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Abstract
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Cadmium Free Buffer Layers. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1707. 102 pp. Uppsala: Acta Universitatis
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The aim of this thesis is to understand the influence of the deposition process and resulting film
properties on Cu,ZnSnS, (CZTS) thin film solar cells. Two main aspects are studied, namely
formation of absorber precursors by sputtering, and alternative Cd-free buffer materials with
improved band alignment.

Reactive sputtering is used to grow dense and homogeneous precursor films containing
all elements needed for CZTS absorbers. The addition of H,S gas to the inert Ar sputter
atmosphere leads to a drastic decrease of Zn-deposition rate due to the sulfurization of the target.
Sulfurization also leads to instabilities for targets made of CuSn, Cu and Cu,S, while sputtering
from CuS gave acceptable process stability.

The H,S/Ar-ratio also affects film morphology and composition. Precursors with sulfur
content close to stoichiometric CZTS have a columnar, crystalline structure. Materials analysis
suggests a non-equilibrium phase with a cubic structure, where each S atom is randomly
surrounded by 2:1:1 Cu:Zn:Sn-atoms, respectively. Substrate heating during sputtering is shown
to be important to avoid cracks in the annealed films while stress in the precursor films is not
observed to affect the absorber or solar cell quality.

Sputtering from compound targets in Ar-atmosphere yields precursor properties similar to
those from reactive sputtering at high H,S/Ar-ratios and both types can be processed into well-
performing solar cells.

Additionally, a low temperature treatment of CZTS absorbers in inert atmosphere prior to
buffer layer growth is shown to affect the device properties, which indicates that the thermal
history of the CZTS absorber is important.

The alternative buffer system ZnO,.S, is found to yield lower efficiencies than expected,
possibly due to inferior interface or buffer quality. The Zn,,Sn,O, (ZTO) buffers instead give
better performance than their CdS references. For optimized parameters, the activation energy
for recombination coincides with the energy of the photoluminescence peak of the absorber.
This can be interpreted as a shift of dominant recombination path from the interface to the CZTS
bulk. A well-performing CZTS-ZTO device with antireflective coating yielded an efficiency
0f 9.0 %, which at the time of publication was the highest value published for a Cd-free pure-
sulfide CZTS solar cell.
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1. Introduction

The transition into a more sustainable energy system is hopefully already
under way. However, due to the long history of using non-renewable re-
sources to sustain our way of life, the journey is not expected to be without
problems. In a fully sustainable system, both the source of the energy and the
device used to harvest it need to be either renewable or recyclable. To ensure
this, devices for harvesting and storing energy should preferably contain
abundant and non-toxic materials, to enable production of large quantities
and facilitate the recycle process.

In the case of thin film solar cells many currently used types contain ei-
ther scarce or toxic elements, such as In in Cu(In,Ga)Se, (CIGS) and Cd in
CdTe, respectively [1]. New thin film solar cell materials are therefore being
developed. Among them, Cu,ZnSn(S,Se), (CZTSSe) has been intensively
studied during the last ten years, due to promising properties and similarities
to the commercially available CIGS. The chalcogen ratio Se/S can be used to
tune the band gap of the material but a pure sulfide might be preferable from
an abundance perspective and in this thesis we limit the scope to Cu,ZnSnS,
(CZTS) [2, 3].

Additionally to the main solar cell absorber, also other layers in the solar
cell stack may contain undesirable materials. For CIGS and CZTS, CdS is
commonly used to complete the active part of the solar cell. Due to the tox-
icity of cadmium, alternative material systems are considered. Part of this
thesis is focused on the use of cadmium free alternatives for CZTS.
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Figure 1. Overview of the production steps for the solar cells investigated in this
thesis. The top row shows the different process types used. The bottom row indi-
cates which layer that is concerned. The focus areas of this thesis, namely sputtering
of precursors for the absorber, post-annealing and application of Cd-free buffer
layers, are encircled in yellow.

The production steps for the solar cells investigated in this thesis are shown
in Figure 1, with the main aspects studied encircled in yellow. The aim is to
understand the influence of deposition processes and film properties on the
formation of the CZTS absorber, and thus to be able to improve its perfor-
mance. This is studied in Paper I-V and described and discussed in Chapter
4. Furthermore, the change to a cadmium free complementary material may
also, if correctly understood and chosen, improve the solar cells, due to bet-
ter transparency and a better match with the CZTS material. This is studied
in Paper VI-VIII and described and discussed in Chapter 5. Chapter 2 is in-
tended to give a background of the concepts and materials concerned and
Chapter 3 describes some of the measurement techniques used, with possible
implications of applying them in the case of CZTS. In Chapter 6 a conclu-
sion and outlook is presented.

In short the goal is to create a solar cell that contains only abundant and
non-toxic materials but nonetheless has high performance.
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2. Background

2.1  Basic solar cell principles

The purpose of a solar cell is to convert sunlight into electricity. The first
step in this process is the energy transfer from the light into a material. On
an atomic scale, the incoming photons excite electrons from a lower energy
state to a higher, as exemplified by A in Figure 2. There are several ways of
extracting these electrons as a current. The most common is to use an inor-
ganic semiconductor solid state junction. There are also other types of solar
cells, such as dye-sensitized solar cells and organic solar cells which have
shown promising efficiencies in recent years, however, the long term stabil-
ity remains an uncertainty [4].

2.1.1 Semiconductors

Semiconductors are materials with conductivities in-between those of con-
ductors and insulators. Additionally, the conductivity can often be altered by
external means, such as temperature, light or small amount of impurity at-
oms. This is caused by the crystal structure of the semiconductor material
which leads to that certain electron energies, or states, are forbidden. In a
semiconductor these states are placed so that there is a small gap, a band
gap, between the highest states which contain electrons (VBM for valence
band maximum), and the lowest unoccupied allowed states (CBM for con-
duction band minimum), see Figure 2. Absorption of photons with sufficient
energy will enable electrons to be excited from the valence band to the con-
duction band, where they can move and thus be collected, i.e. a current can
flow. To ensure the collection of the electrons, two different semiconductors,
with a surplus (n-doped) and lack of free electrons (p-doped), respectively,
are put together to form a junction (pn-junction).

The most common semiconductor used for solar cells is doped Si but also
semiconductors comprised of two (GaAs, CdTe) or more (CIGS, CZTS)
elements are used. In a solar cell these materials are called absorbers, due to
their function of absorbing photons. For the common Si solar cell the pn-
junction consists of Si doped with B or Ga for the p-side and Si doped with P
for the n-side. When the pn-junction consists of one semiconductor material,
as in the case of differently doped Si, it is called a homojunction. For other
solar cell materials it is common to complete the pn-junction with a second
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semiconductor. For CIGS and CZTS, which are intrinsic (not intentionally
doped) p-type materials, a buffer layer and a window layer are making up
the n-side of the junction. Such a junction, comprised of two, or more, dif-
ferent semiconductor materials, is called a heterojunction.

electron

CBM ?\O 000 —>

A B CZ1S
~1.9
VBM o) ~——=000

hole
= .
(@]
® ZnO:Al
o T ~3.3
& ~1

Position |

Figure 2. Schematic band diagram for a CZTS solar cell. Approximate band gap
values are given in eV under each material. A) shows an electron being excited from
the valence band to the conduction band. B) represents bulk recombination while C)
indicates interface recombination close to the pn-junction. Two different band
alignments between the CZTS absorber and the buffer are presented, a cliff in solid
lines, expected for the CdS buffer, and a small spike in dashed lines, which is pref-
erable. An even higher spike could however block the current flow and thus give
deteriorated solar cells.

2.1.2 Choosing band gap

For solar cells to work as efficiently as possible, the energy difference be-
tween the conduction band and the valence band, the band gap, has to be just
below the energy of the incoming photons, since lower energy photons will
not be able to excite electrons over the band gap, and the extra energy for

18



higher energy photons will be lost as heat. Sunlight consists of a spectrum of
photon energies, where the exact distribution depends on the temperature of
the sun, the composition of the atmosphere and the distance the photons have
travelled through the atmosphere.

CZTS 1.5eV -
I L

n
o

-
(&)

—— Extraterrestrial
AM1.5

N
o

Spectral irradiance [W m? nm™]
o
o

©
o

500 1000 1500 2000 2500
Photon wavelength [nm]
Figure 3. Solar irradiance spectra, extraterrestrial and the standard spectra used for
solar cell measurements (AM 1.5). The expected optimal range for single junction

solar cells is 1.3-1.6 eV which is marked in grey. The CZTS band gap is indicated in
red.

The standard spectrum used for characterizing solar cells is shown in Figure
3. It represents photons that have travelled through 1.5 times the thickness of
the atmosphere and this spectrum is therefore denoted air mass 1.5 (AM1.5).
To utilize the complete spectrum, several different materials with a range of
band gaps would have to be used. This is applied in multi-junction solar
cells, which consist of several semiconductor junctions stacked on top of
each other. These kinds of solar cells give the highest efficiencies but are
complex and expensive to produce. The more widely used solar cells there-
fore contain only one absorber material. It has been calculated that, when
using only one material, the optimal band gap for the solar cell is in the
range of 1.3-1.6 eV [5]. The sulfide CZTS has a suitable band gap of 1.5 eV,
see also Figure 3.

The band gap of a material can be either direct or indirect. This affects
how efficiently photons can be absorbed in the material. Crystalline Si has
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an indirect band gap and therefore requires hundreds of micrometers to ab-
sorb the sunlight. For materials with direct band gaps, such as CZTS, a much
thinner film, around one micrometer, can be used to achieve the same ab-
sorption. This means that less raw material is needed which is good both
from cost and environmental perspectives. Additionally, it enables the use of
flexible substrates since the thin film is bendable, unlike conventional Si
solar cells which are too thick to be flexible. This creates possibilities for
new application niches and lighter solar cell modules. Another advantage of
using thin films is that they can be grown on large areas by common high-
throughput production techniques and that the cells can be connected mono-
lithically, in contrast to crystalline Si where commonly smaller individual
solar cells are made and then separately connected into modules.

2.1.3 Band alignment

The electrons excited to the conduction band are only possible to collect for
a certain time, before they relax down to the valence band again, a process
called recombination. Recombination is facilitated by defect states within the
band gap. These defect states could have several origins, such as poor crystal
quality, grain boundaries or impurity atoms. Recombination that takes place
in the main part of the absorber is generally grouped together as bulk recom-
bination, indicated by B in Figure 2.

In a heterojunction an important part is the interface between the two
semiconductors, where interface recombination can occur, indicated by C in
Figure 2. This can be caused by inferior material quality at the interface,
either due to impurities or lack of lattice matching between the two crystals.
Another property which has a major impact on the electronic properties of
the heterojunction solar cell is how well the energy bands of the different
materials align, both in terms of offsets and band bending. The choice of
buffer and window material for CIGS and CZTS is therefore crucial for a
well-functioning solar cell.

In the case of pure sulfide CZTS, the conduction band alignment with the
standard CdS-buffer has been shown to be negative, forming a so-called
cliff, depicted with the solid line in Figure 2. This band alignment leads to a
lower open-circuit voltage (V) than optimal [6, 7]. However, if the conduc-
tion band offset is too positive there will instead be a barrier for the electrons
at the buffer-absorber interface and the fill factor (FF) will drop. An optimal
conduction band line up (for CIGS) is predicted for a small positive spike of
0-0.4 eV at the buffer-absorber interface, as shown by the dotted line in Fig-
ure 2 [7]. The alternative buffers investigated in this thesis, ZnO; Sy
(Zn(0,S)) and Zn,.Sn,Oy (ZTO), have tunable conduction band positions,
including the range where an optimal fit together with CZTS is expected.
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2.2  The CZTS solar cell stack

A thin film semiconductor solar cell stack is usually built up of substrate,
back contact, absorber, buffer layer and finally a transparent front contact
(see Figure 4). On top a gridded metallic contact can be added. The layers
are generally very thin with typical thicknesses around 350 nm for the back
contact, 800-1500 nm for the absorber, 10-100 nm for the buffer layer and
around 400 nm for the front contact.

Figure 4. Typical thin film solar cell stack. Here exemplified by a scanning electron
microscope image of a CZTS cross section. The materials used in this thesis are
given at the right side.

The most commonly used substrate is a 1-3 mm soda lime glass (SLG). The
glass consists mainly of SiO, but also contains plenty of additional elements
at lower concentrations, for example Na, as can be seen in Table 1. For
CIGS it has been shown that the Na migrating from the glass has beneficial
effects on the solar cell performance [8]. This is expected also for CZTS and
there are reports indicating the importance of Na for both crystal growth and
optoelectronic behavior [9-11]. If a Na-free substrate is used one can instead
add Na, either before, during or after absorber deposition. Examples of other
substrates tested for CZTS are flexible glass [12] and stainless steel [13], as
well as flexible Mo [14] and Al foils [15].

Depending on the substrate, additional adhesion layers or barrier layers to
prevent diffusion of elements into the solar cell, may be needed. However,
for SLG the usual approach is to deposit a back contact directly on the sub-
strate. The standard material is Mo, deposited so that Na can diffuse through
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to the absorber. This is inherited from the optimization of the CIGS solar cell
structure.

Table 1. Composition of the soda lime glass substrate used in this thesis.

Compound Amount [%]
SiO, 72.2

Na,O 14.3

CaO 6.4

MgO 43

K,0 1.2

Al,04 1.2

SO, 0.3

F6203 0.03

The part of the Mo-contact closest to the CZTS may react into MoS, (see
Figure 4) during the high temperature annealing which is the second step of
the absorber formation (see Figure 1). In the case of CIGS, the similarly
formed MoSe,-layer has been observed to be beneficial for the electrical
properties [16]. However, the sulfur pressures during annealing required to
produce high-quality CZTS may lead to a too thick MoS,-layer, which in-
stead could block hole transport at the back contact interface, resulting in
degraded solar cell performance [17, 18]. Furthermore, a chemical instability
between CZTS and Mo is predicted according to Reaction (1), which was
calculated to have a large negative change in free energy, resulting in addi-
tional MoS; and several secondary phases [19].

2 Cup,ZnSnS, + Mo — 2 Cu,S + 2 ZnS + 2 SnS + MoS, (1)

These properties have instigated research for a more suitable solution, either
by introducing an intermediate layer or completely exchanging the Mo. In-
vestigated materials include TiN, TiB,, ZnO and Al,O; [20-23]. None of
these modified back contacts have yet stood out as a new standard, mainly
due to difficulties to form a favorable electronic contact with the absorber,
but also because of the implications of Na-supply from the underlying SLG.

On top of the back contact, the absorber CZTS is deposited. This is fur-
ther described in Section 2.4.

The pn-junction is formed by adding a buffer layer. Different methods can
be used for depositing this layer. In this thesis, the CdS buffer is formed by
chemical bath deposition (CBD). This technique uses formation of a solid
compound from solution, which means that the samples are immersed into
newly mixed liquid chemicals which creates an atom-by-atom growth on the
surfaces as well as precipitates within the solution. The process parameters
used for these depositions are described in Section 5.2. The Cd-free buffers
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investigated in this thesis, Zn(O,S) and ZTO, are instead deposited by atomic
layer deposition (ALD). In this method layers are created by self-terminating
gas to solid-reactions. Different precursor gases are pulsed into a tempera-
ture controlled reaction chamber where the sample is placed. In an ideal
process a monolayer of the gas molecules is chemisorbed to the sample in
each pulse. Alternating different gases then create a slowly growing com-
pound film, with the possibility to tune the composition by the ratio of gas
pulses. In-between every precursor pulse a purge pulse of an inert gas is used
to remove unreacted precursor gas and gaseous by-products. The process
temperature is typically 80-350 °C. The specific process parameters used for
the buffer layers in this thesis are described in Section 5.3 and 5.4. The
CZTS absorber may be affected by the elevated temperatures during the
ALD process. This is investigated and discussed in Section 4.3.
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Figure 5. Quantum efficiency (QE) measurement of the record cell from Paper VIII,
with and without an antireflective (AR) MgF,-layer. Also shown is the calculated
internal QE, with the full measured reflectance (R) removed.

To prevent possible shunt paths caused by defects in the CZTS absorber it is
common to deposit a thin intrinsic ZnO (i-ZnO) layer before completing the
solar cell with a transparent front contact. In this thesis, the front contact
material used is Al-doped ZnO. The transparent contact layer is designed to
have a low sheet resistance but can still not match the conductivity of a met-
al. A metal grid can therefore be deposited on top of the transparent front
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contact. This means that part of the solar cell becomes shaded and thus the
design of the grid is an optimization between shading and better conductivi-
ty. The metal layer is often Al, with a thin Ni layer below and above to de-
crease contact resistance otherwise caused by oxidation of Al. Commercial
CIGS solar modules are generally produced without metal grid, but with a
thicker transparent front contact layer.

To improve the solar cell efficiency, an antireflective (AR) coating can be
added. Commonly MgF, is used and the thickness of the layer is adapted to
the band gap, to limit the reflectance within the wavelength region where the
solar cell has the highest absorption. The effect of an AR layer is illustrated
in Figure 5 by a quantum efficiency (QE) measurement (see Section 3.2.2)
of a sample with and without this layer, together with a calculated curve
showing the potential of completely removing the reflection.

2.3 Properties of CZTS

The CZTS compound has several beneficial properties which make it suita-
ble as an absorber material in solar cells. All its constituents are abundant
and non-toxic. It has a direct band gap that ensures efficient absorption of
photons, which means that only a thin layer of active material is needed. The
atomic and electronic structure is similar to the commercially used CIGS
absorber, which could allow for an easy exchange of absorber material in
already established production processes, if CZTS proves to be the better
alternative.

The band gap of CZTS is 1.5 eV which is within the optimal range for a
single junction solar cell (see Section 2.1.2). The upper edge of the valence
band has been calculated to consist of S p and Cu d states, while the lower
part of the conduction band consists of S s, p and Sn s states [24]. By ex-
changing some of the S for Se it is possible to tune the band gap down to 1.0
eV for a pure selenide. Also other substitutions can be made, for example Cu
to Ag, Zn to Cd and Sn to Ge. Such exchanges affect numerous parameters
and have been studied both as possible new materials but also to improve
CZTS solar cells [25]. Several of these substitution elements are however
questionable from both availability and toxicity perspectives.

