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Abstract

The search for alternative energy sources has solar energy as one of the
primary solutions. Thin film solar cells are a technology that uses less ma-
terials, but still keeps or even beats efficiencies of normal silicon solar cells.
However, some of the materials used in thin film solar cells are either rare or
toxic.

In this project, copper zinc tin sulfide (CZTS) thin films grown on indium
tin oxide (ITO) substrates by electrodeposition are investigated as a possible
absorber layer in thin film solar cells. The goal is to find out whether elec-
trodeposition followed by a sulfurization step is a good method of growing
these films.

Using an electrolyte containing all four elements of CZTS, optimal growth
was achieved at potentials between -1.0 and -1.1 V, growing between 40 and
50 minutes. As-deposited films contained no CZTS, but annealing produced
islands of stoichiometric CZTS. However, uniform coverage of the substrate
was not achieved.

Using an electrolyte containing only copper, zinc and tin, and adding the
sulfur through annealing, yielded better results, achieving uniform coverage
over almost the entire deposition area. Measurements showed, though, that
the annealed film contained too much tin (in the form of tin sulfides), which
means the three metals were not deposited in the correct ratios. More re-
search into this method could lead to good results for the electrodeposition
of CZTS.

i



ii



Contents

1 Introduction 1

2 Theory 3
2.1 Semiconductors and pn-junctions . . . . . . . . . . . . . . . . 3
2.2 Thin Film Solar Cells . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 CZTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.3.1 Secondary phases . . . . . . . . . . . . . . . . . . . . . 8
2.4 Overview of research on CZTS thin film deposition . . . . . . 10

2.4.1 Todorov et al. . . . . . . . . . . . . . . . . . . . . . . . 10
2.4.2 Katagiri et al. . . . . . . . . . . . . . . . . . . . . . . . 10
2.4.3 Shin et al. . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.5 Alternative solar cell technologies . . . . . . . . . . . . . . . . 11
2.5.1 Amorphous and nanocrystalline silicon . . . . . . . . . 11
2.5.2 Cadmium Telluride (CdTe) . . . . . . . . . . . . . . . 12
2.5.3 CIS, CISe and CIGS(e) . . . . . . . . . . . . . . . . . . 12
2.5.4 III-V materials . . . . . . . . . . . . . . . . . . . . . . 13
2.5.5 Dye-sensitized solar cells . . . . . . . . . . . . . . . . . 13
2.5.6 Quantumdot absorber . . . . . . . . . . . . . . . . . . 13
2.5.7 Organic absorbers . . . . . . . . . . . . . . . . . . . . . 14

2.6 Electrodeposition . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 Experimental details 17
3.1 Substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2 Deposition parameters . . . . . . . . . . . . . . . . . . . . . . 18

3.2.1 Applied voltage . . . . . . . . . . . . . . . . . . . . . . 18
3.2.2 pH value . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2.3 Concentration of materials . . . . . . . . . . . . . . . . 18
3.2.4 Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2.5 Temperature . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2.6 Complexing agent . . . . . . . . . . . . . . . . . . . . . 19

3.3 Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

iii



3.4 Measuring film properties . . . . . . . . . . . . . . . . . . . . 20
3.5 Annealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.6 Cyclic Voltammetry . . . . . . . . . . . . . . . . . . . . . . . . 21

4 Results 23
4.1 What to expect . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.2 Optimizing potential with electrolyte 1 . . . . . . . . . . . . . 24
4.3 XRD and EDX results . . . . . . . . . . . . . . . . . . . . . . 24
4.4 Deposition time . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.5 XRD, SEM and EDX measurements . . . . . . . . . . . . . . 26
4.6 Annealing in nitrogen environment . . . . . . . . . . . . . . . 27
4.7 Annealing in sulphur environment . . . . . . . . . . . . . . . . 28
4.8 Deposition with electrolyte 2 . . . . . . . . . . . . . . . . . . . 31

