (squares) by

additional annealing at different temperatures as dependent on time. Improvement of

Voe for MGL solar cell based on CZTS-1 by additional annealing at 150 °C for 4 and

24 h is shown by stars.

In this study, considering the V,. values achieved at different annealing times
at different temperatures, we concentrated to PL and Raman spectra that were
measured for the powders annealed at 150 °C for 4 h. PL peak positions and
corresponding values of V,. are shown in Figure 3.12 as a function of LT-
annealing temperature. The behavior of PL band position and the corresponding
Voo value are in good correlation. There is a continuous shift of the PL band
maxima by 100 meV from 1.25 to 1.35 eV accompanied by the decrease in
FWHM of the A; Raman peak with the increasing temperature of the LT-
annealing from 100 to 175 °C. Further increase in the LT-annealing temperature
resulted in PL band positions at lower energy values and in an increase in the
FWHM of the A; Raman peak, indicating an increasing disordering. Again, the
same trend was observed in the RT-PL spectra, where the band-band emission
was detected.
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and Vo, values of corresponding MGL solar cells.
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Figure 3.13 Current density-voltage curves before (black) and after (red) annealing
powders at 150 °C for 4 h.

We can conclude that the highest degree of ordering in CZTS was achieved by
annealing materials at temperatures between 150-175 °C. LT-annealing at
150 °C and 175 °C for 4 h increased the values of V,. from 548 mV (CZTS-II)
up to 714 mV and 718 mV, respectively. Annealing at temperatures higher than
175 °C (for example, at 200 °C) improves the values of V,. to the level, which
corresponds to the maximum possible value of the ordering degree at this
temperature, and is constant thereafter. LT-annealing at temperatures lower than
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150 °C will take longer time to reach the same level of V., for example, the
annealing at 125 °C for 5 days is equal to the annealing at 175 °C for 4 h.

Considering all solar cell output parameters, the optimal conditions for LT-
annealing to improve monograin layer solar cells performance was found to be
4h at 150°C, although the highest V,. value of 784 mV was gained by
annealing the CZTS-I powder at 150 °C for 24 h (presented in Figure 3.11 by
stars).

The optimal LT-annealing conditions were also applied to the CZTS-I
powder, the corresponding J-V curve based on that powder is shown in Figure
3.13. The LT-annealing increased V,. value by 74 mV, giving more than 10%
higher efficiency (7ucive = 9.1%) compared to the reference cell (7ucive = 8.1%).

The EQE of these solar cells was measured as a function of the wavelength
of the incident light at room temperature (see Figure 3.14). From the linear
segment of the low-energy side of the construction (E*QE)* vs. E curves, the
effective bandgap energy E,* can be evaluated [89].
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Figure 3.14 EQE spectra of MGL solar cell devices based on powders with different
cooling regimes. before LT-annealing (black) and after annealing powder at 150 °C for
4 h (red). The inset graph shows the E," determined from EQE data.

The E;* values of CZTS monograin powders before and after annealing at
150 °C for 4 h are 1.53 eV and 1.55 eV, respectively (see inset graph in Figure
3.14). It shows a small increase in the bandgap by improved ordering. This is in
correspondence with the shift in band to band peak position in RT-PL spectra in
Figure 3.10 (1.47 eV and 1.53 eV, respectively); however, the shift in the E,*
value is smaller. This could be explained by the fact that £,* is connected to the
change in the absorption, but RT-PL band position is determined by the
recombination of the photogenerated charge carriers.
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Summary of the disordering studies in Cu;ZnSnS4; monograin powders

Focus was on the influence of Cu-Zn ordering level in Cu,ZnSnS4 monograin
powders on the performance of CZTS based MGL solar cells. The ordering
level was changed by different cooling and LT-annealing regimes and estimated
by PL and Raman spectroscopy. It was shown that improved ordering increases
the bandgap energy of the CZTS materials, resulting in an increased value of V.
of the corresponding MGL solar cells. The optimal conditions for LT-annealing
to improve monograin layer solar cells performance were found to be 4 h at
150 °C after cooling from 740 °C to RT for 5 min, resulting in CZTS MGL solar
cell efficiency of 9.1% (active area). The highest V,. value 784 mV was
obtained by annealing the powder at 150 °C for 24 h.

It was found that change in the Cu-Zn ordering is accompanied with a
change in the radiative recombination mechanism from band to tail to deep trap
related recombination in the most ordered material, reducing the positive effect
to the CZTS solar cell performance. In addition, the compositional changes in
the near surface layer induced by very slow cooling after sulphur treatment
could modify the interface properties of CZTS/CdS that can be responsible for
the decrease in the solar cell parameters, including V,.. The studies of junction
formation between the ordered CZTS and the buffer layer are a subject for
further studies.

3.3 Modification of the optoelectronic properties of Cu,CdSnS4
through low-temperature annealing

3.3.1 Results of structural and compositional analysis

The elemental composition of synthesized Cu,CdSnS4 polycrystalline powder
was determined from the polished cross-section of individual crystals.
Figure 3.15 presents SEM micrographs of (a) the polished cross-section and (b)
the elemental mapping of Cu, Cd, Sn and S of individual Cu,CdSnS; crystals.
Figure 3.15(b) reveals that the elements are homogeneously distributed in the
bulk of the powder crystals.

Figure 3.15 SEM images of (a) the polished cross-section and (b) elemental mapping by
EDX for Cu, Cd, Sn and S of individual Cu,CdSnSy crystals.
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The average bulk composition of synthesized Cu,CdSnSs polycrystalline
powder determined by EDX analysis is [Cu] =24.5 at%, [Cd]= 13.0 at%,
[Sn] =12.5 at% and [S] = 50.0 at%. After different low-temperature annealing
experiments, the composition of the powder remained unchanged.

Our experiments showed that the stable PL band position was reached by
annealing at least 1 week at the temperature below 200 °C; annealing at higher
temperatures (7 > 200 °C) needed less time to reach stability. To be sure that
the degree of ordering at a given temperature is reached, all powders used for
the structural and optical studies were annealed for 1 week.

For structural studies, XRD and Raman analysis were performed. The XRD
patterns of the Cu,CdSnS4 polycrystalline powders annealed at 7., = 100 °C
and T, = 400 °C are presented in Figure 3.16.
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Figure 3.16 XRD patterns of the Cu;CdSnSy polycrystals annealed at 100 and 400 °C
for 1 week.

The major diffraction peaks can be attributed to (112), (200), (004), (220),
(204), (312) and (116) planes of stannite type Cu,CdSnS4 with the space group
142m (ICDD PDF 04-003-8937). The a- and c- lattice constants were calculated
from the XRD data and are a = 5.592 A and ¢ = 10.857 A for both samples. All
annealed CuxCdSnS4 polycrystalline powders showed a similar XRD pattern
and no other phases were detected.

Raman spectra of the CuCdSnSs; polycrystalline powder annealed at
Tynn =100 °C and T, = 400 °C are presented in Figure 3.17. The spectra of
CuyCdSnS, annealed at different temperatures are all similar except for the
widths of the peaks and for clarity, only the spectra for the material annealed at
the lowest (Tam = 100 °C) and at the highest temperature (7., = 400 °C) used in
this study are presented. The observed Raman spectra are in agreement with our
studies in Papers I and IV and with published data [94] and the two Raman
active A; symmetry modes characteristic for the stannite type structured
CuxCdSnS, can be found at 332 cm™ and 283 cm™'. These modes result from the
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motions of anions only. Other symmetry Raman modes (E and B, modes) were
detected at 89 cm™, 138 cm™, 237 cm™, 268 cm’, 343 cm’!, 352 cm’!, and
364 cm™.
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Figure 3.17 Raman spectra of Cu>CdSnSy annealed at temperatures 100 and 400 °C for

1 week. The inset graph shows the dependence of the FWHM of the A; Raman mode at
332 cm! on the annealing temperature.
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Figure 3.18 Fitting of the A; Raman peak of Cu>CdSnSy annealed at 100 and 400 °C for
1 week, with two Lorentzian peaks. The shoulder peak at the low wavenumber side at
331 cm can be attributed to the disordered Cu,CdSnsS,.

No significant difference in the Raman peak positions of Cu,CdSnS4
polycrystalline powder annealed at different temperatures could be detected.
From the inset graph in Figure 3.17, a clear tendency towards an increasing full
width at the half maximum (FWHM) of the dominating A; mode with
increasing annealing temperature can be seen. It has been shown that in
kesterite CuxZnSnS; and CuxZnSnSes, the low-temperature annealing at
different temperatures below and above the critical temperature leads to the
changes in the degree of Cu-Zn ordering and in the width and symmetry of the
A; Raman peak [53, 53, 61, 62]. Broadening of the A; Raman peak with
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increasing annealing temperature was observed, attributed to the higher degree
of disordering. It was found that the asymmetry of the A; peak is caused by a
shoulder peak at low wavenumber side that was attributed to the A; mode of the
disordered Cu,ZnSnS4. The same trend as was seen in Cu,ZnSnS; is observed in
the present study for Cu,CdSnS4, indicating a higher level of disordering with
an increasing annealing temperature. An example of the fitting of the A; Raman
peak of Cu,CdSnS4 annealed at T, = 100 °C and T, = 400 °C with two
Lorentzian peaks is shown in Figure 3.18. The shoulder peak at the low
wavenumber side at 331 cm™ can be attributed to the disordered Cu,CdSnS4 and
its relative intensity decreases with the annealing temperature decreasing.

3.3.2 Photoluminescence analysis results

To determine the influence of low-temperature annealing on the defect structure
of Cu,CdSnS,, temperature dependent PL. measurements were performed. Low
temperature (7 = 10 K) PL spectra of all studied Cu,CdSnS, polycrystalline
powders annealed at different temperatures consisted of one broad asymmetric
PL band, see Figure 3.19. We observed a shift in the PL band position towards
lower energies with increasing annealing temperature. The highest energy PL
band is situated at 1.215 eV, corresponding to the Cu,CdSnS; polycrystalline
powder annealed at 100 °C for 1 week (sample will be named as “ordered”
based on the Raman results). The lowest energy PL band was detected at
1.064 eV, corresponding to the Cu,CdSnS4 polycrystalline powder annealed at
400 °C for 1 week (sample will be named as “disordered”).
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Figure 3.19 Normalized low-temperature (T = 10 K) PL spectra of Cu>CdSnSy
polycrystalline powders annealed at different temperatures in the range from 100 to
400 °C for 1 week. A shift of the PL band towards lower energies with increasing
annealing temperature can be seen. The upper inset graph presents the original PL
spectra showing the decrease in the PL intensity with decreasing annealing
temperature. In the lower inset graph, the dependence of the FWHM of the PL band on
the annealing temperature is shown.
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The overall difference in the PL band positions of the ordered and disordered
Cu,CdSnS; is about 150 meV. As can be seen from the upper inset graph in
Figure 3.19, the intensity of the PL signal decreases with the decrease in the
annealing temperature. In addition, narrowing of the PL band was observed for
higher annealing temperatures, the full width at the half maximum (FWHM)
being largest for the lowest annealing temperature (7a.» = 100 °C), see lower
inset graph in Figure 3.19. Two regions were observed in the dependence of the
FWHM on the annealing temperature: above T, = 200 °C, the FWHM is
almost constant ranging from 0.12 to 0.13 meV and below 7.~ 200 °C, the
FWHM increased up to 0.16 meV with decreasing annealing temperature. It is
also important to notice that the PL bands are located more than 0.2 eV below
the bandgap energy of Cu,CdSnSs that is reported to be 1.4 eV at room
temperature [Paper [V, 94] and is even higher at low temperature (7= 10 K).

Table 3.4 Parameters describing the low temperature PL bands of the Cu,CdSnSy
polycrystalline powders annealed at different temperatures: y — average depth of the
spatial potential fluctuations, hvu. — PL band peak position, Er - thermal activation
energy and FWHM — full width at the half maximum of the PL band. For two samples
(175 and 300 °C, temperature dependencies were not measured,).

Annealing Y hVimaxs1 Eri F\(Z#I;I)M hvinaxs Er FZIZ_I)M
temperature
Q) (meV) V) (meV) (V) (eV) (meV) (V)
100 23 1.165 | 110+4 0.13 1.245 60+5 0.10
150 22 1.123 105+ 6 0.13 1.189 62+7 0.11
175 24 1.112 - 0.12 1.161 - 0.11
200 25 1.116 86+ 8 0.12
225 24 1.106 | 146+7 0.13
250 25 1.093 | 135+7 0.12
300 26 1.079 - 0.13
350 27 1.065 | 151+7 0.13
400 27 1.064 | 1335 0.12

To determine the recombination mechanisms behind the PL bands, temperature
dependent PL measurements were performed. Due to the asymmetric shape of
the PL bands, all the spectra were fitted with empirical asymmetric double
sigmoid function [95] that describes well such broad and asymmetric PL bands
with exponential tail in the low-energy side that are very common in multinary
compound semiconductors with spatial potential fluctuations. The spatial
potential fluctuations result from high concentration of randomly distributed
charged native defects [59, 95, 96]. The asymmetric shape results from the band
tails of the density of states function extending into the bandgap. The average
depth of the fluctuations y can be determined from the slope of the low energy
side of the PL band [95-97]. The corresponding y values of the PL bands of the
CuzCdSnS, polycrystalline powders annealed at different temperatures can be
found in Table 3.4. It was found that the average depth of the fluctuations is
very similar in all samples, indicating similar large defect concentrations.