The atoms of CZTS can be ordered in several crystal structures that fulfill
the octet rule. The two main structures are stannite and kesterite, which dif-
fer only in the placement of Cu and Zn, as can be seen in Figure 6. First-
principles calculations show that kesterite has the lowest total energy and
therefore should be the more stable form, but also that the energy difference
between the structures is small [26]. Due to the similarity of Cu and Zn, both
in size and charge, it is hard to distinguish between the structures in meas-
urements, but neutron diffraction experiments have confirmed kesterite to be
the dominating structure [27].
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Another implication of the similarity of Cu and Zn is that it is likely that
they will take each other’s place, resulting in a disordered kesterite, see Fig-
ure 6. It has been shown that CZTS thin films are highly disordered, that the
amount of disorder is related to the process parameters and that this also
creates an apparent decrease of the band gap [28]. Neutron scattering exper-
iments confirm the occurrence of Cu-Zn disorder [29], and nanoscale com-
position inhomogeneities of Cu and Zn at sizes between 1.5-5 nm were also
observed with aberration corrected scanning transmission electron microsco-

py [30].

Stannite Kesterite Disordered Random
kesterite cation ordering

Figure 6. Examples of Cu-Zn-Sn-S crystal structures. Kesterite and stannite are the
main CZTS structures and kesterite has been shown to be the dominating form. Due
to the similarity between Cu and Zn there is a disorder on the Cu-Zn planes in thin
film material. To the right a complete random ordering of cations is shown.

A possible disadvantage of CZTS compared to CIGS is that, while a moder-
ate variation in In/Ga-ratio for CIGS, will not cause secondary phases, since
these atoms share the same position in their crystal structure, only very small
changes of the Zn/Sn ratio in CZTS are possible since these elements have
specific places in the kesterite structure. This is also one of the reasons for
the small single phase region for CZTS, as can be seen in the ternary phase
diagram, shown in Figure 7. Controlling the composition of CZTS is there-
fore crucial to avoid the many secondary phases that can occur, such as the
binary ZnS, SnS, SnS,, Sn,S;, CuS, Cu,S and the ternary Cu,SnS;, Cu;SnS,
compounds. Moreover, many of these phases are also hard to distinguish
using common characterization methods such as X-ray diffraction (XRD)
and Raman spectroscopy, due to overlap with CZTS, which further compli-
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cates the pursuit for single phase material. This is also discussed in Section
2.5 and Section 3.1.

CZTS has been measured to be a p-type semiconductor [31]. Calculations
indicate that the intrinsic defects mainly responsible for the doping are cop-
per atoms on zinc sites, Cuz,, and vacancies of copper, V¢, [24]. Additional
to charged defects causing the doping, certain neutral defect complexes are
suggested to form away from the stoichiometric point. Depending on the
composition, different complexes are expected to dominate and these have
been used to classify off-stoichiometric CZTS into different types, A-J, as
can be seen in Figure 7.

Figure 7. Part of the Cu,S-ZnS-SnS; ternary phase diagram at 400 °C, adapted from
[32] by J.J.S. Scragg, with the Cu,ZnSn;Sg-phase removed, following the findings in
[33]. More secondary phases are found for other sulfur contents, which would be
represented by a fourth axis out from the paper. Overlaid are the defect complexes
expected to form in off-stoichiometric CZTS with different composition, denoted by
letters according to convention in current literature.

The best CZTS solar cells are produced from Zn-rich, Cu-poor material [34],
in the region between the A- and B-type lines in Figure 7. This has been
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attributed to the avoidance of the Cu-S and Cu-Sn-S secondary phases (see
Section 2.5). There are also indications that the CZTS material itself is supe-
rior for this composition. Cu-rich CZTS has been observed to give poor solar
cell performance, tentatively attributed to high doping densities of the ab-
sorber [35]. For Cu-poor CZTS one would expect an increase in the amount
of V¢, compared to Cuz, which could be beneficial since V¢, is a more
shallow acceptor [24]. It has also been observed that the Cu-Zn disorder is
counteracted in A-type CZTS which could be beneficial if it also affects the
associated reduction of the band gap [36, 37]. Additionally, a Zn-rich com-
position may help to avoid the Snz, deep defect [38, 39].

The CZTS surface has been observed to be sensitive to decomposition at
low pressure and high temperature. An explanation to this was presented in
[40] and arises because Sn can have several oxidation states. In CZTS, Sn
has the oxidation state IV but at low S, pressures the II oxidation state is the
stable form. The consequence is a reduction, according to Reaction (2).

Cu,ZnSn''S, (s) <> Cu,S (s) + ZnS (s) + Sn""S (s) + 2 S, (g) )

Additionally, SnS has a high vapor pressure and may be lost from the CZTS
surface quickly, especially at low pressures and high temperatures according
to Reaction (3).

SnS (s) <> SnS (g) 3)

Calculations indicate the S, and SnS pressures needed to keep the CZTS
surface stable during high temperature processing [40]. Even higher pres-
sures are suggested to be necessary to create CZTS of A-, E, H- or J-type
[36]. This limits which fabrication methods that can be used, both for the
absorber itself as well as for subsequent production steps.

The properties and challenges of the CZTS material have also been de-
scribed in several review articles, for example [3, 41, 42].

2.4  Deposition techniques for CZTS

Numerous techniques can be used to form the CZTS absorber. Although it is
possible to grow the material into solar cell quality using a single step, most
of the methods contain two or more steps, either to improve material proper-
ties or to be able to use a series of more simple methods. The deposition
techniques are commonly divided into vacuum and non-vacuum methods
depending on the condition of the precursor step.

A widely used vacuum technique is evaporation, where the elements are
evaporated together in a chamber and then condense on the substrate to cre-
ate a film. A problem with applying this technique for CZTS is the instabil-
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ity of the material at high-temperature-low-pressure conditions, described in
Section 2.3. This means that Sn is easily lost as SnS vapor which is then
removed from the evaporation chamber through the pump system. For the
selenide CZTSe it has been shown that it is possible to compensate for this
behavior and produce well performing solar cells (9.2 % in efficiency) from
a single-step evaporation process [43]. Also sulfide CZTS solar cells have
been fabricated by this method although with lower efficiencies of 4.1 %
[44]. Additionally, evaporation can be used in two-step approaches, both for
depositing metal layers which are then sulfurized, for example in [45], and
also for simultaneously depositing all elements and then shortly annealing it,
as in for example [46].

Sputtering is another commonly used vacuum technique. Since it is the
method used to produce the CZTS material in this thesis it is more thorough-
ly described in Section 4.1. Sputtering can be used both for depositing metal
layers in two-step approaches, as for example in [47], as well as sulfur con-
taining films, either by sputtering from targets containing sulfur [48], or by
adding sulfur in the sputtering atmosphere [49]. Most of the sputtered films
need a second heating or sulfurization step to crystallize into solar cell grade
material but there are also attempts on single-step processes, for example in
[50] yielding a solar cell efficiency of 5.5 %.

The vacuum techniques are successful for the full sulfide CZTS and most
of the top performing solar cells, with just over 9 % in efficiency, are pro-
duced with two-step approaches based on evaporation or sputtering [51, 52].

For the mixed sulfo-selenide CZTSSe the vacuum-based processes have
reached an efficiency of 12.3 % [53], while the top efficiencies up to 12.7 %
instead are produced by non-vacuum, solution based methods [54, 55]. In
these techniques all the constituents of the material are dissolved in a liquid
which is then distributed on a substrate. The sample is heated to remove the
solvent and crystallize the film. Several different solvents have been tried
with good results, however, it is the highly toxic hydrazine which has yield-
ed the top efficiencies.

The non-vacuum techniques are generally cheaper due to lower cost of
machines, but usually results in material with more impurities. That these
techniques show competitive efficiencies for CZTS could be due to the fact
that the high vapor pressures of SnS, Zn and S limits the processing parame-
ters for vacuum based methods, which causes worse material quality than
expected.

Another non-vacuum method is electrodeposition. Here metal layers are
created by drawing metal ions to a substrate by a voltage difference in a liq-
uid. The plated layers can then be sulfurized in a similar way as the evapo-
rated or sputtered films, which was done in for example [56] yielding small
CZTS solar cells with an efficiency of 8.0 %.

A completely different route for creating CZTS solar cells is to synthesize
small single crystal grains, monograins, in sealed ampoules and then embed
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them in a thin epoxy matrix to get a thin film solar cell. This has the ad-
vantage of a wider process window during the CZTS synthesis but means
that a large part of the actual solar cell area will not be active, since the
grains cannot be infinitely densely packed. “Active area” efficiencies of 9.1
% [57] and actual area efficiencies of at least 5.2 % [58] have been shown
for this approach.

For the two-step methods, the annealing step can be performed in a fur-
nace or on a hot plate, with or without addition of S and Sn-S in different
forms. The temperatures are usually between 500-600°C but the annealing
times used vary from just a few minutes to several hours. The specific condi-
tions used in this thesis are described and discussed in Section 4.2.

In many cases the absorber fabrication is finished by one or more etching
steps to remove unwanted secondary phases. The most common etch is
KCN, which effectively removes copper sulfides [44]. The etching step is
usually performed just before buffer deposition to also remove possible sur-
face compounds and avoid contaminants in the absorber-buffer interface.
KCN etching was employed for most of the solar cells in this work but a
comparison between untreated, KCN-etched and water-dipped absorbers can
be found in Paper VII and is discussed in Section 5.5.

2.5 Secondary phases in CZTS solar cells

Since CZTS is a quaternary material with a small single phase region, as
seen in Figure 7, several secondary phases are regularly found also in solar
grade material. Many of these phases are hard to distinguish using common
characterization methods such as XRD and Raman spectroscopy, as dis-
cussed for each method in Section 3.1. In the following section some possi-
ble implications of the sulfide secondary phases are described. A more thor-
ough review can be found in for example [39].

ZnS is a semiconductor with a large band gap around 3.6 eV [59]. Since
the best solar cell efficiencies are usually achieved for Zn-rich material, as
discussed in Section 2.3, ZnS is almost always present in solar grade CZTS
films. The high band gap of ZnS, together with its normally high resistivity,
could cause current blocking and increase the series resistance, as exempli-
fied in the case of ZnS as a buffer layer in Paper VI. This example also indi-
cates that the location of the secondary phase has a large impact. A thin layer
of ZnS on top of the absorber is clearly detrimental but the effect of ZnS
grains within the CZTS film is more unclear. Since it exists also in high effi-
ciency CZTS solar cells one could argue that it is benign. However, clear
degradation of device performance with increasing ZnS volume fraction has
also been observed [60].

There are various copper sulfides with electrical properties ranging from
semiconductors, with band gaps between 1.2-2.5 eV, to electric conductors
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[61]. The phases with lower band gap than the CZTS film risk to lower the
V,. of the solar cell [62] and phases with high conductivity risk creating
shunt paths between the front and back contact. The copper sulfides are
therefore generally unwanted in the CZTS film and usually etched off with
KCN before buffer deposition, as discussed in Section 2.4.

Possible ternary phases include for example Cu,SnS; CusSnS, and
Cu;SnS,, of which the first is the most commonly observed in CZTS films.
The ternary phase Cu,SnS; has a narrow band gap of roughly 1 eV [63] and
is therefore a potential cause of low V.. Cu,SnS; has similar structure and
lattice parameters as CZTS and one would therefore expect that grain
boundaries in-between them would be less detrimental than grain boundaries
between more differently structured materials, this was also observed in
[64]. However, the similarity also means that, especially for small amounts,
Cu,SnS; is hard to distinguish using most material characterization tech-
niques.

Numerous tin sulfide secondary phases can be found in CZTS thin films,
such as SnS, SnS, and Sn,S;. As can be seen in [65] the occurrence of differ-
ent tin sulfides is mainly dependent on the sulfur partial pressure during the
annealing part of the absorber formation. Several phases can also coexist in
the same film. According to [65] it is mainly the SnS phase that occurs in
our solar cell material. An expected narrow band gap of 1.1-1.3 eV suggests
that it is detrimental for the electrical properties. However, in [66] a benefi-
cial effect is seen from SnS at the back contact and it is hypothesized that,
despite the narrow band gap, the band alignment between the two phases is
spike-like (see also Section 2.1.3). But also in this case the location of the
secondary phase has a large impact and SnS at the absorber-buffer interface
is observed to be detrimental.

Additional secondary phases that contain more elements than the ones in
CZTS can also form in, or close to, the absorber, for example MoS, (dis-
cussed in Section 2.2) and different Na-containing compounds (discussed in
Section 5.5).

2.6  Efficiency limitations for CZTS solar cells

For the CZTS material to be of commercial interest a conversion efficiency
of 15-20 % is required at research level. The pure sulfide CZTS solar cell
efficiencies were initially improved rapidly, starting at 0.7 % in 1997 and
continuously increasing up to 6.8 % in 2008 by the efforts of only a few
research groups, see Figure 8. The increasing efficiency values attracted
attention and the research intensified, both at universities and companies,
which brought the record up to 9.2 % at the end of 2012 [51]. In the latest
years the efficiency improvement has slowed down and the record in a pub-
lished article was stagnant at 9.2 % for a several years, however over time
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reached by several groups. Very recently a solar cell with 11.0 % efficiency
was published [67]. The latest improvement was attributed to an optimized
annealing process and a post-annealing of the heterojunction causing inter-
diffusion between CZTS and CdS and thus improving the interface proper-
ties.

For the mixed sulfoselenide the record in a published article is 12.7 %
since mid-2014, however, the certified value for this cell was 12.3 %, and
one could therefore also argue that the certified 12.6 % solar cell published
in late 2013 is the current record, see Figure 8 [54, 55].

I I I I I I I I I
14 | i
| .---® ]
12 i
L 0 ]
or o o "---m .,Y-"'—-- ]
X T I LA 1
> 8 |- A - - -
e L o ' v 1
5 |~ [ 3
o 6 . 1
E | ; ]
w A ---a-- World CZTS
4r . e~ World CZTSSe | |
i ---A-- Qur CZTS 1
2F ~w-- Our CZTSSe | ]
O | | | | | | | | |
\») ) \») ) \») \») \») \») ) \») \»)
'\Q'0 '\0’0 '\0'0 '\0'0 '\Q'Q) '\0'Q '\Q'Q '\Q'Q '\Q'Q '\Q'Q '\Q'Q
RSN RN SN SN N C A B\ N B N
v PV v PV Vv PV Vv Vv Vv Vv P

Figure 8. Top efficiencies in published articles for CZTS and CZTSSe from the last
ten years, world records and group records. Data from Paper IV, Paper VIII and [17,
20, 35, 45, 46, 51, 52, 54, 55, 67-75].

The efficiency progress from our research group is also outlined in Figure 8
and shows an initial rapid improvement, both due to optimization of the ab-
sorber precursor, such as composition calibration and incorporation of sulfur,
and annealing parameters, mainly the change-over to a sulfur containing
atmosphere. Additionally, our latest efficiency increase comes from optimi-
zation of the buffer layer. The focus for our group was initially the pure sul-
fide CZTS and this has led to efficiencies close to the world records. Part of
the work leading to these improvements is described in this thesis.

The main parameter limiting CZTS efficiency has for a long time been a
low V., especially compared to what is expected from a material with this
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band gap. Several origins for low efficiency and low V.. have been identi-
fied by the research community and some of them are presented in more
detail below, together with references to the sections in this thesis where the
problems have been addressed.

2.6.1 Secondary phases

The small single phase region combined with the limited fabrication meth-
ods available, due to the risk of decomposition, leads to a high probability
for secondary phases in the CZTS thin films. Additionally, the surface reac-
tion described in Section 2.3, and the suspected instability with the Mo back
contact shown in Section 2.2, may result in secondary phases at the interfac-
es. The secondary phases can be detrimental to the solar cell efficiency in
several ways depending on their location and electrical properties, as was
discussed in Section 2.5.

A way to limit the amount of secondary phases is to optimize the fabrica-
tion route to ensure an even distribution of all the constituent elements be-
fore attempting a crystallization step. This is especially important for CZTS
due to the absence of a suitable ternary metallic Cu-Zn-Sn compound [76].
Thus a fabrication route starting with a metallic film is expected to suffer
from phase separation during processing, as also exemplified by the phase
separated metallic film presented in Paper I and discussed in Section 4.1.2.
Including sulfur in the precursor film ensures the possibility of a rapid for-
mation of the CZTS phase, with less risk for secondary phase segregation
and a better basis for a void-free morphology. Additionally, it limits the need
for long annealing times, which would risk to cause surface decomposition
or back contact reaction. A precursor film with such properties can be fabri-
cated by reactively sputtering the appropriate metals in a H,S-atmosphere, or
by compound sputtering of sulfur-containing binaries, creating a film with
all the necessary elements for CZTS homogenously mixed. Creating such
films is addressed in the first part of this thesis, which focuses on the devel-
opment of sulfur containing precursors for CZTS absorbers, see Chapter 4.
These precursors have a similar crystal structure to CZTS and therefore only
need a short annealing time to form well performing solar cell material, a 3
min annealing for reactively sputtered precursors is described in Paper IV
and a 1 min annealing for compound sputtered precursors is shown in [65].

2.6.2 Band alignment at the CZTS-buffer junction

The most common buffer layer used for CIGS solar cells is CdS and this was
thus the first choice also for CZTS. However, for the full sulfur CZTS it has
been shown that the band alignment with CdS is cliff-like which is known to
decrease V., as also discussed in Section 2.1.3. Even for the champion
CZTSSe solar cells, interface recombination is pointed out as one of the
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main problems [54]. The optimization of the CZTS-buffer junction is ad-
dressed in the second part of this thesis, see Chapter 5.

2.6.3 Defects and band tailing

Recently the discussions about the low V. of CZTS focus on the electrical
quality of the bulk material. Band tailing, meaning that there is a large num-
ber of defect states close to the band edges which can deteriorate the electri-
cal properties and/or narrow the band gap, has been presented as a likely
cause for the low V.. Both measurement observations by photolumines-
cence (PL) and QE, and calculations, suggest the presence of band tailing
[28, 77]. The origin of the band tails is most often suggested to be the Cu-Zn
disorder, causing either a variation of band gap [28] or electrostatic potential
fluctuations [77]. Depending on the physical scale of regions with different
Cu-Zn exchanges one would expect both type of fluctuations to co-exist.
This is also what is described for CIGS in [78] and observed for CZTSSe in
[79]. The low dielectric constant for CZTSSe is suggested to increase the
materials sensitivity to potential fluctuations [77]. Remedies for these prob-
lems are suggested to be band gap grading, substituting Cu or Zn with ele-
ments that are less similar, and defect engineering, such as aiming for a
CZTS material with higher amount of the more shallow acceptor V¢, instead
of Cugz,, for example by using of A-type CZTS (see Figure 7) [28, 79, 80].