From the temperature dependencies of the PL spectra, the temperature
dependence of the PL band maxima and integrated intensity were analyzed. It
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was found that the PL bands measured from the Cu,CdSnSs polycrystalline
powders annealed at temperatures below 7., = 200 °C are composed of two PL
bands that are labeled #1 and #2 (an example of the fitting of the spectra is
presented in Figure 3.20). The presence of two PL bands also explains the
widening of the PL spectrum with decreasing annealing temperature. From the
Arrhenius plots, the thermal activation energies of the quenching of the PL
bands were determined by using the theoretical expression for discrete energy
levels for fitting [98]:

NT) = (1

where @ is integrated intensity, o; and a; are the process rate parameters and Er
is the thermal activation energy. The obtained values of the thermal activation
energies Er, as dependent on the annealing temperature, are listed in Table 3.4
together with the positions of the PL band maxima and FWHM. Two annealing
temperature regions can be observed: two PL bands were detected in
CuyCdSnS, annealed at temperatures below 7., = 200 °C, showing thermal
activation energies of around 60 meV and 110 meV, and one PL band was
observed in Cu,CdSnS4 annealed at temperatures above 7,,,= 200 °C having
high thermal activation energy above 130 meV.
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Figure 3.20 Low-temperature (T = 10 K) PL spectrum of Cu;CdSnS, polycrystalline
powder annealed at 100 °C for 1 week together with the fitting result. The inset graph
presents the Arrhenius plots for the two PL bands used to determine the thermal
quenching activation energies for #1 and #2.

It has been shown that in the disordered Cu,ZnSnSs; recombination
mechanism that involves defect clusters inducing local bandgap energy,
shrinkage is dominating [62]. The latter results in large bandgap fluctuations
that create efficient recombination paths for photogenerated carriers in the
material. In the ordered Cu,ZnSnS4, recombination involving deep acceptor
defects (> 200 meV) is prevailing at low temperatures [62]. Similarly, high
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concentration of [Cucg+ Cdcy] and [2Cucq + Sncgq] defect complexes is
predicted in Cu,CdSnS4 [43], being responsible for the Cu-Cd disordering.
According to the theoretical calculations, the difference in the bandgap energies
of disordered and ordered Cu,CdSnSs; is about 100 meV [42]. Therefore,
recombination mechanism involving defect clusters is also expected in this
material.

Considering that the bandgap energy of Cu,CdSnS4 at low temperatures is
close to 1.5 eV, the PL bands are very far from the band edge, separation of the
PL band from the bandgap is over 300 meV and over 200 meV for #1 and #2,
respectively. Different thermal activation energies of the PL band quenching
were found for #1 (above 100 meV) and #2 (below 100 meV), indicating a
different recombination channel. Considering the thermal activation energies
and the PL band positions with respect to the low temperature bandgap energy
of Cu,CdSnS4, one can see that in both ordered and disordered Cu,CdSnS4, the
dominating radiative recombination is related to the defect clusters inducing
bandgap energy shrinkage that was also seen in disordered Cu,ZnSnS4 [93].
However, the dominating defect clusters are different in the ordered and
disordered Cu,CdSnS4. We propose that in the disordered Cu,CdSnSs the
[2Cuca + Sneq] defect complexes inducing large bandgap energy fluctuations
(with depth > 0.4 eV [42]) dominate. In the ordered material, the coexistence of
[2Cucd + Sneq] and [Cucq + Cdey] defect complexes is present, resulting in the
two observed PL bands #1 and #2. However, based on the PL intensity analysis
(see upper inset graph in Figure 3.19), the overall concentration of the
mentioned defect complexes is reduced in the ordered material.

RT-PL measurements were also performed to the Cu,CdSnS4 polycrystalline
powders annealed at different temperatures. Similar to low-temperature PL
(10 K) results, a shift of the PL band towards lower energies with increasing
annealing temperature was observed, the positions of the PL bands being
1.45 eV and 1.37 eV for samples annealed at 100 and 400 °C, respectively. For
clearance, only the spectra of the ordered and disordered Cu,CdSnS; (e.g.
annealing temperatures 100 and 400 °C) are presented in Figure 3.21. Broader
PL band was observed for the disordered material, most probably caused by
larger bandgap fluctuations. Considering the room temperature bandgap energy
of Cu,CdSnS4 around 1.4 eV [28, Paper 1V], the observed PL bands result from
the band-to-band recombination. Notice that it is not the same PL band that was
observed at low temperature (10 K).
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Figure 3.21 RT-PL spectra of Cu,CdSnSy annealed at temperatures 100 and 400 °C for
1 week. The shift of the position of the PL band maximum towards lower energies with
increasing annealing temperature was detected.
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Figure 3.22 PL band positions of Cu;CdSnSy polycrystalline powders depending on the
low-temperature annealing in the range from 100 to 400 °C for 1 week.

Finally, Figure 3.22 shows the low-temperature PL band position of
Cu,CdSnSs depending on the annealing temperature in the range from 100
to 400 °C for 1 week. The vertical dashed lines in Figure 3.22 indicate the
annealing temperature region where the PL band position is almost constant and
no change in the recombination mechanism has taken place. Almost constant
FWHM of the A; Raman mode was observed in the same annealing temperature
region from 200 to 250 °C. We can conclude that it is possible to modify the
degree of disordering with the low-temperature annealing treatments below the
critical temperature that according to our study, lies in the temperature range
from 200 to 250 °C.
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Summary of ordering-disordering studies in Cu,CdSnSs polycrystalline
powders

From the Raman scattering and temperature dependent PL analysis of the
Cu,CdSnS; polycrystalline powder, we can conclude that the Cu-Cd disordering
predicted by the theoretical first principles calculations [42] is present in this
material. We have shown in this study that the degree of disordering can be
reduced with the low-temperature annealing treatments below the critical
temperature that according to our study, lies in the temperature range from 200
to 250 °C. It was found that similar to Cu,ZnSnS4, the change in the degree of
disordering in Cu,CdSnS; is accompanied with the change in the radiative
recombination channel related to different types of defect clusters.

Finally, based on Cu»ZnSnSs and Cu,CdSnS4 disordering studies, it can be
concluded that CuyZn;«CdiSnSs solid solutions reported in Paper I were
disordered materials.
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CONCLUSIONS

The investigations in this dissertation are divided to three main parts. The first
part presents the systematic investigations of Cux(ZnxCdx)SnS4 (x = 0-1) solid
solutions of monograin powders synthesized in KI molten salt. The
compositional, structural and optoelectronic properties of these powders were
studied to find the optimal Cd content in solid solutions for an ideal bandgap of
Cuz(ZnxCdx)SnSs-based single junction solar cells. In the second part of the
thesis, focus is on the influence of ordering-disordering in kesterite-type
CuzZnSnS4; monograin powders on the compositional, structural and
optoelectronic properties of these powders and on the performance of
CuzZnSnS,4 based monograin layer solar cells. The final part of the thesis
explains the existence of disordering in stannite-type Cu,CdSnS; and the
influence of this phenomenon on the optoelectronic properties. Based on the
studies, the following conclusions can be made:

e The entire range of Cux(Zn;«Cdx)SnSs (x=0-1) solid solutions of
monograin powders in KI flux with the controllable Cd concentration were
synthesized.

Structural studies showed that Cd incorporation to the Cu,ZnSnS, lattice
increases the a-axis lattice constant almost linearly from 5.433 to 5.593 A as
the Cd content increases from 0 to 1. XRD and Raman suggested that
Cuz(ZnixCdy)SnS4 solid solutions have kesterite-type structure in the region
0<x<0.3 and they exist in the stannite-type structure in the region
04<x<l1.

The effective bandgap energy values (E,*) calculated from EQE
measurements for Cuz(Zn;.xCdx)SnSs4 solid solutions changed from 1.55 eV
to 1.37 eV. The optimal bandgap of 1.4 eV for Cuz(Zn;«Cdy)SnSs solid
solution with the x = 0.4 was determined and was proposed to be a suitable
material for an absorber layer in single junction solar cells.

e The degree of Cu-Zn disordering in CuxZnSnS4 monograin powders was
feasible by using different cooling regimes after high-temperature treatment
and by additional annealing at temperatures below critical temperature.

PL studies showed that slower cooling of Cu,ZnSnS; monograin powders
after HT-treatment shifted the typical broad asymmetric PL band position
from 1.21 eV to 1.35 eV. The additional low-temperature annealing after
different cooling processes shifted the corresponding PL band positions even
to a higher energy side, giving hint to a further increase in the ordering
degree. The behavior of the PL bands with increased Cu-Zn ordering is
caused by two processes — improved Cu-Zn ordering of the crystals leading
to increased bandgap energy and change in the radiative recombination
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mechanism from band to tail to deep trap related recombination in most
ordered material.

Optimal conditions for LT-annealing to improve Cu,ZnSnSs MGL solar
cells performance were found to be 4h at 150 °C. These improvements
resulted in CuZnSnS4 MGL solar cell power conversion efficiency of 9.1%.
The highest open circuit voltage 784 mV for Cu,ZnSnS, based solar cells
was obtained in lab conditions.

For the first time, experimental evidence of the existence of Cu-Cd
disordering in the stannite-type Cu,CdSnS,; material is presented and the
critical temperature range of order-disorder transition for Cu,CdSnSs is
proposed. According to Raman and PL results, the critical temperature lies in
the range from 200 to 250 °C.

Low temperature (7 = 10 K) PL spectra of polycrystalline powders consist of
one broad asymmetric PL band at 1.064 eV for the most disordered
Cu,CdSnS4 and at 1.215 eV for the most ordered Cu,CdSnS,. It was also
found that similar to Cu,ZnSnSs, the change in the degree of disordering in
Cu,CdSnS, is accompanied with the change in the radiative recombination
channel related to different types of defect clusters. We propose that in the
disordered Cu,CdSnSs, the [2Cucq + Sncq] defect complexes dominate and in
the ordered material, the coexistence of [2Cucq + Sncd] and [Cucq + Cdcy]
defect complexes is present.
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ABSTRACT

CuzZnSnS4 quaternary compound has attracted much attention in the last years
as a new abundant, low cost and non-toxic material with desirable properties for
photovoltaic applications.

In this work, Cuy(Zn;xCdy)SnSs monograin powders were grown using
monograin powder growth technology and polycrystalline powder of
Cu,CdSnS4 was synthesized by solid-state reaction. The structural properties of
synthesised materials were characterized by Raman and X-ray diffraction
(XRD), composition was analyzed by energy dispersive X-ray spectroscopy and
photoluminescence (PL) was used to the investigated recombination processes
in the materials. All monograin powders were used as absorber layers in
monograin layer solar cells with the structure:
graphite/Cu(Zn;«Cdy)SnS4/CdS/i-ZnO/ZnO:Al/Ag.

Focus was on the influence of Zn substitution by Cd atoms on the
compositional, structural and optoelectronic properties of Cu,ZnSnS,
monograin powders. The aim was to find the optimal Cd content in
Cux(Zn;«Cdy)SnSs4 solid solutions that gives the ideal bandgap of absorber
material for single junction solar cells. The entire range of Cux(Zni«Cdx)SnSs
(x =0 - 1) solid solutions of monograin powders in KI flux with the controllable
Cd concentration were synthesized. Results of the study showed that Cd
incorporation to the Cu,ZnSnS, lattice increases the ag-axis lattice constant
almost linearly from 5.433 to 5.593 A as the Cd content increases from 0 to 1.
The expansion of lattice constant can be attributed to the larger ion radius of Cd
than that of Zn or Cu. Structural studies by XRD and Raman suggested that
Cuz(Zn; xCdx)SnS4 solid solutions have kesterite-type structure in the region
0<x<0.3 and they exist in stannite-type structure in the region 0.4 <x <1.
Corresponding effective bandgap energy values (E;*) for solid solutions were
calculated from EQE measurements. Results showed the correlation between
the Cd content (x =0 - 1) in the Cux(Zn;-«Cdx)SnS4 absorber material and the
values of Eg* that changed from 1.55 to 1.37 eV, respectively. It was concluded
that Cux(Zn;1xCdx)SnS; solid solution with the x = 0.4 has optimal bandgap of
1.4 eV and is a suitable material for an absorber layer in single junction solar
cells.

The main limitation of the power conversion efficiency in Cu,ZnSnS, based
solar cells is low open circuit voltage (V,.) as compared to the bandgap energy
values. The existence of Cu and Zn cation disorder in CuZnSnSs kesterite
crystal structure could be one reason for the large V,. deficit limiting the
efficiency of the solar cell device. The second part of the investigations was
dedicated to the systematic study of the influence of ordering-disordering in
CuzZnSnS4; monograin powders on the compositional, structural and
optoelectronic properties of these powders and on the performance of
Cu,ZnSnS4 based monograin layer solar cells.

55



The degree of Cu-Zn disordering was changed by using different cooling
regimes after high-temperature (HT) treatment and by additional annealing at
temperatures below critical temperature (7, ~ 260 °C).

Low-temperature (7 =10 K) and RT-PL measurements were used to estimate
the Cu-Zn disorder level in Cu,ZnSnS4 monograin powders. PL studies showed
that slower cooling of CuyZnSnS4 monograin powders after HT-treatment
shifted the typical broad asymmetric PL band position from 1.21 to 1.35 eV.
The additional low-temperature (LT) annealing after different cooling processes
shifted the corresponding PL band positions even to a higher energy side, giving
hint to the further increase in the ordering degree. The behavior of the PL bands
with increased Cu-Zn ordering is caused by two processes — improved Cu-Zn
ordering of the crystals leading to increased band gap energy and change in the
radiative recombination mechanism from band to tail to deep trap related
recombination in most ordered materials.

Current-voltage measurements of MGL solar cells revealed that increased
ordering in the Cu,ZnSnS,; absorber material had significant impact on the
characteristics, mainly the values of V,. were increased. Optimal conditions for
LT-annealing to improve the performance of Cu,ZnSnSs MGL solar cells were
found to be 4 h at 150 °C. These improvements resulted in the Cu,ZnSnS4s MGL
solar cell power conversion efficiency of 9.1%. The highest open circuit voltage
784 mV for CurZnSnS4 based solar cells was obtained in lab conditions.

The last part of the investigations in this thesis presents for the first time
experimental evidence of the existence of Cu-Cd disordering in stannite-type
Cu,CdSnS,; material and proposes the critical temperature range of order-
disorder transition for Cu,CdSnSs. The degree of Cu-Cd disordering in
Cu,CdSnS,s polycrystalline powder was changed by LT-annealing at
temperatures from 100 to 400 °C.

Low temperature (7=10K) PL spectra of all studied Cu,CdSnS.
polycrystalline powders consist of one broad asymmetric PL band. The lowest
energy PL band was detected at 1.064 eV, corresponding to the most disordered
Cu,CdSnS; and PL band position for the most ordered Cu,CdSnS,; was situated
at 1.215 eV. According to Raman and PL results, the critical temperature lies in
the range from 200 to 250 °C. It was also found that similar to Cu,ZnSnS4, the
change in the degree of disordering in Cu,CdSnSs4 is accompanied with the
change in the radiative recombination channel related to different types of
defect clusters. We proposed that in the disordered Cu,CdSnSs4, the
[2Cuca + Sneq] defect complexes dominate and in the ordered material, the
coexistence of [2Cucq + Sncq] and [Cucq + Cdey] defect complexes is present.
However, based on the PL intensity analysis, the overall concentration of the
mentioned defect complexes is reduced in the ordered material.
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KOKKUVOTE

Viimasel aastakiimnel on  hiippeliselt kasvanud CuZnSnSs  kui
absorbermaterjali uuringud péikeseenergeetika rakendustes. Antud materjali
koostiselemendid on keskkonnasobralikud ja maapdues laialdaselt levinud.
CupZnSnS4 omab absorbermaterjalile sobivaid optilisi ja elektrilisi omadusi:
otsene keelutsoon laiusega 1,55 eV, neeldumiskoefitsent > 10* cm™, p-tiiiipi
juhtivus.

Tadnaseks on CupZnSnS4-baasil valmistatud pédikesepatareide suurimaks
kasuteguriks moddetud 9,5%. Sellele tasemele on areng peatuma jadnud juba
mitu viimast aastat. Schockley-Queisser teooria kohaselt on voimalik saavutada
piikesepatarei  maksimaalne teoreetiline  kasutegur  absorbermaterjali
keelutsooniga vahemikus 1,0 ja 1,5 eV. Seda arvestades tuleks Cu,ZnSnS4
absorbermaterjali keelutsooni laiust vidhendada. Keelutsooni on vodimalik
vihendada iihendpooljuhtmaterjalides asendades samasse rilhma kuuluva
kergema elemendi aatomi raskema elemendi aatomiga, néiteks Zn asendamine
Cd.

Kéesolevas t00s kasutati CuxZnSnSs absorbermaterjali  keelutsooni
varieerimiseks =~ monoterapulber-tehnoloogiat. Erineva  Cd-sisaldusega
Cuz(Zn;xCdy)SnS4 monoterapulbrid siinteesiti siinteeskasvatusel KI sulandaja
keskkonnas. Koikide siinteesitud monoterapulbrite elementkoostise ja
morfoloogia iseloomustamiseks kasutati EDX ja SEM analiilise, struktuuri
kirjeldamiseks XRD ja Raman spekrtroskoopiat, rekombinatsiooni protsesside
iseloomustamiseks PL mootmisi, efektiivse keelutsooni laiuse médramiseks
EQE mdo6tmisi.

Elementkoostise analiiiisi tulemused néitasid, et monoterapulber-tehnoloogiaga
on voimalik siinteesida Cuy(Zn;<Cdx)SnSs tahkeid lahuseid kogu koostise
ulatuses x=0-1. Struktuurianaliiisid néitasid, et suurem Cd sisaldus
Cuz(Zn; xCdx)SnSs tahke lahuse kristallvores suurendab vorekonstanti a
5,433 A-lt 5,593 A-le. Vorekonstandi suurenemist vdib omistada Cd suuremale
ioonraadiusele vorreldes Zn voi Cu-ga. XRD ja Raman analiilisid néitasid, et
Cuy(Zn;«Cdy)SnS4 tahked lahused on kesteriitse kristallstruktuuriga, kui Cd
sisaldus x < 0,3 ning stanniitse kristallstruktuuriga, kui Cd sisaldus x > 0,4.
Efektiivset keelutsooni laiust saab muuta 1,55 eV (x=0) kuni 1,37 eV-ni
(x=1). Leiti, et optimaalse keelutsooni laiuse 1,4 eV saamiseks peab
Cuy(Zn;«Cdy)SnS4 monoterapulbrites Cd-sisaldus olema ~ 0,4.

On leitud, et CuZnSnSs-baasil valmistatud piikesepatareide kasutegurit
limiteerivaks parameetriks on avatud vooluahela pinge (V,) puudujadk
vorreldes antud materjalile vastava keelutsooni vdartusega. Teoreetiliselt voiks
1,5 eV keelutsooniga absorbermaterjalist valmistatud piikesepatareide V.
vidrtus olla ~1V. Uheks pohjuseks on Cu-Zn korrastamatuse esinemine
CuzZnSnS4 kristallvores, mis pdhjustab keelutsooni vdhenemist. Cu-Zn
korrastatust kristallvéres on vdimalik reguleerida jahtumiskiirusega peale
korgtemperatuurseid kisitlusi voi madaltemperatuursete 160mutustega alla
kriitilist temperatuuri (7, = 260 °C).
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Kéesolevas doktoritéos uuriti siistemaatiliselt Cu-Zn korrastatuse moju
Cuw,ZnSnS4 monoterapulbrite elementkoostisele, struktuursetele ja opto-
elektroonsetele omadustele ning nende materjalide baasil valmistatud
monoterakiht-péikesepatareide viljundparameetritele.

Cu-Zn korrastatuse hindamiseks Cu,ZnSnSs monoterapulbrites kasutati
madaltemperatuurset (7 = 10 K) kui ka toatemperatuurset fotoluminestsents-
spektroskoopiat.

PL mo6tmised néitasid, et Cu,ZnSnS4 monoterapulbrite aeglasem jahtumine
peale korgtemperatuurset kisitlust nihutas PL riba asukohta 1,2 eV-It kuni
1,35 eV-ni. Madaltemperatuurne 160mutus peale erinevaid jahtumisreziime
nihutas PL ribade asukohti veelgi suurema energia poole. Selline PL ribade
nihkumine on tingitud kahest asjaolust - Cu-Zn korrastatus suurendab
keelutsooni energia véirtust ja toimub muutus erinevat tiiilipi defektide
kiirguslikes rekombinatsiooni kanalites.

Cu,ZnSnS4-baasil valmistatud monoterakiht-pdikesepatareide voolu-pinge
soltuvuste mootmistest jareldus, et madaltemperatuurne késitlus avaldab suurt
moju pdikespatarei véljundparameetritele, suurendades peamiselt avatud
vooluahela pinge (V,.) vairtusi. Leiti, et optimaalne madaltemperatuurne
160mutusreziim  Cu,ZnSnSs  monoterapulbri  struktuurse  korrastatuse
parandamiseks on 4 tundi 150 °C juures. Sellist to6tlusreziimi rakendades
paranes monoterakiht-pdikesepatareide kasutegur 8,1%-It 9,1%-le. Antud
uurimist6d raames saadud 784 mV on seni teadaolevalt kdrgeim Cu,ZnSnSy-
baasil paikesepatareides moddetud V. véértus.

Kéesolevas doktoritdos néitasime esmakordselt eksperimentaalselt, et
stanniitse struktuuriga Cu,CdSnS; materjalis esineb sarnaselt kesteriitse
struktuuriga Cu,ZnSnS; materjalile Cu-Cd korrastamatus kristallstruktuuris,
mida on samuti voimalik reguleerida madaltemperatuurse 160mutusega. T60s
uuriti madaltemperatuurse 160mutuse mdju temperatuuride vahemikus
100-400 °C ~ CuxCdSnSs  poliikristallilise ~ pulbri  struktuursetele  ja
optoelektroonsetele omadustele.

Erinevatel temperatuuridel 16dmutatud poliikristallilise Cu,CdSnS,4 materjali PL
spektrid koosnevad iihest laiast asiimmeetrilisest ribast. Vdiksema energiaga
piigi asukoht 1,064 eV vastab kdige vidiksema korrastatusega materjalile ja
1,215 eV vastab koige suurema korrastatusega materjalile.

Raman ja madaltemperatuurse PL analiilisi pohjal leiti, et kriitline temperatuur
(T,) asub vahemikus 200 kuni 250 °C.

Leiti, et sarnaselt Cu,ZnSnS; materjalile muutuvad koos kristallstruktuuri
korrastatuse astmega Cu,CdSnS; materjalis ka optoelektroonsed omadused,
sealhulgas kiirgusliku rekombinatsiooni mehhanism.

Voimalikuks domineerivaks defektikompleksiks vdhekorrastatud Cu,CdSnSs4
materjalis on [2Cucq + Sncqg] ja suurima korrastatusega Cu,CdSnSs materjalis
esinevad koos [2Cucq+ Sncd] ja [Cucgd + Cdeu] defektikompleksid. Vottes
arvesse PL riba intensiivsuse analiiiisi, vdib jdreldada, et iildine eelpool
nimetatud defektikomplekside kontsentratsioon korrastatud materjalis véheneb.
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transition from kesterite to stannite in the series of Cu; g5(CdxZn; — x)1.15nS4; (0 < x <1) solid solutions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Lately, quaternary chalcogenide semiconductors, Cu,M"M"™(S; Se),
(M" = Mn, Fe, Co, Ni, Zn, Cd, and Hg; M" = Si, Ge, and Sn), have
attracted considerable interest for applications in solar cells and other
optical devices due to their appropriate direct band gap and low-cost
manufacturing [1-3]. Solar cells with efficiencies as high as 12.6% have
already been achieved using Cu,ZnSn(S,Se)4 (CZTSSe) [4]. Other quater-
nary chalcogenides, such as Cu,Zn(Sn,Ge)Sey4 [5] and Cu,CdSnS, [6],
have shown efficiencies up to 9.1% and 2.7%, respectively.

Theoretical calculations suggest that the best fit with solar spectrum
and therefore the optimal bandgap for absorber materials is around
1.4 eV. To reach the ideal bandgap for CZTSSe-based single junction
solar cells, the ratio of S/Se is modified in several studies [7-9]. Recently,
synthesis of Cu,CdyZn; — «SnS4; (0 < x < 1) (CCAZTS) alloy thin films
by sol-gel method has been reported [10] to realize the goal of bandgap
engineering in Cu,ZnSnS,-based solar cells. Xiao et al. reported that
the optical bandgap of CCAZTS alloy can be also modified continuously
from 1.55 to 1.09 eV as Cd varies from 0 to 1. However, it is not the
case for monograin powders. In our previous study [6], we found that
the effective bandgap energy of Cu,CdSnS, is 1.4 eV. In order to clarify
the mismatch, the (CCdZTS) solid solutions in the form of monograin
powders were synthesized and studied. Cu,ZnSnS, compound has
been found to exist in the kesterite structure (I4) with lattice parameter
valuesa = 5.428 Aand c = 10.864 A [11] and Cu,CdSnS, in the stannite
structure (J42 m) with lattice parameters a = 5.586 A and c = 10.834 A
[12]. In the case of CCAZTS solid solutions, the region of their crystal

* Corresponding author.

http://dx.doi.org/10.1016/j.tsf.2014.10.091
0040-6090/© 2014 Elsevier B.V. All rights reserved.

structure transition is unclear. The present work reports the results of
the synthesis and characterization of the (CCdZTS) solid solutions
with the aim of finding the optimal Cd content in solid solutions for
ideal band gap of CCdZTS-based single junction solar cells.

2. Experimental details

Cuyg5(CdyZny — «)1.1SnS4; solid solutions with 0 < x < 1 were
synthesized from high purity CuS, ZnS, CdS, SnS binary compounds
and elemental S in the molten phase of KI by using monograin powder
technology. The precursors mixture and KI were ground in desired
amounts in an agate mortar. The milled powder was placed in quartz
ampoules which were sealed under vacuum. For the synthesis, the tem-
perature of the furnace was increased from room temperature to 1013 K
with a rate of 240 K/min and kept at elevated temperature for 120 h.
The formation of CCdZTS monograin powders takes place during the
heating process in the molten phase of the flux. Initial solid particles
of low-solubility precursors react with each other in the molten
salt media, and the formed solid particles of the product compound
start to recrystallize and grow by the mechanism of Ostwald ripening
[13]. More details about monograin powder formation is given in [14].
The crystals growth was discontinued by cooling the ampoules in the
air. The flux was removed by leaching with deionizated water and re-
leased monograin powders were dried. For future technological process-
es, the grains with diameters of 63-75 pm were selected by sieving. As-
grown monograins were chemically etched in fresh-made 1% bromine
ethanol for 5 min followed by 10% KCN aqueous solution for 5 min.
After etching, the powders were annealed at 1013 K for 1 h with the pres-
ence of sulfur atmosphere. The process parameters for chemical etching
and thermal annealing were based on the earlier studies [15,16].
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Table 1
Compositional ratios of Cuy gs(CdxZn; — x)1.1SnS4; monograin powders.