In a recently published survey, the conclusion was that the most important
limitation of the CZTS material is short carrier lifetime due to recombination
via deep defects [81]. First-principles calculations have also indicated the
presence of deep defects, especially for the full sulfide CZTS, where Snz,”"
and V¢*" have relatively low formation energies and could act as electron
traps [24, 82]. However, from materials analysis, neutron scattering rather
observed Zng,-defects for device relevant compositions [29]. In [82] the
calculations indicate that the cooling conditions and potential post-annealing
can have a large impact on which defects and defect complexes that are pre-
sent in CZTS and thus the electrical properties of the material. This is also
investigated in Paper VIII and discussed in Section 4.3.
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3. Characterization techniques

3.1 Materials characterization

In this section, techniques used to measure the materials properties of the
thin films will be discussed. The emphasis is on the application for CZTS
characterization.

3.1.1 Composition measurements

Due to the complexity of the CZTS material and the small single phase re-
gion, the desired accuracy for the metal composition is within a couple of
atomic percent. A good knowledge of the composition also makes interpreta-
tion of other experimental results more reliable.

Composition is usually given in relative quantities, e.g. atomic percent
(at%) or weight percent (wt%). A composition measurement can be derived
by modeling of an expected signal, accounting for all the elements in the
sample, or be calibrated with a known reference sample, which has been
characterized by a measurement method that yields the absolute number of
atoms for a sample.

An early project in this thesis work was to create a simple and reliable
composition measurement procedure for the CZTS samples and precursors.
This is thoroughly described in my licentiate thesis [83] and will therefore
only be briefly mentioned here. The method chosen was to use two thickness
series, Cu-Sn and Zn respectively, characterized with Rutherford backscat-
tering spectrometry (RBS), to calibrate an x-ray fluorescence system (XRF).
With RBS it is possible to determine an absolute areal density for thin films
of heavy elements, while XRF is a quick technique, yielding a signal from a
large part of the sample. RBS measurements are more time consuming and
therefore generally appropriate for reference samples or limited sample se-
ries.

These two composition measurement techniques are described below, to-
gether with the frequently used energy dispersive x-ray spectroscopy (EDS)
technique.

Energy dispersive x-ray spectroscopy (EDS or EDX)

The most commonly available method for composition measurements is
EDS. This technique utilizes the interaction between incoming electrons and
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sample atoms which causes emission of characteristic x-ray radiation. An
electron beam, usually in a scanning or transmission electron microscope
(SEM or TEM), is directed towards the sample surface and interacts with the
material in many ways, creating secondary electrons, backscattered electrons
and x-rays. The electrons can be used to create images with a secondary or
backscattered electron detector. The composition is measured with an EDS-
detector which analyzes the energies of the x-rays that are created when the
incoming electron excites an inner shell electron in the atom and an outer
shell electron takes its place. The x-ray energy is dependent on the energy
difference between the shells and this is specific for different elements. It is
therefore possible to decide in which element the x-ray was created and thus
which elements the material consists of.
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Figure 9. EDS measurements from a precursor film on two different substrates (Si
and Mo-coated SLG) produced in the same sputtering run. The information depth of
the measurement was investigated by decreasing the acceleration voltage in the
SEM. For this sample 12 kV was low enough to avoid signal from the Mo-layer and
below this voltage the sulfur content of the two films agrees well. Above this volt-
age, the seemingly increased sulfur content in the precursor on Mo is due to the
overlap of S and Mo in the EDS technique.
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The amount of characteristic x-rays coming from the sample is proportional
to the amount of the specific element, but also depends on how easy it is to
excite electrons in that specific atom, how likely it is that an x-ray will be
formed and also on the other elements that are included in the material, since
these will affect the electrons going in and the x-rays coming back to the
detector. The composition data from EDS are therefore always relative and
based on software calculations. To refine this, one can measure known
standards, similar to the unknown sample, which helps to account for the
matrix effects. In some software programs, one can also insert models of
how the elements are distributed in the sample, for example that the sample
consists of a thin film on top of a substrate. If this is not done, the software
will assume a homogenous sample, potentially giving misleading results.

Overlap between characteristic energies of different elements can be a
problem. This is the case for Mo and S, where the energy distance between
the innermost shell and the next in S, is almost the same as between the se-
cond innermost and the next in Mo. Using a detector which measures the x-
ray wavelength instead of energy (WDX), improves the resolution, but these
detectors are generally slower and therefore less commonly used. If the over-
lapping elements are at different depths it may be possible to distinguish
between them by reducing the incoming electron energy, limiting the pene-
tration depth of the electrons thus ensuring that the signal only comes from a
layer close to the surface, as is exemplified in Figure 9.

The EDS system mainly used in this thesis was an EDAX included in a
LEO 440 SEM. The instrument had been calibrated with a range of pure
elemental samples (not specifically Cu, Zn and Sn) and was run with the
standard software.

Rutherford backscattering spectrometry (RBS)

In RBS the material of interest is bombarded with ions with high and well-
defined energy. The ions are backscattered by the atoms in the material and
their energy will then depend on the mass of the atom it interacted with and
the distance through the material it travelled before it reached this atom. The
intensity of backscattered ions as a function of their energy is recorded. An
ion that has been backscattered by a heavy atom has a higher energy than
one that has been backscattered by a light atom. Additionally, an ion that has
travelled through some material and been scattered from an atom deeper in
the film has lower energy than an ion that has been backscattered from an
atom on the surface. The relationship between the intensities from different
elements gives the composition, and the widths of peaks give the thickness
of the film. The interactions can be simulated in a program and if a good fit
can be obtained the measurement yields an absolute areal density of atoms.

The RBS method is most easily applied to thin films of heavy atoms on
substrates made of light elements, since overlap in the signals are then
avoided and the fitting is more obvious.
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As for most measurement techniques, a certain amount of energy is added
to the sample by the incoming species, in this case ions. It is therefore im-
portant to make sure that this does not affect the sample. The risk for damage
to occur is higher for samples that have a non-equilibrium form or are easily
evaporated. A way of detecting this is to monitor the measurement and make
sure that the peak profile does not change over time.

Due to the similar atomic mass of Cu and Zn, their peaks overlap almost
completely in RBS when using a 2 MeV He" ion beam, as was done in this
thesis. For our composition calibration of CZTS we therefore chose to make
two different thickness series, one with a Cu-Sn-alloy and one with pure Zn.
The measurements were done at the Uppsala Tandem Laboratory (Ion Tech-
nology Center). To analyze the results, the simulation program SIMNRA
[84] was used. Care was taken to fit the peaks both by shape and integrated
peak intensity.

A complementary ion beam technique, more suitable for light elements, is
elastic recoil detection analysis (ERDA) which generally uses heavier in-
coming ions and analyzes the recoiled sample atoms.

X-ray fluorescence (XRF)

The XRF technique utilizes characteristic x-rays, as in EDS, but instead of
generating them by an electron beam, they are generated by irradiating the
sample with x-rays. The fluorescence effect is largest when the incoming x-
rays have an energy just above the characteristic absorption edge of the ele-
ment. This means that, to get as large signal as possible, different incoming
x-ray energies, for the different elements to be detected, should be used. This
can be achieved by having one x-ray source but several secondary targets in
the XRF-system. The penetration depth is much larger for x-rays compared
to electrons which mean that the information depth generally is larger for
XRF compared to EDS.

The intensity of the emitted fluorescence directly gives an indication of
the amount of material, if two similar samples are compared, but to be able
to get the composition in atomic percent, a calibration has to be made.

For films that are thinner than a couple of micrometers, it can be assumed
that the fluorescence counts are proportional to the amount of material but to
get a more exact result, especially for thicker films, the attenuation of the x-
rays can be taken into account. The attenuation follows Equation 4, where A
is the attenuation, I is the intensity coming from the sample, I, is the unat-
tenuated intensity, x is the sample density multiplied by the thickness, and ¢
is the mass attenuation coefficient.

A=1Tl=1-% 4)

The density multiplied with the thickness, x, is the same as areal density,
which is the result that is obtained from RBS. The RBS values can therefore
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directly be inserted in this equation without knowing the physical thickness
of the film. The mass attenuation coefficients can be taken from [85] and are
given for a certain element, but can also be calculated for compounds using
the wt% of the constituents.

Assuming that characteristic x-rays are created evenly throughout the film
thickness, the attenuation should be integrated, from the deepest emission
point of x-rays, to the surface. This integral and its solution are shown in
Equation 5, where Ay is the total attenuation that the signal will suffer and u
is the fraction of film between the emission point and the surface.

Aor = fol(l —e " Wdu =1+ i(e‘cx -1 ®)

An even more exact calculation would include what happens to the attenuat-
ed x-rays since these can, for example, be re-emitted as characteristic x-rays
from the atom that absorbed it. However, in our case the characteristic x-ray
energy from Zn is not high enough to ionize electrons from the Cu K-shell
and the x-ray energies from Sn are too high to create more than a negligible
amount of fluorescence in Cu and Zn.

The XRF system used in this thesis was a PANalytical Epsilon 5. The
noise and background signals were low. A Ge secondary target was chosen
for the measurement of Cu and Zn and BaF, for Sn. The measurement live
time was set to 60 s in each case. For each element an energy region was
chosen in which the counts were integrated. Cu and Zn are close in energy
and thus, if the count is high, the tails of their peaks could overlap slightly.
The chosen energy range was therefore kept close to the middle of the peak
for these elements.

3.1.2 Raman spectroscopy

Raman spectroscopy exploits the fact that atoms bonded together vibrate
with certain frequencies. When laser light is shone on a sample, a fraction of
it gets inelastically scattered and shifted in wavelength. The amount of the
shift is connected to which atoms are involved in the vibration and how they
are arranged. This means that a given material has a certain pattern of shifts,
corresponding to peaks in a Raman spectrum.

This technique is usually very surface sensitive because the wavelength of
the incident laser light is in the visual range and the penetration depth there-
fore is limited, for CZTS to around 100 nm when using a 514 nm laser [86,
87]. However, the information depth is slightly changed depending on the
wavelength of the laser and this can also be utilized to distinguish materials
properties that varies with depth [88].

Raman spectroscopy on CZTS gives a spectrum with specific peak posi-
tions and intensities, but several secondary phases, such as SnS,, Sn,S; and
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most of the Cu-Sn-S-compounds, have peaks in the same region and can
therefore seldom be easily excluded. The Raman peaks from the secondary
phase ZnS also overlaps with CZTS if using an excitation wavelength of 514
nm but changing to a 325 nm laser enables separation of the signals, since
this wavelength causes resonant excitation in ZnS but not in CZTS. SnS and
several Cu-S-compounds can also be distinguished with Raman spectrosco-
py. Raman spectra of CZTS and its secondary phases have been investigated
and discussed in several publications, such as [33, 89-91].

The Raman spectroscopy measurements in this thesis were mostly done
with a Renishaw system, at an excitation wavelength of 514 nm.

3.1.3 X-ray diffraction

X-ray diffraction (XRD) is an analysis method that can be used to observe
the structure parameters of crystalline materials. A crystalline material is
arranged in a lattice where atoms have certain positions depending on the
structure of the material. This ordering also creates planes of atoms and thus
a distance between planes. When irradiating the crystalline material with x-
rays, the light waves will interact with the electrons of the atoms in the
planes and constructive interference will occur for certain conditions, de-
pending on the wavelength and angle of the incoming x-rays, and the dis-
tance between the atomic planes. Additionally, the type of atoms in the
structure will influence the intensity. A plot of intensity versus angle will
thus yield a specific pattern for a certain material, called a diffractogram.
Patterns can be calculated from the structure of a material but there is also a
library with measured reference samples to compare with.

The reference patterns are usually recorded from powders, and applying
this technique to thin films has additional challenges, such as lower intensi-
ties due to a smaller interaction volume. A thin film can also be affected by
the growth method or the substrate it has been produced on, causing prefer-
ential orientation or strain in the films, which alters the diffractogram.

CZTS, ZnS and several Cu-Sn-S-compounds have similar crystal struc-
tures which mean that many of the peaks in their patterns overlap. Among
them ZnS has the simplest structure and thus yields fewest peaks. The CZTS
pattern contains small, additional peaks and is therefore distinguishable, but
the presence of ZnS cannot easily be ruled out. Sn-S and Cu-S compounds
are generally more straightforward to differentiate from CZTS by XRD.

Since the x-rays have a large penetration depth it is possible to detect sec-
ondary phases both in the bulk and at the back contact, if the amount is large
enough. Specific x-ray measurements can also be performed in the diffrac-
tometer to find the thickness, texture and stress of thin films.

Most of the measurements in this thesis were performed with a Siemens
D5000 system or a Phillips X’pert MRD diffractometer.
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3.1.4 Stress measurements

Stress in films can cause delamination and cracks, as well as changes in
crystal formation and electronic properties. It is therefore usually important
to measure and control stress in thin films.

Several approaches can be used to measure the stress. One way is to look
at the peak shifts in XRD, since stress will affect the distances between the
atomic planes, hence shifting the peak position. However, peak shifts in
XRD could also have other origins, such as off-stoichiometry or secondary
phases. A more direct way of measuring the stress is to look at the difference
in curvature of a sample, before and after film deposition. If the substrate is
flexible enough, and the stress in the thin film is high enough, it will cause a
measurable change in the curvature. This transformation can be evaluated
either by a mechanical approach, for example with a profilometer, or optical-
ly, either from the side, measuring reflection, or from the top, measuring
interference patterns.

In this thesis the profilometer approach was chosen and the measurements
were done with a Veeco Dektak 150. The most common substrate to use for
such measurements are Si-wafers, but since the growth, and therefore stress,
could be different on different substrates, we chose to use Mo-coated thin
glass slides (100 um thick cover glass D 263® M from Schott). In this way
we could ensure that the results were relevant for solar cell films produced
on Mo.

In the case of Si-wafers, it is often assumed that the untreated wafer is
flat, but the glass substrate had a curvature already before the CZTS precur-
sor deposition due to the applied Mo film, which also contained certain
stress. It was therefore important to measure the curvature both before and
after the CZTS precursor deposition. The measurement was made along two
directions, perpendicular to each side of the quadratic glass piece, and was
individually compared to the respective values after the precursor deposition.
The curvatures were fitted by a least squares method. The resulting radii
were used to calculate the stress, o, using the Stoney formula (6) found for
example in [92], where 7, and 7, are the radii before and after the precur-
sor deposition, £ is the Young modulus for the glass (72.9 kN/mm?, given by
the manufacturer), 4 is the Poisson ratio for the glass (0.208, given by the
manufacturer) and ¢ and ¢rare the thickness of the substrate and film respec-
tively.
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3.2 Electrical characterization

In this section the techniques used to characterize the electrical properties of
the solar cells are described.

3.2.1 Current-voltage

The most straightforward method to characterize a solar cell is to look at its
current response for different voltages, a current-voltage (IV) measurement.
This can be done both in dark and under illumination and it gives several
important parameters such as the open-circuit voltage (V,.), short-circuit
current (J.), fill factor (FF) and the efficiency of the solar cell. Additionally,
by fitting the curve or part of it, most often to a one-diode model, other pa-
rameters can be obtained, such as series resistance (R;), shunt conductance
(Ggn), ideality factor (A) and saturation current density (Jo). A commonly
used procedure for extracting these parameters is described in [93]. Howev-
er, to do this certain assumptions must be made and caution should therefore
be taken when applying this to solar cells with low efficiency or non-ideal
behavior [93].

Two different IV-setups were used to measure the solar cells in this work.
For Paper II, IV and VI a tungsten halogen lamp was used as illumination.
To minimize the error from mismatch between the halogen lamp and the
AM1.5 spectrum, the intensity of the lamp was adjusted to yield the J, from
the QE measurement (described in Section 3.2.2), after correcting this value
with the expected grid shading from the metal top contact.

For Papers VII and VIII a class A solar simulator from Newport was
used. In both cases the samples were placed on a temperature controlled
stage kept at 25 °C.

3.2.2 Quantum efficiency

The solar cell response to photons of different wavelengths is represented by
a QE measurement. Light with a known intensity and wavelength is shone
on the cell and the resulting current is recorded. This is then repeated over
the spectrum range of interest. The ratio of the number of charge carriers
collected, to the number of incoming photons, gives the external QE. When
correcting for the measured reflectance the internal QE can be obtained, see
also Figure 5.

The standard QE is measured under short-circuit conditions but the meas-
urement can also be performed with either forward or reverse bias applied.
This is a way to judge if the effects observed in the QE origins from optical
or electrical losses, since only the latter should be affected by the applied
bias. Such measurements are usually presented as a ratio between the biased
and non-biased curves.
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From the cut-off at the high wavelength side the band gap of the main
material can be retrieved. Several methods for extracting the band gap value
are used in literature. For Paper IV the band gap was retrieved by plotting
(QE)* versus photon energy and extrapolating the linear region at the low
energy side of the spectrum to the x-axis, interpreting its intersection as the
band gap. For Paper VIII (photon energy*(In(1-QE)))* was used instead of
(QE)*. Both methods include questionable approximations, where the (QE)?
is one step further expanded. According to an internal study by S.-Y. Li [94]
the methods yield slightly different results and are more or less sensitive to
solar cell thickness and band tailing. By comparing with simulations the In-
method was found to give most robust results (as an example the QE’-
method yielded 1.44-1.53 eV and In-method 1.52-1.55 eV for a simulated
variation of thickness and band tailing). A similar method, (In(1-(internal
QE))* vs. E, was evaluated in [95] and found to give sound results for
CuyZnSnSe, (CZTSe).

For the papers in this thesis the external QE was measured in a homebuilt
setup, calibrated with an external Si calibration cell from Hamamatsu.

3.2.3 Temperature dependent current-voltage

By measuring the current-voltage curve at a range of temperatures (IVT),
additional information can be gained. For example, when plotting V. versus
T and extrapolating the linear part close to room temperature to 0 K the acti-
vation energy of the dominant recombination path is found according to
Equation (7), as also described in for example [93].

_ Ea _ AT, (oo
Voc = q q ln(h) Q)

Here E, is the activation energy, q is the elemental charge, A is the diode
ideality factor, k is the Boltzmann constant, T is the temperature, Jo, is the
saturation current prefactor and Ji is the photocurrent density. If the activa-
tion energy achieved is lower than the band gap of the absorber, it is typical-
ly assumed that the solar cell is limited by interface recombination (see Sec-
tion 2.1.3 and Figure 2).