[cd]/([Cd] + [Zn]) Compositional ratios in powders

i precutsors [cdy/(icd] + [zn]) [Cul/([Cd] + [Zn] + [sn)) (Icd] + [zn])/Isn] [Cul/[sn] [SVMet]

0 0 0.93 1.03 1.90 1.01

0.2 0.18 0.92 1.06 1.89 1.02

04 038 0.89 1.08 1.87 1.03

0.6 0.57 0.90 1.05 1.84 1.03

0.8 0.78 0.90 1.02 1.82 1.02

1 1 0.92 0.97 1.82 1.04

The chemical composition of the synthesized monograin powders
was analyzed by energy dispersive X-ray spectroscopy (EDX) on Zeiss
HR SEM ULTRA 55 with accelerating voltage of 20 kV and a beam
current of 3 nA. The phase composition of the powders was studied by
room-temperature micro-Raman spectroscopy using Horiba's LabRam
HR spectrometer with incident laser light with wavelength of 532 nm.
The crystalline structure was characterized by X-ray diffraction (XRD)
using a Rigaku Ultima IV diffractometer with monochromatic Cu Kot
radiation N = 1.54056 A at 40 kV and 40 mA, using a D/teX Ultra silicon
strip detector. For photoluminescence (PL) measurements, the powder
samples were mounted in the closed-cycle He cryostat and cooled down
to 10 K. The 658 nm laser line was used for PL excitation and the PL spec-
tra were detected by InGaAs detector. The annealed CCdZTS monograin
powders were used as absorber materials in monograin layer (MGL)
solar cells. MGL consists of a monolayer of powder grains embedded
into a layer of epoxy resin with thickness of two-thirds of the grain
diameter. The open surface of the monograins was covered with CdS
buffer layer by chemical bath deposition followed by radio frequency
sputtering of i-ZnO and ZnO:Al layers. Silver paste was applied for
front contact and graphite paste for back contact. The bandgap values
of the synthesized absorber materials were estimated by quantum
efficiency (QE) measurements of monograin layer MGL solar cells. QE
measurements were performed using a computer controlled SPM-2
monochromator and a 250 W halogen lamp.

3. Results and discussions
3.1. Composition and crystal structure of CCAZTS solid solutions

The compositional ratios of elements of the CCdZTS solid solutions
determined from EDX analysis are listed in Table 1. The results confirm

that the value of x = [Cd]/([Cd] + [Zn]) in synthesized powders is
close to the input value of x in precursors. It can be seen that the
[Cu]/[Sn] ratio in the monograin powders decreases by increasing Cd
content in precursors. We suppose that the [Cu]/[Sn] ratio decreases
due to the partial substitution of Cu vacancies by Cd atoms in Cu-
poor CCdZTS. Fig. 1a shows the XRD patterns of monograin powders
of CCAZTS solid solutions. The major diffraction peaks are indexed as
corresponding to the (112), (200), (220), (312) and (332) planes of
kesterite phase of Cu,ZnSnS, (ICDD PDF2008, 01-075-4122) and stan-
nite phase of Cu,CdSnS, (ICDD (PDF2008), 00-029-0537). Fig. 1b
shows the enlarged view of the (112) diffraction peaks. The peaks are
shifted to the lower angle side with increasing Cd content in the
CCdZTS solid solutions. The splitting of the profiles of (220) and
(204) reflections due to the lattice distortion caused by the replace-
ment of Zn by Cd for different x values is shown in Fig. 1c. The splitting
of the (220) peak increases up to x = 0.4. Then, besides the splitting,
the high angle peak (204) appears and both (220) and (204) peaks
are visible separately. The high angle peak (204) narrows with increas-
ing Cd content.

Lattice constants for all powders were calculated from the XRD data
(Fig. 2). The a-axis lattice constant increases almost linearly from 5.433
to 5.593 A as the Cd content increases from 0 to 1. The expansion of
lattice constant can be attributed to the larger ion radius of Cd than
that of Zn or Cu. The simplest possibility is that Cd substitutes other
metal atoms at their sites in crystal lattice of CCAZTS. As the theoretically
calculated substitution energies of Cd atoms at Cu, Sn and Zn atom sites
in CZTS lattice are Egyp(Cdc,) = 0.69 eV, Eg,p(Cds,) = 1.07 eV and
Esun(Cdzn) = 0.53 eV [17], the most likely is the isoelectronic substitu-
tion of Cd at the Zn site. The presence of Cu vacancies, formed easily in
Cu-poor and Zn-rich growth conditions, promotes Cd substitution at
Cu sites and formation of charge-neutral (Cdc, + V) pairs [17].
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Fig. 1. a) XRD patterns of monograin powders of Cu; g5(CdxZn; — x)1.15nS4; solid solutions with 0 < x < 1; b) enlarged view of the (112) diffraction peaks and c) splitting of the profiles of

the (220) and (204) reflections.
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The ratio of the lattice parameters c/2a for CCAZTS in dependence of
chemical composition is shown also in Fig. 2. Schorr et al. carried out a
neutron diffraction study of the Cu,Fe; _ 4Zn,SnS, solid solutions,
obtaining that the ratio of the lattice constants c/2a is equal to or greater
than 1.0 for kesterite-type structure [11]. According to this, we could
assume that CCdZTS solid solutions have kesterite-type structure in
the region 0 < x < 0.3 and in the region 0.4 < x < 1 they exist in
stannite-type structure.

In order to find out the existence of the secondary phases and con-
firm the stannite-kesterite transition point, the Raman measurements
were performed. A linear shift of the A; Raman mode of CCdZTS towards
lower wavenumbers (from 338 cm ™! to 332 cm™!) with increasing Cd
content in powders is demonstrated in the region 0 < x < 0.4 (Fig. 3).
Subsequent increasing of Cd concentration did not change the frequen-
cy of A; mode. The other Raman peaks for Cu,ZnSnS, and for Cu,CdSnS,
correspond well to data in the literatures [6,18,19]. No Raman peaks of
the secondary phases were observed in the spectra. The frequency and
full width at half maximum (FWHM) of the main A; mode versus the
chemical composition of the solid solution are plotted in the inset
graph of Fig. 3. A significant broadening of the A; mode for powder
with the value of x = 0.4 is observed. This could be attributed to the ex-
istence of disorder effects in the mixed crystals, related to the structural
transition from kesterite to the stannite structure.

3.2. Optical properties of CCAZTS solid solutions

Normalized PL spectra of CCAZTS solid solutions with different
Cd contents measured at T = 10 K are presented in Fig. 4. Low-
temperature PL spectra are consisted of one broad asymmetric PL
band at 1.3 eV in CuyZnSnS, and at 1.1 eV in Cu,CdSnS, PL bands with
such an asymmetric shape are often observed in multinary compounds
that contain large concentrations of charged defects [18]. A shift of the
PL band of CCdZTS monograin powders towards lower energies with
increasing Cd content is observed in the region 0 < x < 0.4. The further
increase in Cd concentration did not change the PL band position
significantly.

The QE data allow to estimate the bandgap of absorber material
using the following equation: QE = A(E — E;)"? / E, where E; is an
effective band gap energy and constant A includes all parameters that
do not depend on E [20]. The normalized QE spectra of MGL solar cells
based on Cu, g5(CdyxZn; — x)1.1SnS44 solid solutions show a shift of the
absorption edge to longer wavelength in the region 0 < x < 0.4
(Fig. 5). E; values calculated from QE measurements for Cu; gsZnSnSy ;
and Cu, gsCdSnS4 1 devices are 1.55 eV and 1.37 eV, respectively. The
linear change of effective bandgap from 1.55 eV to 1.41 eV was observed
in the region 0 < x < 0.4 and subsequent increasing of Cd content in
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Fig. 3. The Raman spectra of Cu; g5(CdxZn; — x)1.15nS4; (0 < x < 1) monograin powders.
Inset graph: frequency and FWHM of the A; Raman mode versus Cd content in
Cuy g5(CdyZny — x)1.15NS41.

absorber material changed bandgap value only up to 1.37 eV (inset
graph in Fig. 5).
4. Conclusion

In summary, stable solid solutions of CCdZTS (x = 0.2, 0.4, 0.6
and 0.8) compounds were obtained by isothermal recrystallization

.mo_.\.
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Fig. 4. Normalized PL spectra of Cu; g5(CdxZn; — 4)1.1SnS4; (0 < x < 1) monograin
powders.
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Fig. 5. The normalized QE spectra of monograin layer solar cells based on
Cuy g5(CdyZny — 4)1.1SnS4 solid solutions and the band gap energy values of
Cuy 85(CdxZn; — x)1.1SnS4 solid solutions determined from QE measurements.

of monograin powders. The analysis of CCdZTS solid solutions with dif-
ferent compositions allowed to determine the dependence of the
Raman modes, PL band position and band gap energy of absorber on
the composition of the solid solutions. The obtained results showed
that incorporation of Cd into the CZTS decreased linearly the values
of band gap from 1.55 to 1.4 1 eV, A; Raman mode from 338 to
332 cm™! and PL band position from 1.3 to 1.1 eV in the region
0 < x < 0.4. Subsequent increasing of Cd concentration x did not change
these values significantly. Structural studies indicated that the phase
transition from kesterite to stannite occurs around x = 0.4.

Our results suggest that CCAZTS, with the x value around 0.4, has
optimal bandgap of 1.41 eV and could be a suitable material for absorber
layer in single junction solar cells.
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In this study the influence of low-temperature structural ordering in absorber material to the performance of
Cu,ZnSnS, (CZTS) monograin layer (MGL) solar cells was investigated. The shift of peak position in low temper-
ature and room temperature photoluminescence measurements was used to estimate the Cu-Zn disorder level in
CZTS monograin powders. The degree of Cu-Zn ordering was changed by using different cooling times after an-
nealing CZTS powders in S atmosphere at 740 °C and by additional annealing at temperatures below critical tem-
perature (T, ~ 260 °C) for different time periods. Current-voltage measurements revealed that the low-

'C(Z{,V;Z,rﬁ;m tin selenide temperature thermal treatments resulting in increased ordering of CZTS absorber material had significant impact
Kesterite on the MGL solar cell characteristics, mostly, the values of open circuit voltage (V,.) were increased. The highest
Order-disorder transition Voc 0f 784 mV was measured for the solar cell based on the powder that was cooled from 740 °C to room temper-
Solar cells ature for 5 min followed by annealing at 150 °C for 24 h. Optimal conditions for low-temperature annealing to

Crystalline powder improve CZTS MGL solar cells' performance were found to be 4 h at 150 °C. These improvements resulted in

CZTS MGL solar cell power conversion efficiency of 9.1% (active area).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Kesterite Cu,ZnSn(S,Se)4 (CZTSSe) is a candidate for absorber mate-
rial for solar cells due to its non-toxic, earth-abundant elemental con-
stituents and suitable optoelectronic properties. Different methods are
used for the growth of Cu,ZnSn(S,Se), absorber materials and remark-
able progress has been made in solar cell efficiency from 1988, when
Ito and Nakazawa for the first time recorded the photovoltaic effect in
the hetero-diode consisting of a cadmium-tin-oxide transparent con-
ductive film and a Cu,ZnSnS, (CZTS) thin film [1]. In 2013, the IBM
group reported 12.6% efficiency of a Cu,ZnSn(S,Se), solar cell produced
by hydrazine-based solution processing [2]. One prerequisite for
obtaining high-efficiency solar cells is the control over the defect struc-
ture of the absorber material including defect clusters, Cu-Zn disorder
and the presence of secondary phases [3-8] influencing the bulk and in-
terface recombination of the photogenerated charge carriers and
resulting in lower open circuit voltage (V,.) than could be expected
from the given band gap of CZTS (about 1.5 eV [9]). More precisely,
low V¢ values can be caused by bulk recombination related to deep de-
fects, interface recombination, recombination of the charge carriers in
the potential wells caused by the band gap and/or potential fluctuations

* Corresponding author.
E-mail address: kristi.timmo@ttu.ee (K. Timmo).

http://dx.doi.org/10.1016/j.tsf.2016.10.017
0040-6090/© 2016 Elsevier B.V. All rights reserved.

[3,4,6,10]. By first-principle calculations the band gap energy difference
between ordered and disordered kesterite phases was predicted to be
around 0.1 eV in CZTS [8]. From photoluminescence (PL) studies [11]
it was proposed that the difference between PL band energies of or-
dered and disordered structures is about 80 meV, the latter being small-
er. Neutron diffraction measurements in [12] showed that the degree of
disorder depends on cooling rate after sample synthesis. Rapid cooling
gives the highest degree of disorder, while slow cooling tends to give
more ordered CZTS. Degree of Cu-Zn disordering can be changed by
using different cooling regimes after high temperature treatments or
low-temperature post-annealing at temperature below the critical tem-
perature (T, ~ 260 °C) [13,14].

Currently, there are few experimental results about the influence of
the degree of order-disorder to the kesterite solar cell parameters [7,15,
16]. It has been shown that increased Cu-Zn ordering improves
CuyZnSnSey [7] and Cu,ZnSn(S,Se), [15,16] V,,., however the V. deficit
considering the increasing bandgap of the material due to improved or-
dering is still remarkable.

In this study Cu,ZnSnS, monograin layer (MGL) solar cells were per-
formed and an improved ordering of the crystal lattice due to developed
low temperature thermal treatments allowed us to obtain record V,. of
784 mV for CZTS solar cells. We investigated the influence of different
cooling regimes after high-temperature (HT) treatment of CZTS powder
in S vapor to the performance of MGL solar cells. In the first
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experimental series the powders were cooled to room-temperature
(RT) by using different cooling rates and in the second series, the pow-
ders were annealed additionally at low-temperatures (LT) for different
time periods.

2. Experimental

The investigated CZTS monograin powders were synthesized under
Cu-poor and Zn-rich conditions from elemental and binary precursors
in molten KI as flux in sealed quartz ampoules at 740 °C. The materials
were cooled down naturally to RT. Detailed procedure about monograin
powder synthesis is described elsewhere [17].

Two as-grown CZTS monograin powder batches with slightly differ-
ent compositions were divided into small portions, annealed in the
sealed ampoules in two-temperature-zone furnace at 740 °C in sulphur
atmosphere of 1.33 x 10° Pa pressure for 1 h and then cooled to RT with
different rates. The bulk compositions of as-grown CZTS monograin
powders determined by energy dispersive X-ray spectroscopy (EDX)
were [Cu]/([Zn] + [Sn]) = 0.91 and [Zn]/[Sn] = 1.06 for Series I and
[Cu]/([Zn] + [Sn]) = 0.96 and [Zn]/[Sn] = 1.02 for Series II.

In the first experimental series 4 different cooling regimes were ap-
plied: the fastest cooling rate was performed by quenching the ampoule
with powder into cold water to freeze the HT thermal equilibrium of lat-
tice defects, corresponding to the state of maximum Cu-Zn disorder [13,
18]. The other powders were cooled from 740 °C to RT for 5 (cooled nat-
urally in air), 15 and 510 min (natural cooling of the furnace) with the
aim to obtain various degree of ordering. In the Series I, all powders
had parallel samples, which were subsequently annealed at 150 °C for
4 h, followed by natural cooling in air to RT.

In the second experimental series, HT treatment in S atmosphere
followed by cooling powders from 740 °C to RT for 5 min and the second
step was additional annealing at temperatures below T, - at 100, 125,
150, 175, 200, 225 and 250 °C for different time periods from 5 min to
4 h. After LT-annealing, all powders were cooled naturally in air to RT.
In addition, some samples were induced to attain highly ordered struc-
ture by annealing at 150 °C for 24-168 h.

After above described annealing procedures, the powders were used
as absorber materials in MGL solar cells. The photoactive MGL was
formed by embedding the CZTS grains halfway to thin epoxy layer.
CdS buffer layer was deposited from chemical solution containing Cdl,
as Cd source, ammonia and thiourea as a sulphur precursor. Before
CdS buffer layer deposition, RT KCN etching was used, as reported in
our previous work [19]. The devices were completed by sputtering a
two-layer ZnO film (i-ZnO and Al-doped ZnO) on the top of CdS layer.
More detailed description of the preparation and structure of MGL
solar cells can be found in [20]. The solar cells were characterized by
measuring the current density versus voltage (J-V) characteristics by
Keithley 2400 electrometer under standard test conditions (AM 1.5,
100 mW/cm?). The measurement error in V,. values can be considered
up to 10 mV. As the working area of the MGL solar cells is around 80% of
the total area, the MGL solar cell efficiency values are re-calculated for
active area (7qcrive). Spectral response measurements were performed
using computer controlled SPM-2 prism monochromator. The generat-
ed photocurrent was detected at 0 V bias voltage at RT by using 250 W
halogen lamp.

The microstructure and the bulk composition of CZTS powder crys-
tals were analysed by high resolution scanning electron microscope
Zeiss ULTRA 55 (20 keV) equipped with backscattered electron detector
and by EDX Bruker Esprit 1.8 system. The measurement error for ele-
mental analysis is about 0.5 at.%. For PL measurements, the samples
were mounted in the closed-cycle He cryostat and cooled down to
10 K. The 441 nm laser line was used for PL excitation and the spectra
were detected by using InGaAs detector. The measurement error in
the values of the PL peak positions is 0.005 eV. Room- temperature
photoluminescence (RT-PL) and Raman spectra were measured by
Horiba LabRam 800HR spectrometer using 532 nm laser for excitation.

3. Compositional analysis

Compositional analysis by EDX were made from polished cross-sec-
tion of individual crystals (Fig. 1) of CZTS powders cooled from 740 °C to
RT by using different cooling rates and crystals that were annealed addi-
tionally at 150 °C for 4 h after different cooling processes. For each of the
cooling conditions the analysis was performed on at least 8 different
polished crystals. The average chemical compositions of CZTS powders
are presented in Table 1. It can be seen that the bulk composition of
CZTS monograin powders did not change significantly by increasing
cooling time after post-treatment. Furthermore, no changes were seen
in the chemical composition of the powders annealed additionally at
150 °C for 4 h. Only ZnS secondary phase as separate crystals in the pow-
der was detected and it is usually found to be present in CZTS
monograin powders with Zn-rich composition (see Fig. 1).

4. Photoluminescence results

Previously, the Cu-Zn disordering has been probed by Raman spec-
troscopy [14,21,22] and by PL measurements [6,13]. Scragg et al. mea-
sured the 785-nm Raman spectra of nominally ordered and
disordered CZTS films and calculated the ratio of Q = I(mya) / [(M3a),
where I(mjya) and I(ms3,) are the Raman peak intensities for the A
modes at 288 and 304 cm™ !, showing that there exists the correlation:
the larger the Q value, the more ordered is the structure [14]. In addi-
tion, the full width half maximum (FWHM) of the dominating A;
Raman peak of CZTS at 338 cm ™! is also found to be in correlation
with the degree of Cu-Zn ordering, the FWHM being smaller for more
ordered material [13,14]. Unfortunately, Raman studies on our CZTS
monograin powders have shown that different crystal planes show dif-
ferent intensity of the Raman peaks used for calculating Q values, there-
fore we have used the FWHM of the A; mode to evaluate the degree of
ordering. In present study, the values of 6.5 cm™"' and 3.6 cm™"' of
FWHM of A; Raman peak were found for the most disordered and or-
dered material, respectively (inset in Fig. 2).

Scragg et al. also showed that there is remarkable correlation be-
tween the RT-PL peak energy and the order parameter S in CZTS. In
the most ordered sample (S ~ 0.8), the RT-PL peak energy reaches
1.43 eV [6]. In our previous study we have shown correlation in PL
peak energies (T = 10 K) and degree of Cu-Zn ordering [13]. PL and
RT-PL are therefore used to estimate the degree of Cu-Zn ordering in
studied CZTS monograin powders.

MAG: 300 X HV: 20,0KVWD: 8,5 mm

Fig. 1. Scanning electron microscope image of polished cross-section of individual crystals
of CZTS powder. The highlighted red circle indicates darker gray area, signifying secondary
phase of ZnS.
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Table 1

Chemical composition and PL band position of CZTS powders cooled from 740 °C to RT af-
ter S-treatment by using different cooling times and powders that were additionally
annealed at 150 °C for 4 h (low-temperature annealing - LTA) after different cooling pro-
cesses and corresponding values of V. for solar cells based on these powders.

[Cul/[zn] + [Sn] [Zn]/[Sn] [S]/[Met] Vi PLinax

(mV) (eV)

Quenching 091 1.05 1.00 582 1.21

Quenching + LTA  0.92 1.07 1.00 613 131

5 min to RT 0.92 1.07 1.00 685 1.26

5 min toRT + LTA 091 1.07 1.00 759 1.34

15 min to RT 0.92 1.06 1.00 724 1.29

15 min toRT + 0.92 1.06 1.00 748 135
LTA

510 min to RT 091 1.06 1.00 648 135

510 min to RT + 0.92 1.07 1.00 691 135
LTA

In the experimental Series I, the PL studies showed that slower
cooling of CZTS monograin powders after HT treatment shifted the typ-
ical broad asymmetric PL band position from 1.21 eV to 1.35 eV (~
140 meV) (Fig. 2). The additional annealing at 150 °C for 4 h after differ-
ent cooling processes shifts the PL band position to higher energy side
giving hint to the further increase in ordering degree (the PL band posi-
tions are listed in Table 1). The shift of the PL band position of the
slowest cooled powder by additional LT-annealing is only 5 meV indi-
cating that maximum ordering is already reached with the first cooling
step. The behavior of the PL bands with increased Cu-Zn ordering is in
correspondence with our previous PL study of CZTS with different
cooling regimes [13], where it was shown that the shift of the PL
bands is caused by two processes — improved Cu-Zn ordering of the
crystals leading to increased bandgap energy by about 100 meV and
change in recombination type from band to tail to band to impurity
type, the latter involving deep acceptor defect with the ionization ener-
gy of about 200 meV.

Although the PL band position of the slowest cooled powder indi-
cates to the most ordered material, interestingly the value of V,, for cor-
responding CZTS monograin layer solar cell is not the highest (Table 1).
The value of V, increases from 582 mV to 724 mV by increasing the
time of cooling up to 15 min from 740 °C to RT, but further increase of
the cooling time results in lower values of V,. (648 mV) for the corre-
sponding solar cell. This could be explained by the change in the radia-
tive recombination mechanism since in the slowest cooled powder the
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Fig. 2. PL spectra of CZTS monograins with different cooling regimes (data in Table 1.) are
shown by solid lines and the parallel samples, subsequently annealed at 150 °C for 4 h, are
shown by dashed lines with the same colors. The shift in the RT-PL band position and in
the FWHM of the A; Raman peak of the best performing CZTS monograin powder due to
the LT-annealing is shown in the inset graphs.

deep trap (~200 meV) related recombination dominates and reduces
the positive effect of the band gap increase to the V. in the most or-
dered material. Therefore we can conclude that the change in the defect
structure of CZTS monograins accompanying the improved Cu-Zn or-
dering is most probably leading to the change in Fermi level position de-
termining the V,, value. This is in agreement with the results of Bourdais
et al. [16], showing that the bandgap changes induced by the Cu-Zn dis-
order are not fully responsible for the V,. deficit in the kesterite solar
cells. It has to be stated here that beside changes in the bulk, the pres-
ence of secondary phases and also compositional changes in the near
surface layer induced by very slow cooling after sulphur treatment
resulting in changed CZTS/CdS interface properties can be responsible
for the decrease in the solar cell parameters, including V,.. Since ZnS
was found to be present in all our samples, we can exclude its influence
to the changes in PL spectra and solar cell parameters. The studies of
junction formation between ordered CZTS and buffer layer are a subject
for further studies.

As aresult of the experimental Series I, the best performing solar cell
is based on the powder that was cooled from 740 °C to RT for 5 min (ref-
erence sample 1 in Fig. 3), the corresponding J-V characteristic is shown
in Fig. 4 (black curve). The same cooling regime was used in the exper-
imental Series II for second powder (reference sample 2 in Fig. 3), where
the powders were additionally annealed at different temperatures from
100 to 250 °C for different time periods.

PL and Raman spectra were measured for the powders annealed at
150 °C for 4 h. PL peak positions and corresponding values of V,. are
shown in Fig. 5 as a function of LT-annealing temperature. The behavior
of PL band position and the corresponding V. value (see Fig. 5) are in a
good correlation. There is a continuous shift of PL band maxima by
100 meV from 1.25 eV to 1.35 eV accompanied by the decrease in
FWHM of the A; Raman peak with increasing temperature of LT-anneal-
ing from 100 to 175 °C. Further increase in LT-annealing temperature
resulted in PL band positions at lower energy values and in increase in
the FWHM of the A; Raman peak indicating increasing disordering.
Again, the same trend was observed in the RT-PL spectra, where the
band-band emission is detected. We can conclude that the highest de-
gree of ordering in CZTS has been gained by annealing materials at tem-
peratures between 150 and 175 °C.

5. Solar cell characterization

The values of V,. of CZTS MGL solar cells in dependence of LT-anneal-
ing at temperatures from 100 °C to 250 °C for different time periods are

800
784 mVx
750 150°C_y~
. 150°C
175°C
700
= ref.1 °
. 225°C]
—1
E * 250° /
8 650 / /125°C
600 200°C
ref.2 (] 100°C
550 —m
500 1 1 1 ksl
1 10 100 10° 10*

Annealing time at low temperature, min

Fig. 3. Evolution of V,. of CZTS MGL solar cells for Series II (squares) by additional
annealing at different temperatures in dependence of time. Improvement of V. for
reference cell 1 (from Series I) by additional annealing at 150 °C for 4 and 24 h is shown
by stars.
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Fig. 4. The J-V curves before (black) and after (red) annealing powders at 150 °C for 4 h.

presented in Fig. 3. LT-annealing at 150 °C and 175 °C for 4 h increased
the values of V,, from 548 mV (reference sample 2) up to 714 mV and
718 mV, respectively. Annealing at temperatures higher than 175 °C
(for example at 200 °C) improves the values of V, to the level, which
corresponds to the maximum possible value of ordering degree at this
temperature, and is constant thereafter. LT-annealing at temperatures
lower than 150 °C will take longer time to reach the same level of Vj,
for example the annealing at 125 °C for 5 days is equal to the annealing
at 175 °C for 4 h. Considering all solar cell output parameters, the opti-
mal conditions for LT-annealing to improve monograin layer solar
cells performance was found to be 4 h at 150 °C, although the highest
V¢ value of 784 mV was gained by annealing the powder at 150 °C for
24 h (presented in Fig. 3 by stars).