In this thesis, IVT measurements were performed at 100 to 330 K by
placing the sample on a liquid nitrogen cryostat connected to a Lakeshore
325 auto tuning temperature controller and using a Keithley 2041
SourceMeter. White light LED was used as the light source and its intensity
was calibrated to match the J, previously measured with IV. The tempera-
ture independence of the ideality factor was checked for the values included
in the linear extrapolation of V. to 0 K.
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4. Cu,ZnSnS, absorber formation

As described in Section 2.4 there are several ways to create the absorber
material CZTS. In the following chapter the methods investigated and opti-
mized in this thesis will be discussed. Part of this is also covered in my li-
centiate thesis [83].

4.1 Sputtering

4.1.1 Introduction to sputtering

Sputtering is a physical vapor deposition technique where atoms are ejected
from a solid surface (target) by energetic ions. Sputtering is a scalable tech-
nique and widely used for production of thin films.

The process takes place in a deposition chamber which is evacuated to
low pressure by a pump system. A sketch of a sputtering system can be seen
in Figure 10. The substrate to be coated is placed in the chamber together
with one, or several, solid material targets containing the coating elements.
When supplying a controlled amount of gas and applying a high negative
potential to the target, the gas becomes ionized and a plasma is created.
Since the ions are charged they are drawn towards the target, which acts as
the cathode. When they hit the target, atoms from the coating material are
ejected, or sputtered. The sputtered atoms will travel through the chamber
and end up on all surfaces, including the substrate intended to be coated.

Also electrons are ejected when the ion hit the target. These are needed to
sustain the plasma in the chamber. The average number of electrons emitted
from one incident ion is denoted secondary electron yield and depends on
the target material and the state of the target surface.

To increase the probability of the secondary electrons to ionize the gas
one can use a magnetic field to cause the electrons to move in spirals close to
the target and thus create a denser plasma at this position. The equipment
used to create the magnetic field is called a magnetron and this technique is
therefore known as magnetron sputtering. This method enable lower process
pressures without losing the plasma and increases the sputtering rate signifi-
cantly. However, most magnetron setups create an inhomogeneous erosion
profile of the target due to a variation of the direction of the magnetic field
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over the target area, and thus decrease the target material utilization. This
can partly be solved by more advanced magnetic field designs.

~ Pulsed +
DC
] power
Pulsed
DC < 2 Pulsed
power J \1 DC
+ e atoms power

o +
H,S / Ar
- 4 == :To pump >

Figure 10. Sketch of a sputter setup, here exemplified by the arrangement used in
Paper VIL.

Several parameters can influence the properties of a sputtered film, such as
pressure in the chamber, distance between the substrate and target, deposi-
tion rate and temperature of the substrate. Sputtered films generally have
good quality and adhesion due to the energy the incoming atoms gain from
the sputtering event. Additionally, the growing layer may be subjected to
particle bombardment both from neutrals and negative ions, depending on
the deposition parameters, and this may also affect the film quality.

A structure zone model for sputtering (SZM), as shown in Figure 11, can
be used to classify the morphology of sputtered films. The variation of film
properties with temperature arises mainly because higher substrate tempera-
ture improves the surface mobility of the sputtered atoms, which means in-
creased probability of finding favorable positions in the growing film. At
even higher temperatures also bulk diffusion and recrystallization occurs.
The effect of the process pressure is caused by a higher probability of colli-
sions between the sputtered atoms and the process gas with increasing pres-
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sures. This both randomizes the direction of the arriving atoms and addition-
ally reduces their energy which decreases the surface mobility.

Films with multiple elements can be created by using one target with sev-
eral elements or several targets in the same chamber directed towards a sin-
gle substrate position, the latter usually denoted co-sputtering. In such a set-
up it is also possible to create composition gradients within the film depth
since the deposition rate from a certain target can be varied by changing the
target power.

Figure 11. Structure zone model from [96] showing the characteristics of films sput-
tered at different conditions.

The voltage applied to the target can either be constant (DC sputtering), or
applied with a frequency (pulsed DC sputtering or RF sputtering). The dif-
ferent types are used depending on the conductivity of the target. If the target
is weakly conductive or insulating, a charge will be accumulated at the sur-
face eventually leading to sudden electrical breakdown and an arc discharge.
In pulsed DC and RF sputtering this is avoided by turning the voltage off, or
reversing its direction, for short times, meaning that the surface is discharged
and never reaches the point of breakdown. A disadvantage with RF sputter-
ing is that the equipment is more complex and therefore more expensive.
The deposition rate is also substantially lowered and this requires longer
deposition times, which is undesirable from a production point of view. Low
deposition rates also generally yield films with a higher degree of contami-
nation because, even at the low pressures used in sputtering, there are small
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amounts of oxygen and other contaminants adsorbing on the surfaces during
the deposition, which are then incorporated in the film.

In reactive sputtering, an additional reactive gas is added to the sputtering
atmosphere and sputtering is performed, either solely in the reactive gas, or
in a mixture of the reactive gas and the inert working gas. The targets are
most often metals and the target surface can thus react with the gas to form a
compound. The altered target surface can in turn affect the deposition rate
and secondary electron yield, and thus, if the process is run in constant pow-
er mode, also the target voltage. To describe these changes, measurements at
different reactive gas flows can be made and put together in a process curve.
The film composition can, as in normal co-sputtering, be changed by varying
the target powers, but additionally by adjusting the fraction of reactive gas.

If only using compounds as target materials it can be referred to as com-
pound sputtering. Compound sputtering is conceptually easier than reactive
sputtering since there is no metal-compound transition of the targets. A dis-
advantage of insulating compounds is the need for RF sputtering. Com-
pounds are also in general more brittle compared to metals and have a lower
thermal conductivity which means that more care has to be taken when in-
creasing and decreasing target power to avoid cracks in the targets. The price
of a compound target is usually substantially higher than the price for a met-
al target.

4.1.2 Reactive sputtering of precursors for CZTS

An advantage with reactive sputtering of Cu-Zn-Sn-S films is the possibility
to adjust the sulfur content. If separate metal targets are used also these ele-
ments can be controlled without restrictions, making it possible to produce
samples over the whole composition range.

Reactive sputtering setup

The film depositions for Paper I-VI were performed in a Von Ardenne
CS600 sputtering system with two magnetrons and a front side heater, all
facing the substrate at an angle of 45° at 160 mm distance. The absorber in
Paper VII was deposited in the same system, but it was rebuilt to comprise a
heater under the substrate, enabling space for an additional magnetron. For
Paper VIII another sputter system was used, this is described in Section
4.1.3.

The targets were 102 mm in diameter and 6 mm thick. The base pressure
was below 10 Pa. The maximum setting for the radiative front side heater
was 500°C, yielding a maximum temperature at the substrate of approxi-
mately 300 °C. The heater installed under the substrate could give a maxi-
mum substrate temperature of around 500-600 °C but the absorber deposi-
tions concerned in this thesis were mainly performed at 180 °C.
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As the deposition system was initially limited to two target positions an
alloy target had to be used to be able to deposit all metals needed for CZTS.
Due to the low melting point of Sn and its good miscibility with Cu, a Cu-
Sn-alloy target was chosen. This allowed easy control over the Zn-content in
the films, but the Cu/Sn-ratio was, in theory, determined by the specific tar-
get composition. Two different Cu-Sn-alloys were used, one with 67 at% Cu
and 33 at% Sn (purity 99.99 %) and one with 65 at% Cu and 35 at% Sn (pu-
rity 99.999 %). The Zn-target had a purity of 99.994-99.995 %.

When the system was rebuilt to include a back side heater, three targets
could be used, enabling full control of the metal ratios. Pure metal targets
were tested but instabilities in the Cu deposition rate, in combination with
arc discharges and flakes from the target, were observed. This was caused by
that the Cu-target surface became highly sulfurized from the background
pressure in the chamber. The Cu-target was therefore replaced by a Cu,S-
target but also this process was unstable and the target exhibited cracks after
usage. These issues are further discussed in the “Target stability”-section
below. The Cu,S-target was replaced with a CuS-target (purity 99.99 %)
which performed stably and thus was used for sputtering the absorbers in
Paper VII, together with metallic Zn (purity 99.994-99.995 %) and Sn (puri-
ty 99.998-99.999 %).

To incorporate sulfur in the precursors, H,S (purity 99.5 %) was used as a
process gas, solely or together with Ar. For Cu-Sn-, Zn- and Sn-targets the
magnetrons were operated in constant power mode by pulsed DC with a
frequency of 20 kHz, supplied by two Huttinger PFG 3000 DC power sup-
plies equipped with Advanced Energy Sparc-le 20 pulsing units. The insulat-
ing ZnS surface layer on the Zn-target was sufficiently thin not to cause arc-
ing problems at this frequency. The CuS-target was operated in constant
power mode, with a pulsing frequency of 150 kHz and an off time of 2 ps by
an Advanced Energy DC Pinnacle Plus.

Process curve

The process curve of the first target setup, using a Cu-Sn-alloy and a Zn-
target, is included and described in Paper I. It shows that the Zn-target is
affected at a lower H,S-flow than the Cu-Sn-target, indicating that the Zn is
first to be sulfurized. This agrees with ZnS having a lower free energy of
formation compared to Cu-S and Sn-S compounds. The abrupt transition for
the Zn-target indicates high reactivity and a large difference in sputtering
yield between Zn and ZnS. The Cu-Sn-target transition from metal to com-
pound mode is more gradual and the voltage continuously increases over a
large range of H,S-flows. Samples sputtered at four different Ar-to-H,S-
ratios show that the deposition rates decrease with increasing amount of
reactive gas, both from the Zn- and the Cu-Sn-target, and that the change in
Zn-rate is more abrupt, agreeing well with the metal-to-compound transition
types observed by the voltage measurement.
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For the CuS-Zn-Sn setup a process curve is shown in Figure 12. As ex-
pected the Zn-target shows the same behavior, with a sharp transition, how-
ever here at a higher H,S-flow. This difference could be caused by that the
Zn in this case is run at a higher power compared to the other metals. This is
supported by the fact that depositions from a fully sulfurized run done at
similar conditions came out Zn-poor for the “two target”- case and Zn-rich
for the “three target”- setup, when compared to CZTS stoichiometry. Anoth-
er difference between the two process curves is that the “three target”- case
is run with new, unused, Zn- and Sn-targets, while for the “two target”- case,
the setup had been used for some time before running the process curve.
Even if the system was run in pure Ar-atmosphere until the voltages were
stable, the results in Paper V indicate that the targets have long stabilization
times and this difference may therefore still affect the resulting process
curves in both cases.
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Figure 12. Process curve for the three target (CuS, Zn, Sn) setup. The process pres-
sure was 0.67 Pa and the total flow at every point was 50 sccm (H,S complemented
by Ar). Set powers were CuS: 150 W, Zn: 400 W and Sn: 100 W.

Regarding the deposition rates for the three target setup with CuS-Zn-Sn-
targets, no dedicated studies were made, but from the work with different
sulfur compositions presented in Section 4.1.4, we can conclude that the Zn-
target also in this setup has four to five times lower deposition rate in com-
pound mode compared to metal mode (see Figure 13). During these experi-
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ments it was also observed, as expected, that both the H,S-flow and target
power are important to keep the Zn-target in compound mode. This is exem-
plified in Figure 13 where decreasing the H,S-flow from 4 to 0 sccm (run
139-141) while keeping the Zn-power constant gives a sudden increase of
Zn-deposition rate for 0 sccm when the Zn-target transfers from compound
to metal mode. Increasing the H,S-flow back to 2 sccm in run 142 does not
bring the deposition rate down indicating a hysteresis effect. However, the
CuS-target power was slightly decreased for this and further runs, which
means that less S is supplied to the system, counteracting the increase of S
from the higher H,S-flow. A lower Zn-power is used for run 143 and the
deposition rate is then reduced because the target transfers back to com-
pound mode. For run 143-147 the H,S-flow is kept constant at 2 sccm while
the Zn-power is gradually increased. Again a sudden transition occurs (run
147) when the target surface goes from compound to metal mode, this time
due to the increased power.
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Figure 13. Example from the CuS-Zn-Sn process of metal-compound transitions of
the Zn-target, causing large changes in the deposition rate. The deposition rates are
here evaluated by raw XRF counts normalized by dividing with applied target power
in W and deposition time in s. The first runs show that, when decreasing the H,S-
flow from run to run, the Zn deposition rate suddenly increases indicating a transi-
tion to metal mode. The second part of the graph shows that the same happens when
H,S-flow is kept constant and the power to the Zn-target is increased. The difference
between run 144 and 145 is a longer deposition time for the latter which in this case
gave a lower average deposition rate.
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For the CuS-target no abrupt change in voltage or deposition rate is expected
since this target should continuously be in compound mode. However, sput-
tering a sulfide target in pure Ar can cause the surface to be depleted of sul-
fur due to preferential sputtering and this can result in a minor change in
target voltage. In our experiments higher H,S-flows yielded a moderate in-
crease in voltage and a slight decrease in deposition rate for the CuS-target
(Figure 12 and Figure 13) which could be due to the change in the target
surface condition or sputtering atmosphere.

For Sn a metal-compound transition is expected but no clear step appears
in voltage nor in deposition rate (Figure 12 and Figure 13). This could either
indicate that the secondary electron yield, and deposition rate, is similar for
Sn and Sn-S, or that the target surface is in either metal or compound mode
for the whole range of flows investigated. Since Sn-S has a less negative free
energy of formation than Zn-S it is expected that the transition would occur
at a higher H,S-flow than for Zn. This would mean that Sn should not be in
compound mode for the whole range, which leaves the other two explana-
tions. For Sn in Ar/O, reactive sputtering only a small target voltage differ-
ence was seen between Ar-sputtering and an Ar/O,-ratio assumed to give
fully oxidized Sn-target [97].

Different ranges for the H,S-flow are used for the two process curves
since the baseline settings used at the two occasions were different. A pro-
cess curve for the “two target”-setup for H,S-flow 0-30 sccm was also per-
formed and showed qualitatively the same behavior as the 0-20 sccm curve
in Paper I, but with the addition that the Cu-Sn-target voltage leveled out at
the highest H,S-flows.

Properties of reactively sputtered films

The properties of sputtered films may vary for different sputtering powers,
process pressures, substrate temperatures and amounts of reactive gas. In
Paper I and Paper 11, the effect of these parameters was investigated.

When sputtering from Cu-Sn- and Zn-targets in pure Ar, a grainy metallic
film was obtained for which XRD measurements indicated the presence of
CusZng and elemental Sn. Increasing the H,S-flow to 50 % of total flow,
yielded an almost amorphous film which showed broad XRD intensities for
the main peaks of ZnS and Cu-Sn-phases, indicating that the sulfur content
was enough to sulfurize Zn but not to fully react the film. Further increasing
the H,S-flow to 75 % and 100 % gave a columnar film with a zinc blende
XRD-pattern, with peaks common for CZTS, Cu,SnS; (CTS) and sphalerite
ZnS, with only small shifts. None of the weak reflections specific for CZTS
or CTS were observed. This pattern is hereafter referred to as X, following
the notation in [98]. Raman spectroscopy with a 514 nm laser showed a clear
but very broad peak around 335 cm™. Peak fitting with Lorentzian curves
gave good agreement for four peaks between 200 and 500 cm™, with intensi-
ties and positions best matching CZTS. However, secondary phases with
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Raman intensities in the same range, such as ZnS, CTS and Cu;SnS,, could
not be ruled out by this measurement.

Structure of the as-deposited films

Sputtering can yield non-equilibrium phases and, as discussed in Paper IV,
we suggest that the films sputtered at the higher H,S-flows have a non-
equilibrium phase with S-ions in the zinc-blende configuration and the metal
ions randomly ordered at the cation sites, see Figure 6. This agrees with the
XRD and Raman results, where a ZnS structure is suggested from XRD but
Raman spectroscopy indicates that each S atom is surrounded by 2:1:1
Cu:Zn:Sn, as in the kesterite structure. A random ordering of the cations
would also mean a range of slightly different S environments causing a
broadening of the Raman peak. Additionally, Raman spectra from 325 nm
excitation wavelength performed in Paper IV strongly indicates the absence
of ZnS in the film, which was the pattern observed in XRD. Examining the
samples by TEM, as described in Paper III, revealed a homogenous film
composition and no indication of more than one phase, which further sup-
ports the hypothesis of a non-equilibrium phase for the as-deposited materi-
al.

Effect of sputtering pressure

A study of the influence of process pressure was made in Paper 1. Two dif-
ferent pressures, 0.67 and 1.33 Pa, and three different H,S/Ar-flows were
compared. The films were generally very similar at the two pressures. Dif-
ferences were only seen in the transition region between metal and com-
pound mode where the system is very sensitive to changes. For the lower
pressure at this H,S/Ar-ratio an additional peak appeared in the XRD pattern,
besides the broad ones indicating Cu-Sn and ZnS. The new peak matches the
close packed plane for elemental Zn, indicating that the lower pressure set-
ting did not supply enough sulfur to completely react the Zn.

Effect of substrate temperature

The substrate temperature during deposition is predicted to affect morpholo-
gy and stress of thin films due to the increased surface mobility of the arriv-
ing atoms. Two temperature series were studied in Papers I and II respective-
ly. The substrate temperature was varied between room temperature and 300
°C. Since film composition also can affect these properties, the temperature
series in Paper Il was designed to give three controlled compositions at three
different substrate temperatures, yielding in total nine samples. This was
accomplished by using different Cu-Sn-alloy targets. Possible variations in
sulfur content were however not compensated for.

In the first series (Paper I), which was done with fixed process settings
besides the substrate temperature, it was clear that the resulting film compo-
sition was highly affected. Comparing the raw XRF counts, it could be seen
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that the difference was mainly due to a decrease of Zn- and Sn-content with
increasing temperature, probably due to the high vapor pressures of Zn and
SnS. Additionally, lower sulfur content at higher temperature was seen by
EDS measurements. This can also be assigned to the high vapor pressure of
Ss.

Higher substrate temperatures gave slightly denser films but generally the
density of the sputtered films was low compared to a CZTS powder refer-
ence. This is not surprising for films sputtered at moderate temperatures
[96].

All depositions exhibited the X-pattern in XRD. However, the intensities
of the peaks changed within the series, indicating that the film became more
oriented towards the (111) (for ZnS) or (112) (for CZTS) planes with higher
temperature. This kind of texture, with the closest packed plane horizontal to
the substrate, is common for sputtered films and the increased orientation is
expected due to the higher surface mobility with temperature. A (200) pole
figure was measured with XRD, which confirmed that the film had a
(111)/(112) preferred orientation but no in-plane orientation.

The internal stress of the films, measured by the deflection of thin glass
substrates, as described in Section 3.1.4, was determined to be compressive
for all samples, except for one with an unusual morphology. For the series
with constant deposition parameters there was a weak trend showing lower
stress values for higher temperature, but these were also the samples with the
highest copper content. For the constant composition series there was a
slight correlation between high copper content and lower stress but no trend
with temperature. This indicates that the different thermal expansion coeffi-
cients of the different layers, causing a difference in shrinkage when the
sample cools, is not a significantly contributing factor to the magnitude of
stress. A further possible explanation for the stress variations in the constant
composition series could be that the copper rich samples were made from a
different sputtering target and at a higher deposition rate. A high deposition
rate is expected to increase compressive stress [96], the opposite to what is
seen here. However, direct comparisons of stress levels in films deposited
from different targets is not straightforward, since the angular distribution of
the energetic species changes overtime as the target is eroded, resulting in
different growth conditions. Supplementary residual stress measurements
were done with XRD. For a sample which had high stress and weak pre-
ferred orientation, good agreement with the curvature measurement was
obtained. However, more textured samples were not possible to evaluate by
this XRD-method.

Differences in stress also cause peak shifts in the standard XRD pattern,
although several other factors, such as composition and phase mixture, influ-
ence the peak position as well. For the measured samples, all the visible X-
peaks are slightly shifted to lower angles while the peaks from the Mo-back
contact are well aligned. The (111)/(112) peak is observed to be 0.1-0.3 de-
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grees lower compared to ZnS or CZTS references. Combining the results
from the two substrate temperature series, we conclude that at least some of
the peak shift is connected to the Cu/Sn-ratio, since the samples with more
stoichiometric Cu/Sn-ratios have peaks closer to the powder reference.
However, there also seems to be a contribution from stress, since the sample
with unusual morphology, which showed a small positive stress, also had by
far the smallest peak shift.

Figure 14. SEM cross sections of films sputtered at different substrate temperatures,
from left: 40, 180, 300 °C. Adapted from Paper II.

Comparing SEM images of three of the samples from Paper II (Figure 14) to
the standard SZM (Figure 11) shows that the low temperature depositions
exhibit features of zone 1-zone T, with a columnar structure and rounded
surfaces. The high temperature deposition appearance is closer to zone T-
zone 2 morphology, with facetted surfaces and angled grain boundaries with-
in the film. When calculating the approximate ratio of substrate temperature
and CZTS melting temperature the resulting positions in the SZM agrees
well with the observed structures.

Target stability

The reactive sputtering process can be challenging, especially due to target
instabilities. These can include arc discharges, flaking, preferential sputter-
ing and long term changes. Due to the narrow composition window for
CZTS (see Figure 7) and since the films are intended for photovoltaic devic-
es and therefore are sensitive to defects, high process stability is required.

In Paper V, some of the peculiar behaviors of the alloy Cu-Sn-target were
investigated. Firstly, we showed that the deposition rate and the resulting
Cu/Sn-ratio had a long stabilization time after Ar-sputtering, about 2 h.
Large variations in the composition were therefore observed when applying
the standard reactive sputtering approach of pre-sputtering the targets in Ar
before every deposition. The procedure was changed to instead pre-sputter at
the same conditions as the deposition, and this yielded more consistent com-
positions. Additionally, we observed a long term alteration of the Cu-Sn-
target, occurring even when the system was not used. The background pres-
sure of S was sufficient to induce severe surface sulfurization. This led to
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variations of the Cu/Sn-ratio at a longer time scale. The sulfurization of the
target created a layered structure, with a thick Cu,S-layer at the top and an
almost pure Sn-layer underneath. This was attributed to the high reactivity
and mobility of Cu in combination with preferentially removed Sn, possibly
by evaporation of SnS through the porous Cu,S.

As mentioned, the metallic Cu-target was abandoned due to problems
with the target surface. A large degree of sulfurization was observed even for
the background pressure in the chamber, which resulted in unstable deposi-
tion rates, arcing and flakes. This is exemplified in Figure 15, where it can
be seen that the deposition rate dropped considerably when the target had
been unused for some days. After sputtering in pure Ar the rate was in-
creased substantially, but several runs in H,S were needed to re-stabilize the
deposition rate.
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Figure 15. Evolution of sputter rates over time for the Cu-Zn-Sn setup. After a
weekend a large drop in sputter rate from the Cu-target was observed (run 4). A pure
Ar-sputtering increased the rate substantially and several runs in H,S were needed to
stabilize the deposition rate again.

Also for the Cu,S-target the deposition process was unstable, with flakes and
cracks appearing on the target, as can be seen in Figure 16. The reason may
be a sensitivity to the sulfur atmosphere, or that the cooling of the target was
insufficient, in combination with a too aggressive power increase at start-up
and a high thermal expansion coefficient of the material [99].
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For the Zn-target we have seen long stabilization times for the deposition
rate after a metal-to-compound transition of the target surface. Additionally,
the deposition rate has continued to change over time at a noticeable but
manageable pace. The Zn deposition rate has also been sensitive to changes
of the other process parameters, which increased the difficulty of controlling
the composition of the films. Part of these problems might have arisen due to
insufficient cooling of the target. Additionally, the power supply used for
controlling the Zn-target had a limited resolution on power control and could
only be changed in 10-20 W steps, which further complicated the control of
the Zn-amount.

Figure 16. Cu,S-target with flakes and cracks.

The Sn-target has generally showed stable operation. In this setup however
the flexibility of the rate was somewhat limited by the low melting point of
Sn in combination with low resolution of the power supply power setting.

The challenges encountered with reactive sputtering encouraged us to ad-
ditionally work with compound sputtering, as is described in the next sec-
tion.
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4.1.3 Compound sputtering of precursors for CZTS

Compound sputtering of Cu-Zn-Sn-S films in Ar is more straightforward
than reactive sputtering due to the absence of metal-compound transitions
for the target surfaces. However, the sulfur content of the resulting film is
not as readily controlled in this setup. It mostly depends on the sulfur content
of the chosen targets, and can only be varied slightly by other process pa-
rameters. The sulfur content of the grown film may also be substantially
lower than that of the targets, both due to the high vapor pressure of S and
Sn-S and due to higher scattering of the lighter S atoms by Ar on the way
from the target to the substrate. This is further discussed in Section 4.1.4.

Compound sputtering setup

The precursor films in Paper VIII were sputtered in a Lesker CMS-18 sys-
tem. The system has six magnetrons, but for these depositions only three of
them were used. The targets were 76 mm in diameter and 4 mm thick and
made of CuS, ZnS and SnS, all with purity 99.99 %. The target to substrate
distance was 163 mm with an angle of 15° and the sputtering took place in
0.67 Pa Ar-atmosphere. For CuS- and SnS-targets, pulsed DC sputtering was
used, whereas RF-sputtering was employed for the insulating ZnS-target. For
the precursor depositions in Paper VIII, the substrate holder heater was set to
250 °C, resulting in a substrate temperature of around 225 °C.

Figure 17. Films sputtered in the compound target sputtering setup using different
substrate temperatures.

Properties of compound sputtered films

The properties of these films were not investigated as thoroughly as for the
reactive sputtering case. There might also have been some variations of the
sputtering process over time since this sputter was recently installed and one
could expect a run-in phase.
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A small study of the effect of substrate temperature was made and similar
trends as in the reactive sputtering case were observed. SEM images show a
transition from SZM Zone 1 to Zone 2 (Figure 11 and Figure 17). Compar-
ing films sputtered at room temperature from the two systems there are indi-
cations that the film sputtered from compounds has slightly worse crystallin-
ity. However, this film was sputtered during the first usage time of the ma-
chine and could therefore also have been affected by run-in behaviors.

Surprisingly, as can be seen in Figure 18, stress measurements with thin
glass slides (as described in Section 3.1.4) show positive values, i.e. tensile
stress for the compound sputtered films, opposite to what was seen for most
films sputtered with the reactive process. The film sputtered at the highest
temperature has the lowest tensile stress, which is expected from theory if
the influence from thermal expansion coefficients of the different layers is
negligible [96].
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Figure 18. Stress measurements from profilometer (filled symbols-left axis) and
XRD main peak positions (open symbols-right axis) for compound sputtered films
compared with reactively sputtered samples (A2-C2 from Paper II was chosen be-
cause of similar composition, Cu/Sn = 2.0 and Zn/(Cu+Sn) = 0.4, besides the com-
pound sputtered film from the highest temp which had Zn/(Cu+Sn) = 0.32).

The difference in stress is also seen in the position of the (111)/(112) peaks
in XRD, which generally appear at higher values for these films, compared
to the reactively sputtered films, see Figure 18. The film sputtered at the
highest temperature has the lowest XRD peak position, closer to the values
seen for the reactively sputtered film. When comparing to tabulated peak
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positions for powder reference materials of ZnS and CZTS, the compound
sputtered films still generally show lower values, indicating that also other
properties affect the peak position. As previously discussed this could be due
to differences in composition or crystal structure, which also for these films
is suggested to be a non-equilibrium phase with S-ions in the zinc-blende
configuration and the metal ions randomly arranged at the cation sites.

As expected, the XRD patterns (Figure 19) show an increasingly oriented
film towards the (111)/(112) plane, the close-packed plane, with higher tem-
perature. The densities calculated for these films are similar to the reactively
sputtered precursors.
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Figure 19. XRD for the compound sputtered temperature series show an increasing-
ly oriented film with higher temperature. The estimated substrate temperature in °C
is given at the left hand side. Dashed grey lines indicated the sphalerite ZnS refer-

ence pattern and dotted pink lines indicate the reference pattern of Mo (back con-
tact).

4.1.4 Sulfur content in CZTS precursors

A possible disadvantage of compound sputtering, compared to a reactive
approach, is that the resulting film might be under-stoichiometric in sulfur.
This is due to the risk of loss of sulfur, or sulfur compounds, caused by low-
er sticking coefficients or higher vapor pressures, as well as higher scattering
of S on the way from the target to the substrate, due to lower mass and thus
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shorter mean free path. In a reactive setup one has the possibility to counter-
act such losses by increasing the H,S-flow. When using a non-reactive setup
there are fewer possibilities to vary the amount of sulfur. A higher sulfur
content in the target could be used, but in general it is preferred to use stable
compounds as target material, and the selection is therefore limited.

Figure 20. Comparison between reactively and compound sputtered samples, with
an attempted variation in sulfur content. Process parameters, such as gas flows, are
given at the top. Metal compositions are measured with XRF while S-ratios are
measured with EDS. The sulfur content is given both as S/(Cu+Zn+Sn) and as R=
2S / (Cu + 2Zn + 4Sn), where the latter accounts for the oxidation states of the met-
als and thus better describe the chemical situation for a non-stoichiometric sample.
The bright grains have been observed to be ZnS and can be seen in the Zn-rich films
(Zn/(CutSn) > 0.33).

The second step in the solar absorber processing is annealing, as seen in
Figure 1. In this step it is possible to include sulfur, so a precursor under-
stoichiometric in sulfur might not cause problems. However, if the as-
sputtered precursor lacks sulfur it must diffuse into the film during anneal-
ing, which might change the needed annealing time and affect the grain size
or crystal quality. Additionally, as described in Paper I and Section 4.1.2,
significantly decreasing the sulfur content of the as-sputtered precursor will
completely change its structure, going from a zinc-blende arrangement, to an
almost amorphous material for intermediate sulfur contents and, when no
sulfur is added, yielding a phase segregated metallic film.

In Paper II, there were indications that the high sulfur contents seen for
room-temperature sputtered films might cause cracks in the films when an-
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nealed. Additionally, we initially noticed a difference in annealing behavior
between compound sputtered and reactively sputtered precursors, with com-
pound sputtered film yielding slightly smaller grain sizes. Measurements
showed lower sulfur contents in the compound sputtered films in these cases.

To investigate the influence of precursor sulfur content on absorber quali-
ty, a sample series with films sputtered at different H,S-flows, and com-
pound sputtered films, were annealed together and then analyzed (the an-
nealing procedure is further described in Section 4.2, settings for this run
was: 80 g S, large uncoated box, 35 kPa Ar, 560 °C, 10 min). The sulfur
variation was kept small to avoid precursors with a completely different
structure. Previous results from Paper I indicated that films with a S/Metal-
ratio down to at least 0.73 had the metastable phase we observe in fully sul-
fur-stoichiometric precursors. A sulfur variation down to this value was
therefore aimed for. However, the targets used for this series were CuS, Zn
and Sn, as compared to the purely metallic targets used in Paper 1. Sulfur
was therefore also provided from the CuS-target which meant that sputtering
in pure Ar yielded an XRD pattern most similar to sputtering in 50 % H,S
from metallic targets (sample B in Paper I). This, together with the metal-to-
compound transition of the Zn-target which causes a large difference in dep-
osition rate, made producing a sulfur content series from the CuS-Zn-Sn
setup complicated, and a smaller variation than intended was achieved, with
S/Metal-ratios ranging from 0.98 to 1.11, as can be seen in Figure 20.

The films were investigated with XRD and Raman spectroscopy but no
clear correlation between sulfur content of the precursor and absorber quality
was observed. SEM images of the films can be seen in Figure 20 and also do
not show any significant trends with sulfur content. However, the compound
sputtered films seem to have slightly larger grain sizes, opposite to what had
been observed in earlier experiments.

The sulfur content was measured with EDS, using the machine calibra-
tion. This means that the values may not be very accurate, but similar films
should give comparable results. However, for this series there was an unin-
tentional trend in thickness, with thinner layers for lower sulfur contents. To
investigate if this affected the EDS results, measurements were done on a
previously sputtered thickness series from [100]. The results are presented in
Figure 21 and show that there is either a trend of thinner films generally
containing less sulfur, or a systematic measurement error yielding lower
sulfur contents for thinner films. These measurements were done on films on
Si-substrate, so the influence of the overlap between S and Mo discussed in
Section 3.1.1 is not relevant here. There is no obvious reason for either ex-
planation, but due to the complexity of measuring sulfur in thin films with
EDS, it is not unlikely that this is a measurement problem.
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Figure 21. Measurement of sulfur content with EDS on the attempted sulfur series
and a reference series with expected constant sulfur amount.

4.1.5 Discussion

Reactive and compound sputtering yield similar precursors for optimized
settings. In Figure 22, XRD of precursor films from several sputtering setups
are shown. Additional to the ones presented so far, there is also an example
of a film sputtered from a CZTS-target in the reactive sputtering setup. All
precursors show the X-pattern, but with small variations in peak height dis-
tribution, indicating that there might be a difference in the level of texture
for the films. An additional, low intensity peak can be seen at around 14.3°
for some of the films. This peak is neither associated with the substrate nor
does it belongs to the ZnS pattern or any of the possible secondary phases. A
hypothesis is that it is related to the close packed plane in the ZnS structure
since it occurs at roughly half of the main peak value, which could mean that
it represents every other close packed plane. The expected peak position for
this can be calculated by Bragg’s law and yields 14.1°, which is close but not
perfectly matching.

From EDS measurements, slightly more O was seen for the compound
sputtered precursors, possibly due to slower deposition rate. An ERDA
measurement on a reactively sputtered precursor and its annealed counterpart
showed very low amounts of impurities in the samples. H, C and O were
detected, but well below 0.5 at% in the bulk. Comparing the two films, the
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H-content was higher in the precursor, probably due to implantation of H
from the H,S-gas, which is then removed during annealing. The annealed
sample instead had slightly higher O and C levels.
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Figure 22. Examples of precursor XRD patterns from different sputtering setups.
The substrate temperature was 180-220 °C and sample thickness varies. The compo-
sition for each sample is given on the right hand side by the ratios Cu/Sn & Zn/(Cu
+ Sn). ZnS reference pattern is shown in dashed grey and Mo (back contact) pattern
is shown in dotted pink.

The difference in stress between compound sputtered, which exhibited ten-
sile stress, and reactively sputtered films, with generally compressive stress,
could have several origins. Generally the stress in the films is affected by
substrate temperature, sputter pressure, target to substrate distance, angle of
incidence and working gas species [96]. For the same substrate temperature
and sputter pressure, the two setups yielded different types of stress so nei-
ther of these parameters should therefore be the cause. The target to substrate
distance is the same in the two setups but the angle of the targets is slightly
different. The general trend for angle of incidence is however that a larger
angle creates more tensile tress, opposite to what is seen here [101]. The
thickness of the sputtered film can also yield different stresses [102] but
since the reactively sputtered films in Paper I and II include the thickness
range for compound sputtered films and the differences persist, the influence
of this seems negligible. The deposition rate is slightly higher for the reac-
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tively sputtered films and this has been seen to give more compressive
stresses, however, as discussed in Section 4.1.2, the trend with sputter rate
was opposite within the reactively sputtered series, indicating that it is not
significant in this case. Instead it is likely that it is the fundamental differ-
ence between reactive and compound sputtering, such as working gas and
target surface state, which causes the difference in stress value. Due to the
electronegativity of sulfur, negative sulfur ions are created in reactive sput-
tering, as shown in [103] for Cu-targets in Ar/H,S atmosphere. For reactive
sputtering in O, it has been observed that the negatively ionized oxygen can
impact the stress levels due to high energy ion implantation [104]. In our
case it is possible that negatively charged S-ions have the same effect and
that more of these are created at the target in the reactive process due to the
higher sulfur content in the sputter atmosphere.
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Figure 23. IV and solar cell parameters for a reactively sputtered and a compound
sputtered precursor annealed in the same process run by Y. Ren. Light IV with solid

lines and dark IV with dashed lines. Annealing parameters: 80 g S, large uncoated
box, 35 kPa Ar, 560 °C, 10 min.

However, as also concluded in Paper II, within the range obtained for these
precursors, stress does not seem to impact the final solar cell performance.
Well performing solar cells can thus be made from both sputtering setups. A
direct comparison between a reactively sputtered and a compound sputtered
sample, annealed in the same process run, can be seen in Figure 23. The
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slightly lower current for the solar cell from reactively sputtered precursor
could be due to a higher Zn-content in this film (Zn/(Cu+Sn)=0.43 vs. 0.38),
which could mean a slightly larger amount of ZnS secondary phase (Section
2.5). CZTS solar cells with up to 7.9 % efficiency have been made from the
reactive sputter approach [20] and for the compound sputtering a 7.2 % (with
CdS buffer) and a 9.0 % cell (with ZTO buffer and antireflective coating) are
presented in Paper VIIIL.