The optimal LT-annealing conditions were also applied to the pow-
der of reference cell 1, the corresponding J-V curve is shown in Fig. 4.
The LT-annealing increased V, value by 74 mV giving more than 10%
higher efficiency (Nactive = 9.1%) compared to the reference cell
(nacn've = 81%)

The external quantum efficiency (EQE) of these solar cells was mea-
sured as a function of the wavelength of the incident light at room tem-
perature (see Fig. 6). From the linear segment of the low-energy side of
the construction (E*QE)? vs. E curves the effective band gap energy Eg
can be evaluated [23]. The Eg values of CZTS monograin powders before
and after annealing at 150 °C for 4 h are 1.53 eV and 1.55 eV,
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Fig. 5. PL peak positions of powders LT-annealed at different temperatures for 4 h and V.
values of corresponding MGL solar cells.
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Fig. 6. EQE spectra of MGL solar cell devices based on powders with different cooling
regimes: before LT-annealing (black) and after annealing powder at 150 °C for 4 h (red).
The inset graph shows the Eg determined from EQE data.

respectively (see inset graph in Fig. 6), showing the band gap increase
with improved ordering. This is in correspondence with the shift in
band to band peak position in RT-PL spectra (1.47 eV and 1.53 eV, re-
spectively), however the shift in E; value is smaller. This could be ex-
plained by the fact that E; is connected to the change in the
absorption, but RT-PL band position is determined by the recombination
of the photogenerated charge carriers.

6. Conclusion

The influence of Cu-Zn ordering level in Cu,ZnSnS, monograin pow-
ders to the performance of CZTS based MGL solar cells was studied. The
ordering level was changed by different cooling and LT-annealing re-
gimes and estimated by PL and Raman spectroscopy. It was shown
that improved ordering increases the band gap energy of the CZTS ma-
terial resulting in increased value of V,, of the corresponding MGL solar
cells. The optimal conditions for LT-annealing to improve monograin
layer solar cells' performance were found to be 4 h at 150 °C after
cooling from 740 °C to RT for 5 min, resulting in CZTS MGL solar cell ef-
ficiency of 9.1% (active area). The highest V, value 784 mV was obtain-
ed by annealing the powder at 150 °C for 24 h.

It was found that change in Cu-Zn ordering is accompanied with
change in the radiative recombination mechanism from band to tail to
deep trap related recombination in most ordered material reducing
the positive effect to the CZTS solar cell performance. Also the composi-
tional changes in the near surface layer induced by very slow cooling
after sulphur treatment could modify the interface properties of CZTS/
CdS that can be responsible for the decrease in the solar cell parameters,
including V,.. The studies of junction formation between ordered CZTS
and buffer layer are a subject for further studies.
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In this study the experimental evidence of the existence of Cu-Cd disordering in Cu;CdSnS4 is presented.
The influence of low-temperature annealing from 100 °C to 400 °C to the optical and structural prop-
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type of defect clusters.

CuyCdSnSy is accompanied with the change in the radiative recombination channel related to different

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The I,-1I-IV-VI4 quaternary compounds have attracted consid-
erable interest as potential absorber materials in photovoltaic solar
cells due to suitable energy band gaps, high absorption coefficient
and earth abundant elements. Solar cells based on Cu;ZnSnS4
absorber have achieved the power conversion efficiency as high as
9.2% [1]. Because of the similar properties, CuyCdSnS, is also
considered as possible photovoltaic material. Nitche et al. synthe-
sized single crystal of Cup,CdSnS4 by iodine vapor transport and
identified the crystal structure as a stannite type [42m [2]. The
compound has direct band gap E; ~1.4 eV and an absorption coef-
ficient larger than 1 x 10% cm™! in the visible range of spectrum
[3,4]. According to Shockley—Queisser efficiency limit for solar cells
using a single p-n junction, the bandgap of Cu,CdSnSy is closer to
the ideal bandgap 1.34 eV [5] (using an AM1.5 solar spectrum) than
CupZnSnSy (Eg ~ 1.5 eV) to reach higher device efficiency. Cu,CdSnSy
is an intrinsic p-type semiconductor and the p-type conductivity is
attributed to Cu vacancies (V¢y) [6] and/or copper in cadmium site

* Corresponding author.
E-mail address: Maris.pilvet@ttu.ee (M. Pilvet).

http://dx.doi.org/10.1016/j.jallcom.2017.06.307
0925-8388/© 2017 Elsevier B.V. All rights reserved.

(Cucq) acceptor defects [7].

Different methods have been studied to prepare Cu,CdSnS, thin
films, such as atom beam sputtering [3], solution method [8,9], co-
sputtering deposition [10], spin coating [11,12], spray pyrolysis [13],
sol-gel method [14], etc. We have used monograin powder tech-
nology and reported 2.7% efficiency for pure Cu,CdSnS, solar cells
[15]. Recently, we presented improved monograin layer solar cell
efficiency of 4.2% at the PVSEC-26 conference. Despite of the suit-
able material properties the performance of CuyCdSnS4 devices is
still low. In CupZnSnSy, the main limitation is due to low open cir-
cuit voltage (V,c) as compared to the band gap energy value Eg.
Recently, it has been shown in several studies [16—18] that the
existence of Cu and Zn cation disorder in CuyZnSnS,4 kesterite
crystal structure could be one reason for the large open circuit
voltage deficit. Main reason for poor performance of Cu,CdSnSy
solar cells is not yet clarified and more information about the op-
toelectronic properties is needed.

Similarly to Cu;ZnSnSg4, density functional theory calculations in
Ref. [7] indicate that the Cu-Cd cation disorder is also possible in
Cu,CdSnS,. These first principles calculations have shown that the
antisite defect Cucq and self-compensated defect complex
Cucgq + Cdcy have very low formation energies, 0.59eV/atom and
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0.21 eV/atom, respectively. It was also shown that the random
distribution of different defect pairs induces spatial band gap
fluctuations, in the case of Cucg + Cdcy with the depth of about
0.1 eV. Another defect pair 2Cucq + Sncq has also low formation
energy and in case of high concentrations it may result in very large
band gap fluctuations of about 0.43—0.65 eV [7]. Since these un-
favorable defect clusters have very low formation energies
throughout all the compositional range of Cu,CdSnS4 [7] only
thermal treatments could be used to modify the type of prevailing
defect clusters. Among single native defects, the calculated
acceptor level of Cucq is 0.13 eV above the valence band edge. The
donor level Cdc, is shallow (~0.05 eV below the conduction band
edge), but Sncq is a deep donor (~0.8 eV below the conduction band
edge) that may act as electron-hole recombination center [7].
However, there is no experimental evidence of the Cu-Cd cation
disorder in Cu,CdSnS, available in literature. Moreover, there is lack
of experimental data about the defects and related recombination
mechanisms in CuyCdSnS4. This information is of crucial impor-
tance for the development of efficient solar cells. In this study we
used temperature dependent photoluminescence (PL) spectros-
copy and Raman spectroscopy for exploring the optoelectronic
properties of Cu,CdSnS, polycrystalline powder that was modified
by low-temperature heat-treatments.

2. Experimental

Polycrystalline powder of CuyCdSnSs was synthesized from
elemental Cu (99.9%), Sn (99.9%), S (99.999%) and binary CdS
(99.999%) powders by solid-state reaction in sealed evacuated
quartz ampoules. For the synthesis, the starting materials were
weighted in appropriate metal ratios (Cu: Sn: CdS = 1.85: 1: 1) with
addition of sulfur and grounded in an agate mortar. The mixture of
precursors was mounted into quartz ampoule, sealed under vac-
uum and placed in the chamber furnace. The temperature of the
furnace was increased from room temperature (RT) to 200 °C with a
rate of 10°/min. Sulfurization process of metal components was
obtained by keeping the mixture at 200 °C for 24 h. Subsequently,
the temperature of the furnace was increased to 900 °C with the
rate of 12°/min and powder was homogenized at this temperature
for 168 h. A complete homogenization was obtained by decreasing
the temperature to 740 °C and keeping the powder at this tem-
perature for 168 h. Finally, the powder was cooled from 740 °C to RT
for 19 h.

It has been previously shown that the optoelectronic properties
are strongly influenced by the structural disordering in kesterite-
type materials [19,20] and the degree of disordering can be
reduced by low-temperature annealing treatments below the
critical temperature (T, ~ 260 °C for CuZnSnS4 and T, ~ 200 °C for
CuyZnSnSey) [21,22]. In present study similar low-temperature
annealing was applied on CuyCdSnS4 polycrystalline powder to

identify the existence of structural disordering and to investigate
the corresponding changes in the optical and structural properties
of CuyCdSnS,.

For this study, the synthesized polycrystalline powder was
ground in an agate mortar and divided to equal amounts to the
quartz ampoules, which were subsequently evacuated to 102 Torr
vacuum and sealed with C3Hg/O, flame. All sealed ampoules were
heated up to 740 °C, annealed at this temperature for 1 h and then
cooled by quenching into cold water. This annealing was done for
healing out the mechanical damages on the powder particle sur-
faces caused by grinding process.

Subsequent low-temperature annealing study was done at
following temperatures (Tgnn): 100 °C, 150 °C, 175 °C, 200 °C, 225 °C,
250°C,300°C, 350 °C and 400 °C for different time periods from 1 h
to 2 weeks. After low-temperature annealing, the ampoules were
quenched to cold water. Our experiments showed that the stable PL
band position was reached by annealing at least 1 week at tem-
perature below 200 °C, annealing at higher temperatures
(Tann > 200 °C) needed less time to reach stability. To be sure that
the degree of ordering at a given temperature is reached, all pow-
ders used for the structural and optical studies were annealed for 1
week.

The structural investigation of the Cu,CdSnS4 polycrystalline
powders was carried out by X-ray diffraction (XRD) and Raman
spectroscopy. XRD patterns of the powders were recorded on a
Bruker AXS X-ray diffractometer D5005 using Cu Kol radiation
(A= 1.5406 A) with variable slit V12. Obtained data was analyzed by
ICDD PDF 2015 database (International Center for Diffraction Data).
Raman spectra were recorded by using the Horiba's LabRam HR800
spectrometer equipped with a multichannel CCD detection system
in the backscattering configuration using 532 nm laser line with
spot size of 5 pm. The same equipment was used for room tem-
perature photoluminescence (RT-PL) measurements.

The chemical composition of polycrystalline powder was
analyzed by energy dispersive X-ray spectroscopy (EDX) using
Bruker Esprit 1.8 system. The morphology of crystals was studied
with the high-resolution scanning electron microscope (HR-SEM)
Zeiss ULTRA 55. EDX mapping was carried out over the poly-
crystalline surface to investigate the elemental distribution and
compositional uniformity over large area and different polycrystals.
For low temperature PL measurements, the powder crystals were
mounted in the closed—cycle He cryostat and cooled down to 10 K.
The 441 nm He-Cd laser line was used for PL excitation and the
spectra were detected by using InGaAs detector.

3. Results and discussion
3.1. Results of structural and compositional analysis

The elemental

composition of

synthesized CuyCdSnSy

Fig. 1. (a) SEM image of the polished cross-section and (b) elemental mapping by EDX for Cu, Cd, Sn and S of individual Cu,CdSnS, crystals.
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Fig. 2. XRD patterns of the Cu,CdSnS4 polycrystals annealed at 100 °C and 400 °C for 1
week.

polycrystalline powder was determined from polished cross-
section of individual crystals. Fig. 1 presents SEM micrographs of
(a) the polished cross-section and (b) the elemental mapping of Cu,
Cd, Sn and S of individual CuyCdSnSy crystals. Fig. 1b reveals that
the elements are homogeneously distributed in the bulk of the
powder crystals.

The average bulk composition of synthesized Cu,CdSnS4 poly-
crystalline powder determined by EDX analysis is [Cu] = 24.5 at %,
[Cd] = 13.0 at %, [Sn] = 12.5 at % and [S] = 50.0 at %. After different
low-temperature annealing experiments, the composition of the
powder did not change.

For structural studies, XRD and Raman analysis were performed.
The XRD patterns of the Cup,CdSnSs polycrystalline powders
annealed at Tyny, = 100 °C and Ty, = 400 °C, are presented in Fig. 2.
The major diffraction peaks can be attributed to (112), (200), (004),
(220),(204), (312) and (116) planes of stannite type Cu,CdSnS4 with
the space group [42m (ICDD PDF 04-003-8937). The a- and c-lattice
constants were calculated from the XRD data and are a = 5.592 A
and ¢ = 10.857 A for both samples. All annealed Cu,CdSnS4 poly-
crystalline powders showed similar XRD pattern and no other
phases were detected.

Raman spectra of the CupCdSnSs polycrystalline powder
annealed at Typp, = 100 °C and Ty, = 400 °C are presented in Fig. 3.
The spectra of CuCdSnS,4 annealed at different temperatures are all
similar except for the widths of the peaks and for clearance only the

°. A1
/ 332
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‘ —— T,,= 100°C
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Fig. 3. Raman spectra of Cu,CdSnS, annealed at temperatures 100 °C and 400 °C for 1
week. The inset graph shows the dependence of the FWHM of the A; Raman mode at
332 cm ! on the annealing temperature.

spectra for the material annealed at the lowest (Tz;, = 100 °C) and
at the highest temperature (T;y, = 400 °C) used in this study are
presented. The observed Raman spectra are in agreement with
previously published data [10,15,23] and the two Raman active A,
symmetry modes characteristic for the stannite type structured
Cu,CdSnS, can be found at 332 cm~! and 283 cm ™. These modes
result from the motions of anions only. Other symmetry Raman
modes (E and B, modes) were detected at 89 cm™!, 138 cm™’,
237 em™', 268 cm ', 343 cm™, 352 cm ! and 364 cm™.