To summarize, the reactive approach is more versatile and enable varia-
tion of all the elements in CZTS, but can be challenging to control. A com-
pound sputter setup might more quickly give reproducible results when the
desired composition is known and the sulfur content is not critical. It is pos-
sible to obtain high quality CZTS precursors from both setups.

4.2 Annealing of CZTS precursors

As discussed in Section 2.4 the two-step approaches for making CZTS ab-
sorbers include a second step with heating or sulfurization to produce high
quality solar cell material. In this thesis, the precursors prepared by sputter-
ing have a metastable, small grained phase, not suitable as an absorber, as
shown by the low efficiencies achieved when processing it into a solar cell
(see Paper IV). To improve grain size and absorber quality an annealing is
necessary.

Annealing setup

For all the papers presented in the thesis annealing was performed in a
home-built tube furnace. The furnace includes a sample loading plate which
can be transferred between a loading zone, a cold zone and a hot zone, to
ensure fast heating and cooling of the samples. Argon was used as the pro-
cess gas and the background pressure could be adjusted. The annealing pro-
cedure was developed over time and optimized at several occasions, espe-
cially when changes were made in the precursor step, such as when shifting
from reactive to compound sputtered precursors. The different annealing
procedures are presented in Table 2 and discussed below.

For Paper II-IV no sulfur was added in the annealing process, instead the
volume above the film was kept small by covering it with a piece of glass.
Further understanding of the chemistry during annealing, such as the im-
portance of sulfur pressure to counteract the decomposition and back contact
reaction [20, 40], led to development of the process, and for Paper VI-VIII
the sample was encased in a graphite box together with elemental sulfur
pellets, before being loaded into the furnace. The box was designed to have a
lid that fitted tightly, to limit the leakage of sulfur vapor. However, a small
hole in the lid made it possible to evacuate the air before annealing. The hole
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became covered as soon as the box entered the hot zone since the graphite
block in this part of the furnace was designed to match the box thickness.

Table 2. The annealing parameters used in this thesis.

Paper no. Added S [mg] Ar [kPa] Temp. [°C] Time [min]
I - - - -

I 0 35 560 3

I 0 35 560 3and 10
v 0 35 560 3

\Y - - - -

VI 20 (small uncoated box) 35 560 10

vl 30 (large uncoated box) 35 560 10

VIII 80 (large coated box) 47 580 13

The first version of the box could hold a 25x25 mm sample and this box was
used in Paper VI. To enable larger sample sets and thus better comparisons,
a larger box, with room for four 25x25 mm samples was developed. This
was used for Paper VII. In Table 2 it can be seen that the amount of added
sulfur was increased slightly to compensate for the larger volume. However,
we observed that moderate variations of the sulfur amount did not have a
noticeable impact on the quality of the annealed film.

The graphite boxes were observed to give different results depending on
previous processes, indicating a memory effect. To try to avoid this, boxes
coated with pyrolytic carbon were introduced. The idea was to limit possible
absorption and re-absorption of Sn-S in the graphite. A coated box was used
in Paper VIII.

The re-optimisation of annealing for compound sputtered precursors in-
cluded evaluation of time, background pressure and temperature. As can be
seen in Table 2 for Paper VIII, this resulted in new parameters for annealing,
with slightly longer time, higher temperature and higher background pres-
sure.

Properties of annealed films

The film morphology is drastically changed by the annealing step, as can be
seen in Paper II and IV. The grains grow substantially and no columnar
structure is left. The metal composition is almost unchanged by annealing
while the thickness decreases slightly. This is also part of the cause for the
slightly higher densities of the annealed films. However, the densities are
still lower than the bulk value for CZTS, most likely due to voids in the
films.

In XRD, several additional peaks appear after annealing and the pattern
fits well to CZTS. The (112)-peak is now generally found at 28.48 which is
close to the reference position for CZTS, indicating that the stress has re-
laxed during annealing. The relative peak intensities are also closer to the
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powder reference, although do not match perfectly, suggesting that some of
the texture of the precursor may remain. The Raman peaks are narrower and
match CZTS.

Examining the samples in SEM, many of them exhibit small, bright
grains. By EDS mapping in TEM (Paper III) these were observed to be ZnS
secondary phase.

Effect of precursor substrate heating and composition

In Paper II, nine samples, with three different sputtering substrate tempera-
tures and three compositions, were annealed. The grain size after annealing
seems to increase both with precursor deposition temperature and copper
content. The trend in grain size with precursor deposition temperature in the
annealed films could indicate that the structure of the heated precursors is
more similar to CZTS, which would mean that larger grains could form dur-
ing the same annealing time. Another parameter changing with the deposi-
tion temperature in this series is the sulfur content and as also discussed in
Section 4.1.4 we have seen indications that this could affect the grain size.
Additionally, the different temperatures during precursor deposition could
mean that different amount of Na have diffused into the films and that this
influences the grain size, as mentioned in Section 2.2. A later study using
secondary ion mass spectroscopy on compound sputtered precursors showed
however only low amounts of Na for a sample sputtered at 225 °C [105]. A
larger grain size with increasing copper content is well known for CIGS
[106] and has also been reported for CZTS [107].

When annealing the temperature series in Paper I and Paper II, the precur-
sors sputtered at room temperature yielded cracked films. The room tem-
perature precursor in Paper | had a large compressive stress, which was sus-
pected to be a reason for the behavior. However, the room temperature sam-
ples in Paper II had a large variation in stress values but no correlation with
the amount of cracking was seen. Instead it appears that what differentiate
the precursors deposited at room temperature are slightly lower densities,
slightly higher sulfur contents and minor differences in texture and crystal-
linity, judging from XRD and Raman spectroscopy. It is unclear if the low
density and the higher sulfur content are connected or if the low density orig-
inates from a more porous morphology. Either could however be a plausible
explanation for the annealing behavior, both the loss of excess sulfur or
elimination of porosity could lead to formation of cracks during the anneal-
ing process.

Due to the cracks solar cells from precursors sputtered at room tempera-
ture were shunted. Solar cells from the films sputtered at higher temperatures
in Paper II had efficiencies between 2-4.5 % without trends for composition
or temperature. However, the annealing here was done without added sulfur,
generally yielding lower efficiencies, and it is possible that the result would
have been different for other annealing parameters.
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4.3 Low temperature post-annealing of CZTS

Several research groups have reported changes in the CZTSSe material due
to post-annealing. Alterations have been observed already for low tempera-
tures and short times, down to 100-150 °C and 30 min [108, 109]. In Paper
VIII the main ambition was to continue the investigation on ZTO as a buffer
material for CZTS solar cells and this is the further discussed in Chapter 5.
However, since the buffer layers were grown with ALD at temperatures of
105-165 °C, and due to the apparent temperature sensitivity of the CZTS
material, additional experiments were carried out in an attempt to decouple
the influence of the buffer variation from possible annealing effects on the
CZTS absorber.

A sample series including an additional post-annealing in N, after the ab-
sorber formation but before buffer deposition, was evaluated (see Figure 1
and Figure 24). Four different temperatures with a holding time of 40 min
were used, to mimic the temperature load the absorbers would experience
during a ZTO buffer deposition. The samples were then processed with the
standard CdS buffer (as described in Section 5.2).
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Figure 24. Device parameters for solar cells made from post-annealed absorbers.
Reference without post-annealing to the left. Adapted from Paper VIIIL.

The device characterization showed small improvements in all parameters
for 125, 145 and 165 °C while the sample heated at 105 °C had worse per-
formance than the unheated reference. Capacitance-voltage (CV) measure-
ments were performed on this series and indicated a slightly higher doping
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density for the 105 °C sample, which could be a reason for the degraded
electrical properties. However, a change in absorber doping may both be
detrimental and beneficial, depending on several parameters, such as the
initial absorber doping, absorber quality, doping level of the buffer and
properties of the interface. Many of these properties could be affected by the
heat treatment and thus influence the electrical behavior in opposite direc-
tions.

To further investigate the impact of post-annealing, another set of samples
were treated in the ALD-system, usually used for producing ZTO buffers,
but in this case without depositing anything. The highest process tempera-
ture, 165 °C, was chosen for this study. The samples were kept in the ALD
chamber for 15 min in 2 mbar flowing N, atmosphere but were also heated
and cooled the same way as would have been done in an ALD buffer pro-
cess. One sample was only heated, but for the next sample also the gaseous
ALD Zn-precursor was added into the chamber atmosphere. The last sample
was instead exposed to the ALD Sn-precursor. The samples were then re-
moved from the ALD, coated with the standard CdS buffer and finished to
solar cells.

The three different treatments gave cells with similar electrical properties,
judging from the IV curves. A larger V,,. improvement was seen compared to
the previous heat treatment experiment. As before, a slight FF increase was
observed, but in this series only one of the samples (the Zn-treated) showed
a very small improvement in J;,, when measured in IV. These results indicat-
ed that post-annealing was the main affecting parameter and that the treat-
ment with ALD Zn/Sn-precursor did not have a significant effect on the so-
lar cell performance. However, QE measurements on the surface treated
series showed a larger J. improvement for the Zn-treated sample and a better
collection for long wavelengths was observed. The difference between the
results from IV and QE could depend on that the QE measurement was not
performed under full illumination. Additionally, negatively biased QE (see
Section 3.2.2) showed an improvement in the long wavelength region for the
just-heated and the Sn-treated samples, indicating a short diffusion length or
a narrow space charge region [110]. For the Zn-treated sample the unbiased
QE response for the long wavelength region was higher, and the increase
with bias was less, which indicates a larger space charge region or a longer
diffusion length for this sample.

To summarize, the results from these series thus show that the heating is
the main contributor for changes in device properties, but that there may also
be an effect of a modified surface by the Zn-treatment.

Numerous papers have been published about the effect of post-annealing
on CZTSSe [9, 88, 108, 109, 111, 112]. However due to the complexity of
the starting material, especially the S/Se-ratio and the various kinds of impu-
rities, caused by the many different deposition methods used, and additional-
ly due to the many kinds of post-annealing chosen, such as different atmos-
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phere type and pressure, different temperatures and performed at different
stages of the solar cell fabrication, there is no general conclusion regarding
the reason for the changes seen, and possibly this might also differ from case
to case.

There could be several reasons for the absorber to be affected by these ra-
ther short, low temperature heat treatments. Without extensive material and
electrical characterization it is hard to decipher what is the origin of the
changes. Suggested explanations in literature are, for example, changes in
the Cu-Zn disorder, changes in absorber surface composition, re-distribution
of Na and oxidation of grain boundaries [108, 112-114].

Since the annealing in our case was done in an inert atmosphere, the risk
for oxidation should be limited, however oxygen can of course never be
completely avoided. For the Cu-Zn disorder our previous experiments indi-
cate that major changes only occur for longer times or higher temperatures
[113]. Additionally, the absorber band gap should be affected by the order-
ing process and no such shift was seen here. The changes in doping for the
temperature series point towards changes in the Na-distribution, while the
changes in QE for the Zn-treated sample indicate that surface composition of
Zn has an influence on the device properties, however, in this case it was not
seen in the [V-measurements. Most probably both effects can occur simulta-
neously.

For these two series it is not possible to conclude what causes the changes
seen with post-annealing treatment, but the results indicate that any step after
the absorber deposition that includes heating, even at a low temperature and
short time, may affect the solar cell behavior. The CZTS sensitivity to low
temperature annealing may both be beneficial and disadvantageous. If it can
be used to consistently and permanently improve cells, it could be a valuable
step in a production line. However, any steps subsequent to the absorber
formation containing heat may be problematic, especially if the time and
temperature optima are different for the different layers in the solar cell. At
the very least, possible changes of the absorber have to be taken into account
when comparing CZTSSe samples that have different thermal histories.
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5. Buffer layers for Cu,ZnSnS,

5.1 Background

To form the pn-junction in the CZTS solar cell an n-doped layer needs to be
added to the p-type CZTS absorber. In principle one could use a single layer
that would work as both the n-side of the junction and a front contact. How-
ever, due to the high demand on the quality of the pn-junction to avoid inter-
face recombination, and at the same time the need for exceptional transpar-
ency and conductivity of the front contact, there are benefits of using two
different layers and optimize them separately, thus a buffer layer is often
applied in-between the absorber and the transparent front contact.

As discussed in Section 2.1.3 and Section 2.6.2, one of the limiting fac-
tors for high efficiency sulfur CZTS solar cells could be a sub-optimal band
alignment with the standard buffer material CdS. Accordingly, other materi-
als are investigated for this kind of absorber. The record efficiency sulfur
CZTS solar cells are actually made with modified CdS buffers, containing
Zn or In to improve the cell performance, which is also shown to alter their
band alignment [52, 70].

The heterojunction band alignment is sensitive to several parameters
which are difficult to simultaneously control in experimental setups, such as
interdiffusion, surface termination, grain orientation, impurities and charge
densities. These may originate from absorber formation and temperature
treatment as well as sample handling before buffer deposition and growth
conditions of the buffer layer. In this thesis care has been taken to ensure as
similar treatments of the samples as possible to enable comparable results.
However, as the example of the low temperature annealing shows (see Sec-
tion 4.3), it is difficult to completely avoid differences in sample treatment.
Section 5.5 discusses different surface treatments before buffer deposition.

Besides the possible band misalignment there are also other disadvantages
with CdS. The band gap of CdS is small enough to absorb part of the incom-
ing light. Changing to a buffer material with higher band gap allows more
light to be transmitted to the absorber material which in turn enables a higher
maximum current from the solar cell. Additionally, since Cd is toxic it is
positive to be able to omit it, both because of the risk of exposure during
production and to facilitate waste handling. To find a fitting replacement for
CdS, several Cd-free alternative buffers have been researched, for both
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CZTS and CZTSSe, such as ZnO, Zn(O,S), (Zn,Mg)O, Zn,..Sn,Oy, In,S; and
an “In-based” buffers [34, 52, 115-118].

In this thesis, two different Cd-free material systems were investigated,
namely ZnO;,S, (Zn(0,S)) and Zn,Sn,Oy (ZTO). For both materials the
ALD deposition process was varied to create buffers with different band
gaps. In Paper VI the composition of Zn(O,S) was varied in several steps
from pure ZnO to pure ZnS, which is expected to give CZTS solar cells with
a range of band alignments, from a large cliff to a high barrier (see also Fig-
ure 2 and Section 2.1.3). In Paper VII and Paper VIII the ALD process tem-
perature for ZTO was varied to alter the conduction band position of the
material and find the optimal band alignment with CZTS and this yielded
very promising results.

However, for the majority of the solar cells produced in this thesis the
standard CdS buffer layer was used. It was also used as reference in compar-
ison to the alternative buffer materials. Additionally, a study of the effect of
different thicknesses of the CdS buffer layer was performed.

5.2 CdS on CZTS

The CdS buffer was used for the solar cells in Paper II-IV and as reference to
the alternative buffers in Paper VI-VIII. A study on the influence of CdS
thickness was performed in Paper VI and the results are discussed below.

CdS deposition setup

The buffer layer was deposited by CBD and the recipe developed for CIGS
solar cells was used. The CBD solution was kept at 60 °C and comprised of
1.1 M ammonia, 0.100 M thiourea and 0.003 M cadmium acetate. The sam-
ples were kept in the solution for 8 min and 15 s, and stirred every minute,
which yielded a 50 nm thick film. For the CdS thickness study in Paper VI
samples with thicker CdS was created by repeating the standard CBD proce-
dure a second time directly after the first. This is expected to give roughly
double thickness. A sample with thinner CdS was produced by shortening
the deposition time to 6 min, which is predicted to give about half the thick-
ness.

CdS results

In Paper VI half, normal and double thickness of CdS was evaluated. For
one of the samples with double CdS thickness the i-ZnO layer was omitted
to investigate its effect on the solar cell performance.

In QE the expected change in the low wavelength region was observed,
with higher response for samples with a thinner buffer, since less of the in-
coming light is absorbed by the CdS layer. The long wavelength part of the
QE curve was similar for the different samples, but the solar cell with thick-
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est total window layer (double CdS + i-ZnO) had a generally lower QE. The
FF for the sample without i-ZnO, 66.3 %, was one of the highest reported for
the CZTS material in literature [3, 39].

Negatively biased QE measurements (see Section 3.2.2) showed an in-
creased collection for long wavelengths for all samples. Such behavior is
usually explained by poor collection towards the back of the absorber [110],
possibly due to short diffusion lengths in combination with a narrow space
charge region.

The V,. was slightly reduced for the sample with thinnest CdS layer.
Comparing the thick CdS sample to its own reference also showed this trend,
but when comparing to the standard thickness samples in general there was
no difference between normal and double thickness. In other studies, both
increase and decrease of V. with CdS thickness have been observed but no
clear origin was identified [45, 119, 120].

The difference in efficiency for the thickness series was at most 1 % (ab-
solute), and the variation between the references was 0.7 % (absolute),
which indicates that the solar cell performance is rather robust with respect
to thickness variation in this range.

5.3 Zn(0O,S) on CZTS

The Zn(0O,S) system was chosen since it has been shown that the conduction
band in this material can be changed by varying the ratio of oxygen to sulfur
[59], and that the optimum conduction band alignment for CZTS should lie
in between the ZnO and the ZnS values. Pure ZnO is expected to give a neg-
ative conduction band offset with CZTS and has been shown to give work-
ing devices [34, 121]. ZnS should according to first-principles calculations
cause current blocking due to a high barrier and for CZTSSe solar cells this
was also observed in experiments [117, 122]. In Paper VI different Zn(O,S)
compositions were evaluated as buffer layers for CZTS and the results are
described below.

Zn(0,S) deposition setup

The Zn(O,S) was deposited by ALD in a home-built system called MP3,
described in [123]. The process was performed at 120 °C using diethyl zinc
(DEZ) as the Zn-precursor, H,O as the O-precursor and H,S as the S-
precursor. The buffer composition was varied by changing the number of
cycles of DEZ/N,/H,O/N, versus DEZ/N,/H,S/N; in the ALD process. For
the standard thickness a total of 70 cycles was completed. Additionally, one
of the buffer compositions was also tried with twice the number of cycles.
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Zn(0,S) results

The variation of the Zn(O,S) composition indeed had a large influence on the
electrical properties of the solar cells, as can be seen in Figure 25. Pure ZnS,
as expected, blocked the current, and pure ZnO gave low V. values, as is
predicted for a large negative conduction band offset. The intermediate com-
positions had a clear trend in V., with the highest values for the most sulfur-
rich buffer. The currents also showed the same, although weaker, trend. The
parameter which limited the efficiency for the most sulfur-rich buffer was
FF.
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Figure 25. Electrical properties of solar cells with Zn(O,S) buffer. CdS reference in
black. a) IV curves, including ZnO and ZnS buffer layers b) Ji. from IVT, ¢) V.
from IVT, d) R, from IVT. Adapted from Paper VI. ©OIEEE 2014

Shunting seemed to increase with higher oxygen content in the buffer. This
behavior can possibly be remedied by using a thicker buffer layer and trying
this for the intermediate buffer composition indeed slightly improved the
shunt conductance from 2.5 to 1.9 mS/cm? extracted from the dark JV
curve. The V,. was also increased for this sample, and this resulted in the
best efficiency of the sample series.

Negatively biased QE measurement on the best Zn(O,S) sample showed
an additional increase of collection towards the short wavelength side. The
more sulfur rich Zn(O,S) buffer instead showed a slight increase in QE for
all wavelengths at negative bias. An explanation for this could be a photo-
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current barrier at the buffer-absorber interface, in agreement with the low FF
for this sample.

IVT revealed that the J. of the buffer with the highest sulfur content de-
creased already around room temperature, while the other samples had a
constant J,. from 330 K to around 240 K (Figure 25b). The early decrease of
Js. agrees with that there is a barrier at the interface, as suggested from nega-
tively biased QE and the low FF value.

Extrapolating the V. (T) to 0 K (as described in Section 3.2.3) showed an
increase in activation energy with increasing sulfur content of the Zn(O,S)
buffer (Figure 25¢). However, all the values are still well below the expected
band gap value of 1.5 eV. This indicates that the band alignment of Zn(O,S)
buffer on CZTS absorber can be changed by the oxygen to sulfur ratio in
Zn(0,S) but that interface recombination is still dominant, possibly due to a
defective interface and maybe still a non-ideal band alignment.

TEM studies of the CZTS-buffer interface in the best Zn(O,S)-sample
showed no obvious causes for bad electrical performance. The buffer con-
formally covers the CZTS grains and the crystallinity at the interface seems
high. TEM-EDS across the interface also showed a sharp transition without
gradients across the buffer layer or diffusion of elements between the buffer
and absorber.

To obtain additional properties, the IV curves can be fitted to a one-diode
model (as discussed in Section 3.2.1). However, for these solar cells it is
dubious if the fitting is reasonable, due to the non-ideal behavior of the de-
vices, especially at lower temperatures. Nevertheless, the CdS reference and
the best alternative buffer gave tolerable fits and could be compared. Early
investigations for CZTSSe-CdS solar cells had shown an increase in series
resistance for low temperatures [124]. Our experiments showed that the in-
crease in series resistance was similar for the Zn(O,S) buffer layer and the
CdS reference, indicating that either the two different buffer layers cause a
similar problem, or that the origin of the high series resistance at low tem-
peratures is not the buffer (Figure 25d).

54 ZTO on CZTS

The band gap of ZTO can be altered both by changing process temperature
and Sn/(Zn+Sn)-ratio. Both parameters affect the structure of the ZTO film,
which is observed to be amorphous with embedded ZnO or ZnO(Sn) na-
nometer-sized crystallites. The small size of the crystallites causes quantum
confinement effects which modifies the band gap of the material [125]. Re-
sults from ZTO buffer on CIGS indicate that the band gap change induced
by the process temperature occurs mainly in the conduction band, while a
change in Sn-content affects both conduction and valence band [126, 127].

74



In Paper VII and VIII different ZTO buffer layers were evaluated together
with CZTS, yielding promising results, as described below.

ZTO deposition setup

The ZTO layers in Paper VII and VIII were deposited by ALD in a Micro-
chemistry F-120 system. The samples were first heated for 30 min in the
process chamber to equilibrate at the process temperature. The films were
grown using diethyl zinc [Zn(C,Hs),], tetrakisdimethylaminotin(IV)
[Sn(N(CHj3),)4] and deionized water as precursor gases, while N, was used
as carrier gas. For Paper VII the growth cycle was Zn/Sn-
precursor:N,:H,O:N, and the pulse lengths were 400/400:800:400:800 ms
respectively. A 1:1 ratio of Zn:Sn cycles was used and the number of cycles
varied between 730 and 1100. For Paper VIII the pulse lengths were
400/400:2000:400:2000 ms and the ratio of Zn:Sn cycles was 1:2. To keep
the same thickness of the buffers within this sample series the number of
cycles was varied from 500 to 800, since the growth rate was slightly slower
for lower process temperatures. The resulting deposition times were between
40 and 65 min.

Z.TO results

In Paper VII the ZTO buffer layers developed for CIGS [128] were applied
to CZTS solar cells. When using an ALD process temperature that was ob-
served to give similar conduction band offset as CdS (on CIGS) [127], the
resulting V,. was comparable to the CdS reference, as expected. A signifi-
cantly lower ALD process temperature, which should yield a ZTO with
higher conduction band level, indeed gave a low FF, indicating a barrier at
the interface. An intermediate temperature yielded solar cells with clearly
higher voltages and efficiencies than the CdS reference.

The activation energy of the dominant recombination path was obtained
by extrapolating V. (T) to 0 K and resulted in 1.36 eV for the best ZTO
sample, see Figure 26. This is one of the highest activation energies ob-
served for a full-sulfide CZTS solar cell in current literature [129]. It is how-
ever still lower than the optical band gap of 1.5 eV. Nevertheless, it is com-
parable to the PL peak position of the absorber which was measured to be
1.3-1.34 eV for this sample. This can be interpreted as the bulk radiative
recombination energy for the material, which indicates that the dominant
recombination pathway has been moved from the interface to the CZTS
bulk, most likely due to better band alignment.

The top efficiency achieved in Paper VII was 7.4 % for a sample with
ZTO buffer. That an alternative buffer performed better than its CdS refer-
ence had not been observed previously for Cd-free alternative buffers and
was of course very promising [81, 130]. The top efficiency solar cell in Pa-
per VII however came from a batch with a relatively poorly performing CdS
reference of 5.8 %, which is in the lower part of the expected baseline re-

75



sults. Additionally there was a variation of buffer thickness and absorber
composition in Paper VII which could influence the results. This encouraged
us to continue experiments with the ZTO buffer layer.
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Figure 26. IVT from Paper VII comparing ZTO buffer with CdS buffer, with ex-
trapolation to 0 K to obtain the activation energy of the dominant recombination
path.

[mV]

oc

Vv

In Paper VIII a different Zn:Sn ratio was chosen, yielding films with slightly
higher Sn-content. The process temperature in the ALD reactor was varied
between 105 and 165 °C to find the optimum band alignment (see Figure
27). TEM investigation showed no indication of interdiffusion between buft-
er and absorber, but due to very thin ZTO layers (10-13 nm) more thorough
characterization would have to be done to rule this out.

The V.. was generally higher for the ZTO devices compared to the CdS
references, and the highest value was seen for the 145 °C process tempera-
ture. However, if strictly comparing with each sample’s CdS reference the
buffer layers produced at 125 and 145 °C, showed comparable improvement
of the voltage. The trend for J,. was similar within the ZTO sample set. It is
however not possible to directly compare the currents of the ZTO buffers
with the CdS references due to their different thicknesses and thus difference
in reflectance. Nevertheless, from the low wavelength part of the QE meas-
urements the benefit of a higher band gap buffer was clearly visible. The FF
was similar for all samples besides a decrease for the ZTO deposited at 105

76



°C. Noteworthy is that the FF was slightly better for the highest process
temperature.
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Figure 27. Device parameters for cells with ZTO buffers, deposited at different
ALD process temperatures, and their CdS references. The left CdS reference belongs
to the 105 and 125 °C sample and the right CdS reference to the 145 and 165 °C
samples. Stars indicate the parameters for the record sample (with AR coating) and
its CdS reference. Adapted from Paper VIII.

The band gaps of the buffer layers were measured with ellipsometry and, as
expected, a decrease with increasing process temperature was observed. The
buffer layers prepared at 125 and 145 °C showed similar band gaps, which is
consistent with their equal increase in V,. compared to their respective CdS
reference.

The IV curve for the buffer layer deposited at 105 °C showed a blocking
behavior with very low FF. This indicates that there is a too high barrier in
the conduction band at the buffer-absorber interface, which agrees with the
band gap measurement. V. initially increases with increasing buffer deposi-
tion temperature but the sample deposited at the highest temperature, with
the lowest buffer band gap, has a tendency of lower V. again. This could
indicate that the conduction band line up is getting more cliff-like for this
sample. This sample also has a higher FF which could come from a lower
barrier at the buffer-absorber interface. However, the higher FF could also be
a direct result of the higher process temperature, causing a better interface
between buffer and absorber, either by an improved growth process or by
modification of the absorber surface. Additionally, the bulk absorber proper-
ties can also have been affected by heating, as was seen in the control exper-
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iment, where both V,. and FF were slightly improved when similar absorb-
ers were heated and then processed with CdS buffer, as described in Section
4.3.

The activation energies of the dominant recombination path measured by
IVT were observed to be higher for the well-performing ZTO buffers com-
pared to their CdS references, indicating that the interface recombination is
reduced for the ZTO samples. However, the values of 1.24 and 1.27 eV are
lower than the absorber band gap obtained from the QE band edge, which
was 1.49-1.51 eV for these samples, and also lower than the measured room
temperature PL peak at 1.31-1.32 eV. This implies that the devices are still
limited by interface recombination. Nevertheless, the increase in activation
energy, the improved V., the behavior of IV curves for the different ZTO
buffers and the band gaps determined by ellipsometry, together suggest that
the band alignment is improved for the optimized ZTO samples compared to
the CdS references.

The activation energies measured in Paper VIII were lower than what was
observed in Paper VII. The decrease may come from a more defective inter-
face, but might also indicate that the band alignment in Paper VIII could
have been further improved. The IV results in Paper VIII point to that the
best band alignment was achieved for the buffer deposited at 145 °C, but
also that a more optimal band alignment for this particular CZTS absorber
possibly could have been obtained for an ALD process temperature in-
between 145 and 165 °C.

In Paper VII the thickness of the buffer varied between the samples, but in
Paper VIII the same thickness was kept for the different ZTO buffer deposi-
tion temperatures. The same trends in device parameters were seen in both
papers confirming that the trends were coming from the change of buffer
properties, rather than the varied thickness. These results also demonstrated
that well-performing solar cells can be fabricated for a wide range of ZTO
buffer layer thicknesses (10-100 nm).

Record cell

In Paper VIII a solar cell with an efficiency of 9.0 % was presented (see also
Figure 28). This is to our knowledge the highest efficiency reported for Cd-
free pure sulfide CZTS, as was also stated in a recent review paper [81].

The buffer layer for this solar cell was made at an ALD process tempera-
ture of 145 °C. The resulting ZTO composition was Sn/(Zn+Sn)=0.28 and
the thickness 10 nm. The band gap was determined to be 3.5 eV by ellip-
sometry and IVT gave an activation energy of 1.29 eV. An AR-coating
(MgF,, 110 nm thick) was evaporated on the device, which resulted in the
record efficiency of 9.0 %.

The high efficiency for this sample comes partly from a well performing
absorber, the CdS reference had an efficiency of 7.2 % (without AR) which
is higher than the references for the main series in Paper VIII. This could be
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due to the slightly different Cu/Sn-ratio of the absorber (1.89 vs 1.94). Addi-
tionally, the slightly higher activation energy for recombination suggests that
the interface recombination has been decreased for this sample, which could
originate from better interface properties or that the band alignment is further
improved. This is supported by the higher FF for the record sample com-
pared to the 145 °C sample in the main series, especially in comparison with
respective CdS reference. The band gap determined by ellipsometry for this
buffer was in-between the values for the 145 and the 165 °C in the main
series, which further strengthens the hypothesis that the optimal band align-
ment lies within this range.
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Figure 28. IV curve for the ZTO record cell (with AR) and its CdS reference (with-
out AR). Device parameters are given for the record cell. Dashed lines show dark IV
of respective sample. Adapted from Paper VIII.

Compared to the best cell from Paper VII it is mainly the current that has
been increased, and looking at the J, for the CdS references (20.5 versus
17.1 mA) the improvement seems to originate mostly from a better absorber.
The annealing process was slightly different for the two absorbers, as can be
seen in Table 2. The absorbers were also sputtered in different setups, as
discussed in Section 4.1. This is however not expected to yield large differ-
ences, as supported by Figure 23 where the small change in current is instead
suspected to come from slightly different Zn-contents of the absorbers. The
Zn-content is also the main compositional difference between these two ab-
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sorbers (Paper VII: Zn/(Cu+Sn)=0.47 and Paper VIII: Zn/(Cu+Sn)=0.38)
and this is most likely the reason for the lower current here too.

5.5 Surface treatment before buffer deposition

An excellent quality of the absorber-buffer interface is required to avoid
interface recombination. The CdS and the alternative buffer layers are depos-
ited with two different methods and this may affects the level of contami-
nants present at the surface before the buffer begins to grow. The CdS film is
deposited by a wet method, CBD, while the alternative buffers were pro-
duced by ALD, which is a dry process. This means that surface compounds
and contaminations may be rinsed off, or etched by the ammonia in the solu-
tion, in the CBD bath, but remain in the case of the ALD deposition, if no
pre-treatment is done.

Figure 29 shows a comparison between an as-annealed absorber and an
absorber dipped in water. A surface layer is clearly observed for the untreat-
ed sample and EDS indicated additional Na and O in this case. Later investi-
gations in [131] showed that different Na-S-O compounds are found on the
as-annealed absorbers, and that this also varies with the duration of air expo-
sure after the annealing.

Figure 29. Top-view SEM images of as-annealed (left) and water-dipped (right)
absorber.

The difference in interface contamination may affect both the growth pro-
cess and the electrical properties. In Figure 30 solar cell parameters of sam-
ples with various surface treatments is presented. Similar absorbers as in
Paper VI, processed with either Zn(O,S) or CdS buffer layers, were used to
compare as-annealed, KCN-etched and water-dipped absorbers. As expected
the untreated sample was worse for both buffer types and the dry processed
Zn(0,S) buffer was clearly more affected. The Zn(0O,S) buffer also exhibited
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different results for KCN and water treatment, while the CdS samples for
these two treatments were similar. The water-dipped sample with ALD
Zn(0,S) actually yielded slightly higher efficiencies, 4.8 %, compared to the
standard KCN-etch, 4.6%, in this case. In Paper VII, the same comparison
was done for ZTO buffer. Here water-dipping and KCN-etching before ZTO
buffer deposition yielded samples with similar efficiencies while the untreat-
ed absorber, as expected, showed much worse performance.

Generally our experiments with water dipping have yielded widely differ-
ent results at different test occasions, sometimes resulting in complete peel-
ing of the sample. The variation may depend on the absorbers sensitivity to
air exposure time found in [131], which was not controlled in previous tests.
To ensure a stable process all the samples in this thesis were KCN-etched,
both before the CBD and the ALD process, as also described in Section 2.4.
However, the fact that the water-dipped samples perform well indicate that
the absorbers do not contain Cu-S secondary phases (see Section 2.5), and
the investigations in [131] point to the possibility of exchanging the KCN-

etch to air exposure or water-dipping and still yield well-performing solar
cells.

50 T T I i . | . | | | |
40 _
I Standard KCN etch |
g 0r — Water dip )
= | —— No etch %
£ 20 Ve
b - -
‘w 10 | ]
c
q’ - -
-O - =
E O E === ===%% ==
&) - 4
8 _10 T -
20 E B B _
| ) | , . | . | . | | | |

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage [V]
Figure 30. Comparison between different absorber treatments before buffer deposi-

tion. Dotted lines are cells with CBD CdS buffer, solid (light IV) and dashed (dark
IV) lines are Zn(O,S) buffer made by ALD.

81



5.6 Discussion

The quality of the buffer layer and the buffer-absorber interface is crucial for
high solar cell performance. It is clear that the CdS buffer is generally well-
performing and robust to changes in for example thickness. However, the
results from Paper VII and Paper VIII show that the ZTO buffer layer can
outperform CdS, which is good news in the effort to create a solar cell with
only abundant and non-toxic materials. The ZTO buffer is also observed to
work well for a large range of thicknesses. The layer thickness in Paper VIII
(10-13 nm) is on the limit to what one would expect to be completely cover-
ing for such a rough surface as the CZTS absorber, and there is a risk that the
film would be non-continuous. However, since the trends in Paper VIII are
comparable to what was observed in Paper VII, where the buffer layers were
significantly thicker, it implies that also the layers in Paper VIII were con-
tinuous.

The Zn(O,S) buffer system unfortunately does not perform well for CZTS
in our studies. It was possible to vary the band alignment but either the inter-
face or buffer quality is not sufficient. In previous studies of the Zn(O,S)
buffer layer on CIGS there have been indications that the film may be inho-
mogeneous, both laterally and in depth, and this may affect the performance
also with the CZTS absorber [132]. Another hypothesis would be that it is
the Sn in ZTO that makes this buffer well-performing compared to the
Zn(0O,S). SnO, has been suggested to have a beneficial effect both as an in-
termediate layer at the CZTS/CdS and CZTS/Zn(O,S) interface, and in the
grain boundaries of CZTSSe [58, 114, 133].

An effect of a low temperature treatment was discussed in Section 4.3 and
this was evaluated for the samples in Paper VIII. For Paper VI and Paper VII
no heated CdS reference samples were investigated and it is likely that the
ALD process temperature may have affected the absorber layers also in these
cases. For Paper VI the same process temperature was used for all samples
and the results should therefore be comparable within the series. However,
one of the samples was made with double buffer thickness, which means that
it was kept at the process temperature for twice as long time, something that
also may be important for the changes of the absorber. The low temperature
post-annealing experiments in Paper VIII showed that V. and FF were most
sensitive to the temperature treatment. The higher voltage seen for the thick-
er sample in Paper VI could therefore partly come from the longer time at
temperature. There is also a risk that the generally poor performance of the
Zn(0,S) buffer samples was caused by a degradation of the absorber at these
specific anneal conditions. In Paper VII different temperatures were used in
the ALD process and this may have impacted the resulting solar cell proper-
ties. However, the variation in temperature in this series was smaller than for
Paper VIII. The main conclusions from Paper VI and Paper VII are therefore
not suspected to have been changed by the low temperature annealing effect.
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In Figure 31 electrical properties of the best cells from the two alternative
buffer systems are presented, together with their respective CdS references
(the notation A, for the Zn(O,S) and its CdS reference, and B, for the ZTO
and its CdS reference, are added to clarify which samples that share the same
absorber). The B-CdS showed in Figure 31a-b is also one of the best CdS
solar cells made in this work, with an efficiency of 7.2 %. Another B-CdS
sample from the ZTO series, with efficiency 6.6 %, is shown in Figure 31c-

d. The A-CdS reference also had an efficiency of 6.6 %.
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Figure 31. Comparison between the buffer materials studied in this thesis. The nota-
tion A, for the Zn(0O,S) and its CdS reference, and B, for the ZTO and its CdS refer-
ence, are added to clarify which samples that share the same absorber. A-Zn(O,S)
and A-CdS data originate from Paper VI while B-ZTO and B-CdS data originate
from Paper VIII. a) IV curves, dashed lines show dark IV of respective sample, b)
QE measurement, c) Ratio between QE measured at -0.5 V and 0 V, d) IVT showing
extrapolation to 0 K for activation energies of the dominant recombination paths.