No significant difference in the Raman peak positions of
CupCdSnS4 polycrystalline powder annealed at different tempera-
tures could be detected. From the inset graph in Fig. 3 a clear ten-
dency towards increasing full width at the half maximum (FWHM)
of the dominating A; mode with increasing annealing temperature
can be seen. It has been shown that in kesterite Cu,ZnSnS4 and
CupZnSnSey the low-temperature annealing at different tempera-
tures below and above the critical temperature leads to the changes
in the degree of Cu-Zn ordering and in the width and symmetry of
the A; Raman peak [21,22,24,25]. Broadening of the A; Raman peak
with increasing annealing temperature was observed and attrib-
uted to the higher degree of disordering. It was found that the
asymmetry of the A; peak is caused by a shoulder peak at low
wavenumber side that was attributed to the A; mode of the
disordered CuyZnSnS,4. The same trend as was seen in CuyZnSnSy is
observed in present study for Cu,CdSnSy4 indicating higher level of
disordering with increasing annealing temperature. An example of
the fitting of the A; Raman peak of CuCdSnS; annealed at
Tann = 100 °C and Typp = 400 °C with two Lorentzian peaks is shown
in Fig. 4. The shoulder peak at the low wavenumber side at
331 cm ! can be attributed to the disordered Cu,CdSnS, and its
relative intensity decreases with decreasing annealing
temperature.

3.2. Photoluminescence analysis results

To determine the influence of low-temperature annealing to the
defect structure of CupCdSnSs temperature dependent photo-
luminescence (PL) measurements were performed. PL spectroscopy
is non-contact and one of the most sensitive tools for studying the
defects in semiconductors. Low temperature (T = 10 K) PL spectra of
all studied CuyCdSnS; polycrystalline powders annealed at
different temperatures consist of one broad asymmetric PL band,
see Fig. 5. We observe a shift in the PL band position towards lower
energies with increasing annealing temperature. The highest en-
ergy PL band is situated at 1.215 eV corresponding to the Cu,CdSnS4

Intensity (arb. units)

320 330 340 350 32|O 35’:0 34‘10 ?50
Raman Shift (cm™) Raman Shift (cm™)
Fig. 4. Fitting of the A; Raman peak of Cu,CdSnS, annealed at 100 °C and 400 °C for 1

week, with two Lorentzian peaks. The shoulder peak at the low wavenumber side at
331 cm ! can be attributed to the disordered Cu,CdSnS.
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Fig. 5. The normalized low-temperature (T = 10 K) PL spectra of Cu,CdSnS4 poly-
crystalline powders annealed at different temperatures in the range from 100 °C to
400 °C for 1 week. A shift of the PL band towards lower energies with increasing
annealing temperature can be seen. The upper inset graph presents the original PL
spectra showing the decrease in the PL intensity with decreasing annealing temper-
ature. In the lower inset graph, the dependence of the FWHM of the PL band on the
annealing temperature is shown.

polycrystalline powder annealed at 100 °C for 1 week (sample will
be named as “ordered” based on the Raman results). The lowest
energy PL band is detected at 1.064 eV corresponding to the
Cu,CdSnSy polycrystalline powder annealed at 400 °C for 1 week
(sample will be named as “disordered”).

The overall difference in the PL band positions of the ordered
and disordered Cu,CdSnS4 is about 150 meV. As can be seen from
the upper inset graph in Fig. 5, the intensity of the PL signal de-
creases with decrease in the annealing temperature. In addition,
narrowing of the PL band is observed for higher annealing tem-
peratures, the full width at the half maximum (FWHM) being
largest for the lowest annealing temperature (Tgn, = 100 °C), see
lower inset graph in Fig. 5. Two regions were observed in the
dependence of the FWHM on the annealing temperature: above
Tann = 200 °C, the FWHM is almost constant ranging from 0.12 to
0.13 meV, and below Ty, = 200 °C the FWHM increases up to
0.16 eV with decreasing annealing temperature. It is also important
to notice that the PL bands are located more than 0.2 eV below the
bandgap energy of Cu,CdSnSy4 that is reported to be 1.4 eV at room
temperature [15] and is even higher at low temperature (T = 10 K).

In order to determine the recombination mechanisms behind
the PL bands temperature dependent PL measurements were per-
formed. Due to the asymmetric shape of the PL bands, all the
spectra were fitted with empirical asymmetric double sigmoid
function [26] that describes well such broad and asymmetric PL
bands with exponential tail in the low-energy side that are very
common in multinary compound semiconductors with spatial

Table 1

potential fluctuations. The spatial potential fluctuations result from
high concentration of randomly distributed charged native defects
[25—27]. The asymmetric shape results from the band tails of the
density of states function extending into the band gap. The average
depth of the fluctuations y can be determined from the slope of the
low energy side of the PL band [26—28]. The corresponding vy values
of the PL bands of the Cu,CdSnS, polycrystalline powders annealed
at different temperatures can be found in Table 1 and it was found
that the average depth of the fluctuations is very similar in all
samples indicating to similar large defect concentrations.

From the temperature dependencies of the PL spectra the
temperature dependence of the PL band maxima and integrated
intensity were analyzed. It was found that the PL bands measured
from the Cu,CdSnS4 polycrystalline powders annealed at temper-
atures below Tgpp, = 200 °C are composed of two PL bands that are
labeled #1 and #2 (an example of the fitting of the spectra is pre-
sented in Fig. 6). The presence of two PL bands also explains the
widening of the PL spectrum with decreasing annealing tempera-
ture. From the Arrhenius plots the thermal activation energies of
the quenching of the PL bands were determined by using the
theoretical expression for discrete energy levels for fitting [29]:

$o (1)

T) =
*M 14+ aT3/2 + ayT3/2 exp( — Er/kT)’

where @ is integrated intensity, «; and «, are the process rate pa-
rameters and Er is the thermal activation energy. The obtained
values of the thermal activation energies Er in dependence of the
annealing temperature are listed in Table 1 together with the po-
sitions of the PL band maxima and FWHM. Two annealing tem-
perature regions can be observed: two PL bands were detected in
Cu,CdSnS,4 annealed at temperatures below Typ, = 200 °C showing
thermal activation energies of around 60 meV and 110 meV, and
one PL band was observed in Cu,CdSnS4 annealed at temperatures
above Typp = 200 °C having high thermal activation energy above
130 meV.

It has been shown that in disordered Cu,ZnSnS,4 recombination
mechanism involving defect clusters inducing local bandgap en-
ergy shrinkage is dominating [24]. The latter results in large band
gap fluctuations that create efficient recombination paths for
photogenerated carriers in the material. In ordered CuZnSnS4
recombination involving deep acceptor defects (>200 meV) is
prevailing at low temperatures [24]. Similarly, high concentration
of Cucq + Cdcy and 2Cucqg + Sncq defect complexes is predicted in
CupCdSnS4 [7], being responsible for the Cu-Cd disordering. Ac-
cording to the theoretical calculations, the difference in the
bandgap energies of disordered and ordered Cup,CdSnS4 is about
100 meV [7]. Therefore, recombination mechanism involving defect
clusters is also expected in this material.

Considering that the bandgap energy of CupCdSnSs at low

Parameters describing the low temperature PL bands of the Cu,CdSnS, polycrystalline powders annealed at different temperatures: y — average depth of the spatial potential
fluctuations, hvme — PL band peak position, Er- thermal activation energy and FWHM — full width at the half maximum of the PL band. For two samples (175 °C and 300 °C,

temperature dependencies were not measured).

Annealing temperature (°C) v (meV) hvmax#1 (€V) Er41 (meV) FWHM(#1) (eV) hvmax#2 (V) Ersn (meV) FWHM(#2) (eV)
100 23 1.165 110+ 4 0.13 1.245 60+5 0.10

150 22 1.123 105+ 6 0.13 1.189 62+7 0.11

175 24 1.112 - 0.12 1.161 - 0.11

200 25 1.116 86+8 0.12

225 24 1.106 146 + 7 0.13

250 25 1.093 135+7 0.12

300 26 1.079 - 0.13

350 27 1.065 151+7 0.13

400 27 1.064 133+5 0.12
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Fig. 7. RT- PL spectra of Cu,CdSnS, annealed at temperatures 100 °C and 400 °C for 1
week. The shift of the position of the PL band maximum towards lower energies with
increasing annealing temperature is detected.

temperatures is close to 1.5 eV, the PL bands are very far from the
band edge, separation of the PL band from the band gap is over
300 meV and over 200 meV for #1 and #2, respectively. Different
thermal activation energies of the PL band quenching were found
for #1 (above 100 meV) and #2 (below 100 meV), indicating to a
different recombination channel. Considering the thermal
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Fig. 8. PL band positions of Cu,CdSnS4 polycrystalline powders depending on the low-
temperature annealing in the range from 100 °C to 400 °C for 1 week.

activation energies and the PL band positions with respect to the
low temperature bandgap energy of CupCdSnSy, one can see that in
both ordered and disordered Cu;CdSnS4 the dominating radiative
recombination is related to the defect clusters inducing bandgap
energy shrinkage that was also seen in disordered CuZnSnS4 [30].
However, the dominating defect clusters are different in ordered
and disordered CuCdSnSs. We propose that in disordered
CuyCdSnSy the 2Cucq + Sncq defect complexes inducing large
bandgap energy fluctuations (with depth > 0.4 eV [7]) dominate. In
ordered material the coexistence of 2Cucq + Sncq and Cucq + Cdcy
defect complexes is present resulting in the two observed PL bands
#1 and #2. However, based on the PL intensity analysis (see upper
inset graph in Fig. 5) the overall concentration of the mentioned
defect complexes is reduced in ordered material.

RT-PL measurements were also performed to the CuyCdSnSy
polycrystalline powders annealed at different temperatures. Simi-
larly to low-temperature PL (10 K) results a shift of the PL band
towards lower energies with increasing annealing temperature was
observed, the positions of the PL bands being 1.45 eV and 1.37 eV
for samples annealed at 100 °C and 400 °C, respectively. For
clearance, only the spectra of ordered and disordered Cu,CdSnS4
(e.g. annealing temperatures 100 °C and 400 °C) is presented in
Fig. 7. Much broader PL band is observed for the disordered ma-
terial, most probably caused by larger band gap fluctuations.
Considering the room temperature bandgap energy of Cu,CdSnS,
around 1.4 eV [3,4], the observed PL bands result from the band-to-
band recombination. Notice, that it is not the same PL band that was
observed at low temperature (10 K).

Finally, Fig. 8 shows low-temperature PL band position of
CupCdSnS, depending on the annealing temperature in the range
from 100 °C to 400 °C for 1 week. The vertical dashed lines in Fig. 8
indicate to the annealing temperature region where the PL band
position is almost constant and change in the recombination
mechanism has not yet taken place. Almost constant FWHM of the
A; Raman mode was observed in the same annealing temperature
region from 200 °C to 250 °C. We can conclude that it is possible to
modify the degree of disordering with the low-temperature
annealing treatments below the critical temperature that accord-
ing to our study lies in the temperature range from 200 °C to 250 °C.

4. Conclusions

From the Raman scattering and temperature dependent PL
analysis of the CupCdSnS4 polycrystalline powder we can conclude
that the Cu-Cd disordering predicted by the theoretical first prin-
ciples calculations [7] is present in this material. We have shown in
this study that the degree of disordering can be reduced with the
low-temperature annealing treatments below the critical temper-
ature that according to our study lies in the temperature range from
200 °C to 250 °C. It was found the change in the degree of dis-
ordering in CuyCdSnS4 is accompanied with the change in the
radiative recombination channel related to different type of defect
clusters.
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ABSTRACT: This study shows the additional ability for tuning bandgap of CZTSSe solar cell absorber materials
through substitution of Sn by Ge or Zn by Cd atoms in the crystal lattice forming new Cu,ZnGeSe, or Cu,CdSnS,
compounds in the monograin powder form. Cu,CdSnS, and Cu,ZnGeSe, monograin powders were synthesized from
binary compounds in molten Cdl, and KI as flux materials in sealed quartz ampoules at 610°C and 710°C,
respectively. The phase composition of synthesized powders was determined by XRD and Raman spectroscopy.
Raman spectrum of the Cu,ZnGeSe, powder revealed dominating A; Raman peak at 204 cm’™', other Raman peaks
were detected at 92, 173, 177, 271, 283, and 292 cm™. Raman spectra of Cu,CdSnS, powder crystals showed the
characteristic Raman frequencies at 90, 250, 283, 333 and 353 cm™'. The effective bandgap energy values determined
from the EQE data of the Cu,ZnGeSe; and Cu,CdSnS, devices are 1.35 and 1.4 eV. Solar cells based on the
Cu,ZnGeSe, monograin powder showed the best conversion efficiency of 1.3 %. The solar cells based on the
Cu,CdSnS, monograin powder showed the best conversion efficiency of 2.7 % .