When examining the device properties of the two CdS references a clear
difference between the two absorbers (A and B) is observed with significant-
ly higher current for the B-CdS sample (Figure 31a). This is also apparent
when comparing all the device results in Paper VI and Paper VIII, the cur-
rents are generally higher for the CdS references in Paper VIII. As described
in Section 4.1 and Section 4.2, both the sputtering of the precursor and the
annealing conditions differ between absorber A and B. Additionally there is
a difference in composition and thickness of the absorbers, where the B-
absorber from Paper VIII has more Sn and less Zn, both of which we have
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seen indications on giving higher current. However, when examining the
CdS references within the papers one can also see a large spread in-between
both annealing runs and indeed also cells from the same sample. Actually,
the top efficiency for the CdS references in the two papers is similar, where
the lower current for the sample in Paper VI is compensated by higher V.
and FF.

When comparing the IV curves for the alternative buffer samples (Figure
31a), a large difference in V. is observed and the superiority of ZTO is ob-
vious. The Zn(O,S) sample also shows signs of low FF and shunting. The
current is, as also discussed in Section 5.4, not possible to compare as readi-
ly in-between the buffer layer types due to the difference in thickness and
thus the effect of reflectivity. From the QE curves (Figure 31b) it is however
clear that the alternative buffers have a higher transmittance at the short
wavelengths side. Here again the difference in current from the two CdS
references is observed and the A-CdS sample has a generally lower QE over
all wavelengths compared to the B-CdS.

The negatively biased QE for the CdS samples (Figure 31c) qualitatively
show the same behavior, with increasing QE for the long wavelengths at
negative bias. The two alternative buffers show other trends, where an in-
crease for short wavelengths is seen for the Zn(O,S) sample while the ZTO
sample only exhibits a smaller increase over the entire wavelengths, indicat-
ing a clear difference in sample behavior.

The V,(T) data in Figure 31d again show the superiority of ZTO which
clearly yields the highest activation energy when extrapolated to 0 K. The
two CdS references look similar in this measurement, besides the behavior at
the lowest temperatures, even though the extrapolation ends up at rather
different values. This is however mostly due to the difficulty of finding a
linear region for the extrapolation in these samples, which means that the
resulting activation energy may have a substantial error.

The application of different buffer layers can both increase our knowledge
about CZTS and enhance solar cell efficiencies. From these studies ZTO
stands out as a possible new standard buffer layer for CZTS.
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6. Concluding remarks and outlook

6.1 Conclusions

The aim of this thesis was to understand the influence of deposition process-
es and film properties on Cu,ZnSnS, thin film solar cells. Two main aspects
were studied, namely sputtering of precursors for CZTS with focus on sulfur
incorporation, and alternative cadmium free buffer materials with better en-
ergy band alignment. Additionally, low temperature treatment of CZTS ab-
sorbers was explored since the alternative buffer materials chosen were de-
posited at 105-165 °C.

Reactive sputtering was used to grow dense and homogeneous precursor
films containing all elements needed for CZTS absorbers. Both the sputter-
ing process and the resulting films were characterized.

The addition of H,S gas to the inert Ar sputter atmosphere led to an ab-
rupt and drastic decrease of Zn deposition rate due to the sulfurization of the
target surface. Surface sulfurization also led to process instabilities for tar-
gets made of Cu-Sn, Cu and Cu,S, while sputtering with a CuS-target gave
acceptable process stability.

It was found that both film morphology and composition were affected
when adjusting H,S/Ar-flow ratio and substrate temperature. Process pres-
sure was observed to have limited effect on the film properties.

The precursors with a sulfur content close to stoichiometric CZTS had a
columnar, crystalline structure. Materials analysis of these films suggests a
non-equilibrium phase with a cubic structure where each S atom is randomly
surrounded by 2:1:1 Cu:Zn:Sn-atoms.

Substrate heating was shown to be important to avoid cracks in the an-
nealed films while stress in the precursor films was not observed to affect the
absorber or solar cell quality. Precursors with higher copper content or sput-
tered at higher substrate temperatures generally yielded larger grains when
annealed, although no correlation with device parameters was seen.

A comparison with sputtering from compound targets in Ar atmosphere
showed similar film properties as the reactively sputtered precursors with
close to stoichiometric sulfur content. Both types of precursors were shown
to work well in the solar cell processing, and yielded comparable parameters
when processed in the same anneal run.

Low temperature post-annealing of CZTS absorbers in inert atmosphere
was shown to deteriorate device properties when performed at 105 °C. On
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the other hand, for higher annealing temperatures (125-165 °C) beneficial
effects were observed. This indicates that the thermal history of the CZTS
absorber is important and could affect both experimental results and choice
of production processes.

Alternative buffer material systems, to exchange the standard CdS, with-
out cadmium and with expected improved band alignment with CZTS, were
evaluated. ZnO,,S; was shown to be a viable buffer material system for
CZTS, in which it was possible to vary the conduction band offset between
the absorber and the buffer. However, the efficiencies achieved were lower
than expected, possibly due to inferior interface or buffer quality.

The experiments with the Zn,.,Sn,O, buffer material showed more prom-
ising results. The buffer band gap was successfully varied and the expected
effect on solar cell device properties was observed. For optimized parame-
ters the devices with ZTO buffer layers showed clearly better performance
than the CdS reference samples, which is seldom the case for the Cd-free
alternatives. The activation energy for the main recombination path was
increased for the optimized ZTO samples, indicating an improved interface
quality or band alignment. The highest activation energy measured coincides
with the energy of the PL peak of the absorber, which can be interpreted as a
shift of dominant recombination path from the interface, to the CZTS bulk.
This has not previously been observed for the sulfide CZTS solar cells. A
well-performing CZTS-ZTO solar cell, with antireflective coating, yielded
an efficiency of 9.0 %, which at the time of publication was the highest val-
ue published for a cadmium free pure sulfide CZTS solar cell.

6.2 Future work

One of the recent results in this thesis concerned the effect of low tempera-
ture post-annealing on device properties. For future progress it would be
beneficial to further understand and control this behavior. There is also a
need to extend the investigations to include, and separate, the effect on the
different layers in the solar cell stack. A prime suspect for the sensitivity to
temperature treatment is the Na-content, and its distribution within the solar
cell stack. With the lessons learned from the CIGS case this may need exten-
sive attention also for CZTS.

Due to the complexity of the reactive sputtering process there are many
aspects remaining to investigate. Initial experiments were done on optical
emission spectroscopy of the sputter process and this could be further pur-
sued. More can also be done regarding limiting the detrimental effect of H,S
on the targets, and possibly decreasing the amount of negative sulfur ions,
for example by moving the gas inlet to close to the substrate, instead of in
the middle of the chamber as was the case for these experiments.
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Regarding the influence of sulfur content in the precursors it would be in-
teresting to retry the intended experiments in Section 4.1.4 to obtain a clearer
composition variation. Preferably a better measurement of sulfur content
should then be developed. Comparisons with purely metallic precursors
could also be done, but the formation path during annealing is very different
in this case and would require another set of annealing parameters, which
could complicate the interpretation of the results.

The formation path in annealing of these non-equilibrium precursors has
been initially studied but is not yet fully understood. This, together with
experiments to understand formation of secondary phases and the influence
of the exact composition of the CZTS phase is on-going, and necessary to
uncover the defect physics of the material and improve the efficiencies.

An aspect not covered in this thesis is “light soaking”, a term commonly
used to describe that device parameters of thin film solar cells can change
slightly depending on their illumination history. This means that the electri-
cal properties measured for a solar cell can have minor differences depend-
ing on if it has been kept in the dark before the measurement or if it has been
exposed to light for some minutes. This effect is usually most pronounced
for alternative buffers, and was also observed for the solar cells in this thesis,
however not methodically studied. Generally the device performance be-
comes slightly better after a couple of minutes illumination and the parame-
ter most affected is FF. The effect is largest for poorly performing solar cells
and for solar cells that have been stored in dark for several days. For a more
thorough understanding of the buffer material this behavior should be further
investigated.

The ZTO buffer yields very promising results and could be the new
standard buffer material for CZTS solar cells. To improve the understanding
of the band alignment and the quality of this interface, more experiments are
needed. Tuning may also be needed to find a deposition temperature that
both enhances the absorber performance and creates an optimal buffer mate-
rial and interface.
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7. Sammanfattning pa svenska

Idag kommer en stor del av den energi vi anvinder fran icke-fornybara ener-
gikéllor och det finns ett stort behov av att vidareutveckla denna sektor for
att istéllet uppnd en héllbar energiforsorjning. I ett hallbart system behdver
alla delar vara antingen fornybara eller atervinningsbara. Det giller bade
energikillan och metoden som anvénds for att utvinna den. Energiomvand-
lingen bor darfor ske med material som finns i riklig méngd och som inte &r
skadliga for ménniska eller miljo. Detta for att forenkla mojligheten till stor-
skalig produktion och atervinning.

For tunnfilmssolceller s& innebdr detta att de sdllsynta och giftiga &mnen
som finns i manga av dagens solcellsmoduler bor bytas ut, sdsom indium i
Cu(In,Ga)Se, (CIGS) eller kadmium i CdTe. Man undersoker darfor nya
material som kan vara mdjliga erséttare. Bland dem har Cu,ZnSn(Se,S),
(CZTSSe) fétt stor uppmérksamhet de senaste tio aren, bade p g a dess lamp-
liga solcellsegenskaper och dess likhet med det kommersiellt tillgéngliga
CIGS-materialet. I CZTSSe kan Se/S-halten varieras for att &ndra materialets
elektriska bandgap, men en ren sulfid kan vara att foredra eftersom svavel
finns 1 storre miangd 4n selen. Denna avhandling ar dérfor begriansad till
CupZnSnS4 (CZTS).

En tunnfilmssolcell kédnnetecknas av att det aktiva materialet har en hog
ljusabsorberande formaga och dirfor behdvs endast ett mycket tunt lager, ca
0.001 mm. Det innebér att det finns potential for 14ga material- och produkt-
ionskostnader och mojlighet att anvénda olika underlag (substrat) for solcell-
en, inklusive bdjliga filmer av plast eller metall. P4 substratet 1dggs oftast
forst en metallisk bakkontakt, ovanpa denna laggs det aktiva lagret och for
att fardigstélla solcellen behovs ett komplementlager, ofta kallat buffert.
Overst liggs en genomskinlig framkontakt och eventuellt ett metallmonster
for att forbéttra ledningsformégan.

Malet med denna avhandling har varit att undersdka och forstd solceller
av CZTS-typ for att kunna oka verkningsgraden och ersétta giftiga dmnen.
Tva forskningsomraden valdes ut som sérskilt intressanta, nimligen att in-
kludera alla nodvindiga grunddmnen tidigt i produktionsprocessen for att fa
ett homogent CZTS-material med bra morfologi och ddrmed potential for
hog verkningsgrad, samt att byta ut den CdS som ofta anvdnds som kom-
plementlager till CZTS och CIGS solceller. Att byta ut tungmetallen Cd ar
positivt utifran ett hilso- och miljoperspektiv men har ocksé, vid val av ritt
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ersdttningsmaterial, mojligheten att dka solcellens verkningsgrad p g a hogre
ljusgenomslédpplighet och battre matchning med CZTS.

Solcellerna i avhandlingen tillverkades pa glassubstrat genom att forst be-
lagga detta med en bakkontakt av molybden. Sedan anvéndes sputtring, d&ven
kallat katodforstoftning pé svenska, for att skapa en tunn, homogen film av
Cu, Zn, Sn och S. Hér studerades béde processen och det resulterande
materialet. Det andra steget i tillverkningen av CZTS var en uppvérmning
vid hog temperatur (560-580 °C), med eller utan tillsatt svavel. For buffert-
materialen med och utan kadmium anvédndes olika processmetoder. Stan-
dardbufferten av CdS belades med en vétkemisk process medan en vakuum-
baserad kemisk beldggningsmetod (Atomic Layer Deposition (ALD)) an-
vindes for de kadmiumfria buffertarna ZnO,.S, (Zn(0O,S)) och Zn;..Sn,Oy
(ZTO). Avslutningsvis anvéndes sputtring for att skapa en genomskinlig
framkontakt av aluminiumdopad ZnO och férangning for ett komplemente-
rande Ni-Al-Ni-metallmonster.

Sputtring ar en fysikalisk vakuumytbeldggningsmetod dér atomer slas
loss (sputtras) ut fran ett fast material med hjilp av hdgenergetiska joner.
Processen utfors i en vakuumkammare men med ett kontrollerat tryck av
antingen en inert gas, sdsom Ar, eller en reaktiv gas, sdsom H,S, det senare
kallat reaktiv sputtring. Det material man vill anvénda i beldggningen place-
ras som katod och kopplas till en hog negativ spanning vilket gor att gasen i
kammaren joniseras och bildar ett plasma. De positiva gasjonerna dras till
beldggningsmaterialet och nér de krockar in i ytan slés delar av materialet ut
i form av atomer och molekyler. Dessa firdas genom vakuumkammaren och
bildar nédr de landar en tunn film av beldggningsmaterialet. Flera faktorer
paverkar processen och den resulterande filmen, sdsom processtryck, tempe-
ratur pa substratet och méngden reaktiv gas.

Tva olika metoder att inkludera svavel i sputterprocessen undersoktes,
forst testades metalliska katodmaterial i kombination med en sputteratmosfar
innehallandes H,S, sen anvindes metall-svavelféreningar som katodmaterial
i en inert Ar-atmosfér.

Nar H,S-gas introduceras sa kan metalliska katodmaterial sulfuriseras och
detta paverkar sputterprocessen. Cu-Sn, Cu och Cu,S var alla problematiska
att anvinda som beldggningsmaterial i svavelatmosfér eftersom sulfurise-
ringen av katodytan gjorde processen instabil. CuS visade sig vara ett béttre
val som kopparkélla. Sulfuriseringen gav ocksd en snabb och drastisk
minskning av deponeringshastigheten fran Zn-katoden, vilket kan forvéntas
eftersom Zn ar relativt reaktivt. Om man anvénder en H,S-halt som &r mer
an tillrdcklig for att hélla Zn-katoden sulfuriserad sa &r detta oftast oproble-
matiskt, men om man vill anvinda ldgre flodesmangder, ndra omstallnings-
punkten mellan en metallisk och en sulfuriserad katodyta, sd kan processen
bli svarkontrollerad.

Att dndra pd H,S/Ar-forhéllandet i sputteratmosfiren gav, som forvéntat,
filmer med varierande mingd svavel och dirfor olika morfologi. Aven tem-
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peraturen pa substratet kan paverka filmmorfologin eftersom en hogre tem-
peratur innebér stérre mojlighet for de utsputtrade atomerna att hitta fordel-
aktiga platser i den tillvéixande filmen. Det gynnar en hogre densitet och en
mer orienterad film, ndgot som ocksa observerades i experimenten. Det var
ocksa tydligt att médngden Zn, Sn och S minskade for filmer belagda vid
hogre substrattemperaturer. Detta beror formodligen pa hoga angtryck hos
Zn, SnS och S. De olika totalprocesstryck som undersoktes hade dock be-
grinsad inverkan pé filmegenskaperna.

Niér svavelinnehallet i de sputtrade filmerna var tillrdckligt ndra det hos
CZTS bildades en kristallin och kolumnér film. Materialanalys p& dessa
filmer tyder p&4 en metastabil kubisk fas déir varje svavelatom omges av
slumpmassigt ordnade Cu:Zn:Sn-atomer i proportionerna 2:1:1.

Att virma belidggningssubstratet under sputtringen visade sig vara viktigt
for att undvika att filmerna krackelerade nir de upphettades i CZTS-
tillverkningens andra steg. Ingen koppling mellan stress hos de sputtrade
filmerna och materialegenskaper hos de virmda filmerna observerades.

Eftersom beldggningstemperaturen for de alternativa buffertmaterialen
var 80-165 °C sé gjordes en extra experimentserie for att studera effekten av
en saddan virmning pd CZTS-materialet. En 40 min virmning av CZTS vid
105 °C gav en forsémring av de elektriska egenskaperna, medan 125, 145
och 165 °C istdllet gav nagot bittre solceller dn referensen. Detta pavisar att
CZTS-materialet kan paverkas av ovéntat laga temperaturer, vilket kan vara
viktigt att ha 1 dtanke nidr man viljer jimfOrelser i experimentserier eller
ordning pa produktionsprocesser.

For de béda valda alternativa buffertmaterialen s& kan det elektriska
bandgapet varieras genom att dndra sammansittningen eller beldggnings-
temperaturen. Det gor att man kan optimera matchningen mellan bandgapen
hos CZTS och buffertmaterialet och pé sé sétt fa forbéttrade elektriska egen-
skaper hos solcellen.

Solceller med Zn(O,S) pd CZTS visade att det var mojligt att variera
bandmatchningen, men att verkningsgraden var lagre dn forvéntat, formodli-
gen p g a dalig kvalitet pd gransytan eller sammanséttningsvariationer i buf-
fertlagret.

ZTO som buffertmaterial gav generellt béttre resultat och optimering av
materialet gav solceller med hogre verkningsgrad dn CdS-referenserna, né-
got som séllan ses for kadmiumfria alternativ. Méatningar pa dessa solceller
pekar ocksa pa att gransytan och bandmatchningen forbéttrats s& pass myck-
et att det istéllet &r CZTS-materialet som dr den begriansande faktorn for att
oka verkningsgraden.

En ZTO-CZTS solcell med en verkningsgrad pa 9.0 % presenteras i av-
handlingen och detta var vid publikationen det dittills hogsta virdet for en
kadmiumfri solcell av Cu,ZnSnS,.
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