Keywords: Cu,CdSnS,, Cu,ZnGeSe,, Photoluminescence, Spectral Response, Recrystallization, Solar cell

1 INTRODUCTION

Advancements in Cu,ZnSn(S,Se;_,); (CZTSSe) based
solar cells have recently achieved power conversion
efficiencies over 11%, indicating the potential of this low
cost, earth abundant material system as a viable
alternative to Cu(In,Ga)Se, and CdTe absorbers [1]. An
ideal solar energy absorber material should have a
bandgap around 1.3-1.4 eV and therefore the bandgap of
solar cell absorber material needs to be adjusted to this
energy region. The bandgap of CZTSSe solid solutions
have been optimized mainly by varying the S/Se ratio [2].

CuyZnGeSey (CZGeSe) and Cu,CdSnS, (CCdTS),
members of Cup-1I-IV-VI, family, are promising
materials for absorber layer in thin film heterojunction
solar cells owing direct bandgaps, high absorption
coefficients and p-type conductivity. Both quaternary
compounds are known to have a stannite structure [3, 4,
5]. The ©bandgap of CZGeSe, as determined
experimentally and theoretically [6, 7, 8] is between 1.2-
1.6 ¢V and the bandgap of Cu,CdSnS, is found to be
between 1.37-1.5¢V [8, 9]. So, these materials should be
suitable for optimum conversion efficiency for solar
cells.

The first report about the fabrication of Cu,ZnGeSey
thin films for photovoltaic applications were given by
Matsushita et al. [6], but there are no results about solar
cell parameters. Ford et al.[10] reported an efficiency of
0,51% for Cu,ZnGe(S,Se), thin film solar cells fabricated
by annealing Cu,ZnGeS, nanocrystals in elemental
selenium vapor. To our knowledge there are no published
data about the performance of Cu,CdSnS, based solar
cells.

The aim of the current study is to show the additional
ability for tuning bandgap of CZTSSe through
substitution of Sn by Ge or Zn by Cd atoms into the
crystal lattice forming above mentioned new
Cu,ZnGeSe, or Cu,CdSnS, compounds in the form of
monograin powders for photovoltaic applications. Molten
salt synthesis, one of the methods of preparing
semiconductor powders, involves the use of a molten salt
as the medium for preparing quaternary compounds from

their constituent elements. In our previous reports [11,
12, 13], we have shown that CZTSe, CZTS and CZTSSe
monograin powders with modified chemical composition
could be prepared by this method. The highest certified
efficiency of CZTSSe solar cell achieved by monograin
layer (MGL) technology is 8.4 % [14].

2  EXPERIMENTAL

2.1 Powder preparation

The Cu,CdSnS, and Cu,ZnGeSe, monograin powder
materials were synthesized from binary precursor
compounds in the molten Cdl, or KI as flux materials,
respectively. The initial compositions of precursor
mixtures were calculated for stoichiometric Cu,CdSnSy
and Zn-rich Cu;gZn;,GeSe, monograin powder
synthesis. Binary compounds were self-synthesized from
high purity (99.999%) elements in evacuated quartz
ampoules. After synthesis, all precursors were ground in
an agate mortar before use in the powder growth process.
KI was heated under dynamic vacuum (continuous
vacuum pumping) at temperatures up to 270°C for
dehydration. The precursors were mixed and ground in a
ball mill in intended quantities and ratios. The ground
initial substances were sealed into evacuated quartz
ampoules and annealed at 610°C and 710°C,
respectively. The growth process was finished by cooling
the ampoules in air. Crystals of the synthesized powders
were released from flux by washing with deionizated
water. More details about monograin powder growth
process could be found elsewhere [15]. Narrow
granulometric fractions of Cu,CdSnS, and Cu,ZnGeSe,
monograin powder grains were separated by sieving and
post-annealed in sulphur vapor in two-temperature zone
arrangement and in the isothermal conditions in closed
ampoules at 740°C.

2.2 Solar cell preparation

Annealed powders were used as the absorber
materials in monograin layer (MGL) solar cells. The
structure of solar cells based on new compounds was



remained the same as in CZTS based MGL solar cells.
Monograins were covered with n-type CdS buffer layer
by chemical bath deposition. After the CdS deposition,
the grains were embedded into the epoxy layer so that the
top of the grains remained uncovered. After the
hardening of epoxy, first the intrinsic ZnO and then
aluminium doped ZnO were sputtered on the top of CdS
layer by radio frequency sputtering. After the deposition
of the ZnO window layer, 1-2um thick indium grid
contacts were evaporated on top. For applying back
contact, the epoxy was removed partly by etching with
concentrated H,SO, from the back side of MGL. The last
procedure enabled access to each grain. Then the
uncovered monograins were mechanically polished with
sandpaper and graphite contacts were applied on the
mechanically activated back side of absorber crystals.
The active area of the MGL solar cells (on the front
contact side of MGL) is around 75 % of the total area.
The other 25 % of the total area, comprising epoxy
between the absorber crystals, is passive.

2.3 Characterization

The bulk composition of powder crystals was
determined by energy dispersive spectroscopy (EDS).
The shape and surface morphology of crystals were
studied with the high resolution scanning electron
microscope (SEM) Zeiss ULTRA 55. X-ray diffraction
(XRD) patterns were recorded by a Bruker AXS D5005
diffractometer with the monochromatic Cu Ko radiation
in the 26 interval of 10-80 deg using the step of 0.04 deg
and counting time 2 s/step.

Photovoltaic properties of graphite/Cu,ZnGeSe,/
CdS/ZnO or graphite/Cu,CdSnS,/CdS/ZnO structures
were characterized by -V measurements under 100
mW/cm® tungsten halogen illumination. Spectral
response measurements were performed by the help of a
computer-controlled SPM-2 monochromator and a 100-
W tungsten halogen lamp. The room temperature micro-
Raman spectra were recorded by using a Horiba LabRam
HR high-resolution spectrometer equipped with a
multichannel detection system in the backscattering
configuration. The incident laser light with the
wavelength of 532 nm was focused on samples within a
spot of 2 um in diameter and the spectral resolution of the
spectrometer was 0.5 cm . For photoluminescence (PL)
measurements, the CZGeSe and CCATS monograin
powders were mounted in the closed-cycle He cryostat
and cooled down to 10 K. The 405 nm laser line was used
for PL excitation and the spectra were recorded by using
InGaAs detector.

3 RESULTS AND DISCUSSION

3.1 Compositional and morphological analysis

The bulk chemical composition of powder crystals
analysed by energy dispersive spectroscopy showed that
the composition of Cu,CdSnS, powder crystals was
nearly stoichiometric with compositional ratios of
[Cul/([Cd]+[Sn]) = 0.97 and [Cd)/[Sn] = 1.0.
Cu,ZnGeSe, monograin powder composition was Zn-
rich: the compositional ratios of [Cu]/([Zn]+[Ge]) = 0.96
and [Zn]/[Ge] = 1.09.
Fig. 1 shows SEM micrographs of a) Cu,ZnGeSe, and b)
Cu,CdSnS, monograin powder crystals. It is observed
that the Cu,ZnGeSe, powder grains are nonaggregated
microcrystals with rounded grain edges and Cu,CdSnS,

powder crystals have tetragonal shape with sharp grain
edges. The different shape of product crystals can be

Figure 1: SEM micrographs of a) Cu,ZnGeSe, and b)
Cu,CdSnS, monograin powders.

explained by different solubility of synthesized materials
in molten salts. Round edges of the grown grains indicate
that the solubility of Cu,ZnGeSe, in KI must be higher
than the solubility of Cu,CdSnS, in CdI, [16].

3.2 XRD analysis

XRD study was applied to characterize the crystal
structure of powder crystals. Fig. 2a shows XRD patterns
of CuyZnGeSe, monograin powder synthesized in KI,
which resemble that of a tetragonal-symmetry structure
with the 142m space group (ICDD PDF-4-2011, 00-
055-0294).
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Figure 2a: XRD pattern of Cu,ZnGeSe, monograin
powder.
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Figure 2b: XRD pattern of Cu,CdSnS; monograin
powder.

The values are in good agreement with Cu,ZnGeSe,
bulk crystals presented by Matsushita e al. [3] and no
secondary phases were detected. The tetragonal CZGSe
structure found in experimental studies has been typically



assigned to the stannite phase [3, 4]. It is interesting to
note that the stannite phase has the same symmetry as a
specific disordering of the kesterite phase, the I42m
symmetry is the result of a relatively low energy Cu-Zn
cation exchange occurring randomly in the kesterite
phase. The similarity in atomic numbers between Cu, Zn,
Ge contribute to the difficulty in distinguishing between
stannite and kesterite using XRD [17, 18].

Fig. 2b shows the XRD pattern of Cu,CdSnS,
monograin powder. Our diffraction pattern matches those
reported for Cu,CdSnS, in the literature [19, 20] and
those standard patterns in JCPDS card database (stannite
phase, PDF no. 29-0537). From the diffraction pattern the
lattice parameters were determined to be a=5.59 A and
¢=10.84 A, these values indicate also stannite structure
[21].

3.3 Raman spectroscopy analysis

In the system Cu-Zn-Sn-S the diffraction peaks of the
phases Cu,SnS; and ZnS cannot be distinguished from
the Cu,ZnSnS, phase due to their structural similarity
(the diffraction peaks of these phases can overlap) [22],
the same problem can be with other quaternary
compounds. Therefore, besides X-ray diffraction
analysis, Raman spectroscopy study is useful to
investigate the phase purity and composition of stannite
and kesterite materials. The polished cross-sectional
samples of Cu,ZnGeSe,; and Cu,CdSnS,; monograins
were used for Raman studies of the bulk of the materials
(see Fig. 3).
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Figure 3: Raman spectra of Cu,ZnGeSe4 and Cu,CdSnS,
monograin powder crystals.

In case of the Cu,ZnGeSe, powder, the dominating
A, Raman peak appears at 204 cm™, other Raman peaks
were detected at 92, 173, 177, 271, 283, and 292cm’’.
Raman spectra of Cu,CdSnS, powder crystals revealed
main peaks at 90, 250, 283, 333 and 353 cm’', the peak at
333 cm™' being the dominating A; mode. As there were
not observed other Raman peaks corresponding to the
binary or ternary phases possible to co-exist in the
studied materials, this is indicating to the single phase
composition of the CZGeSe and CCdTS monograins.

3.4 Solar cell characterization

To evaluate the potential applicability of Cu,ZnGeSe,
and Cu,CdSnS; monograin powders as photovoltaic
materials, the I-V curves of MGL solar cells based on
these materials have been measured in the dark and under
illumination. The current-voltage (/-V) characteristics of
the best performing Cu,ZnGeSe, and Cu,CdSnS, MGL

solar cells are shown in Fig. 4.
The solar cells based on the Cu,ZnGeSe, monograin
powder showed the best conversion efficiency of 1.3 %.
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Figure 4: Current- voltage characteristics of Cu,ZnGeSe,
(triangle dots) and Cu,CdSnS, (round dots) MGL solar
cells.

The highest values of output parameters from different
CZGeSe solar cells were V,=474 mV, j,=15.1 mA/cm’
and FF=29 %. The solar cells based on the Cu,CdSnS,
monograin powder showed the best conversion efficiency
of 2.7 % with V=513 mV, j,=12.7 mA/cm? and FF=42
%.

The relative quantum efficiency (QE) spectra are
shown in Fig. 5.
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Figure 5: Normalized quantum efficiency spectra of

CuyZnGeSe, (triangle dots) and Cu,CdSnS, (square dots)

MGL solar cell devices.
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Figure 6: Bandgap energy determination using EQE data
of CuyZnGeSe, (triangle dots) and Cu,CdSnS, (round
dots) MGL solar cells.

The low-energy side of the quantum efficiency
spectrum near the bandgap energy E, of the absorber can
be fitted by the equation [23]:



1
QF ~ KaL.s; ~ A(E — E})2/E

where Eg is an effective bandgap energy and constant 4
includes all parameters that do not depend on E.
Therefore (E*QE)’ vs. E curves (Fig. 6) should have a
linear segment from which a value for Eg can be found.
Effective bandgap energy values determined from the
EQE data of the CZGeSe and CCdTS devices are 1.35
and 1.4 eV, respectively.

3.5 Photoluminescence analysis

Low-temperature PL spectra of the Cu,ZnGeSe, and
Cu,CdSnS,; monograin powders are presented in Fig. 7.
Both spectra are consisted of one broad asymmetric PL
band at 1.09 eV in Cu,CdSnS; and 1.26 eV in
Cu,ZnGeSe,, respectively, that shows large blueshift of
about 15 meV/decade with increasing laser power
indicating the presence of spatial potential fluctuations in
the materials caused by random distribution of large
concentration of intrinsic defects. Similar PL bands
resulting from the recombination involving states in the
valence and conduction band tail are also observed in
CuyZnSnSe, and Cu,ZnSnS, [24, 25]. Detailed analysis
of the PL spectra of the Cu,ZnGeSe, and Cu,CdSnS,
monograin powders will be presented elsewhere.
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Figure 7: Low-temperature PL spectra of the
CuyZnGeSe, and Cu,CdSnS, monograin powders.

4 CONCLUSION

In conclusion, Cu,CdSnS; and Cu,ZnGeSey
monograin powders were successfully synthesized in
molten salts and used as absorber materials in MGL solar
cells. The effective bandgap energy values determined
from the EQE data of the Cu,ZnGeSe,; and Cu,CdSnS,
devices are 1.35 and 1.4 eV. The solar cells based on the
Cu,ZnGeSe, and Cu,CdSnS, monograin powders showed
the best conversion efficiency of 1.3 % and 2.7 %,
respectively. Further work to optimize the solar cell
performance and to improve the materials quality is in
progress.
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