5 Discussion 35

6 Conclusions 39

Bibliography 40

A Measuring techniques 46

B Equipment 53

C Guide to electrodeposition 55

iv



List of Figures

2.1 Band structure of different types of solids: a) Metals, b) Insu-
lators and c) Semiconductors . . . . . . . . . . . . . . . . . . . 4

2.2 Band structure of a pn-junction . . . . . . . . . . . . . . . . . 4
2.3 Energy band diagram of a CdS/CdTe thin film solar cell . . . 5
2.4 Structure of a thin film solar cell . . . . . . . . . . . . . . . . 6
2.5 Tree diagram showing isoelectronic substitutions starting from

silicon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.6 Unit cell of CZTS in the kesterite structure . . . . . . . . . . . 8
2.7 Phase diagram of CZTS . . . . . . . . . . . . . . . . . . . . . 9
2.8 Basic electrodeposition setup with three electrodes . . . . . . . 16

3.1 Typical voltammogram for a reversible system at different scan
rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.1 Diffractogram of CZTS on a molybdenum substrate . . . . . . 23
4.2 SEM images of as-deposited and annealed CZTS . . . . . . . . 24
4.3 XRD measurement of a) CZTS35, b) CZTS36 and c) the sub-

strate (ITO), d) EDX measurement of CZTS35 . . . . . . . . 25
4.4 SEM images of a) CZTS53, b) CZTS54, c) CZTS55 and d)

CZTS56 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.5 XRD measurement of CZTS55 . . . . . . . . . . . . . . . . . . 27
4.6 XRD measurement of an as-deposited sample . . . . . . . . . 27
4.7 SEM images of a) CZTS66 as-deposited and b) annealed at

500◦C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.8 XRD measurements of CZTS66 as-deposited and annealed at

various temperatures . . . . . . . . . . . . . . . . . . . . . . . 29
4.9 Low-magnification SEM image of CZTS66 annealed at 500◦C . 30
4.10 Low-magnification SEM image of CZTS66 annealed at 550◦C . 30
4.11 Cyclic voltammetry of electrolyte 2 . . . . . . . . . . . . . . . 31
4.12 XRD of CZTS80 post-annealing . . . . . . . . . . . . . . . . . 32
4.13 SEM images of samples grown in electrolyte 2. a) as-deposited

and b) post-annealing . . . . . . . . . . . . . . . . . . . . . . . 32

v



vi



1. Introduction

Solar energy provides a clean alternative to fossil fuels. Every hour the light
that reaches earth from the sun contains enough energy to fuel humanity’s
needs for a full year [1]. Needless to say, being able to convert only a fraction
of the sunlight hitting the planet into electricity would easily supply us with
the energy we need for the coming decades.

There are certain requirements to solar cells: high efficiency, low-cost and
a short payback time. Solar cells with higher efficiency will require less area
to generate sufficient electricity, and low costs will make solar cells attractive
to both producer and customer. A short payback time means they need to
win back production costs and energy as quickly as possible.

The current commercial market for solar cells is dominated by cells made
of crystalline silicon, accounting for around 80% of the market share [2]. The
price of these solar cells is mainly set by the 250-300 µm thick silicon wafer
that forms the bulk of the cell. Making the production process cheaper or
developing solar cells that require less material to make will reduce costs.
One of the alternatives using less material is the thin film solar cell [3].

The downside of this technology, however, is that most of the thin film
solar cells are made of rare (and thus expensive) and/or toxic materials.
Examples include rare tellurium or indium [4], and the toxic cadmium or
selenium [5]. Current thin film solar cells with high efficiencies are based on
these materials, but due to the rarity or toxicity of these materials, alterna-
tives are needed.

Copper zinc tin sulfide, commonly known as CZTS, is one of these alter-
natives. With a band gap of around 1.5 electronvolt [6] and an absorption
coefficient of order 104 cm−1 [6], CZTS is an ideal candidate to be used as
an absorber layer in thin film solar cells. The four elements are all highly
available in the earth’s crust [4] and non-toxic [5].

The goal of this project is to grow stoichiometric films of CZTS using
electrodeposition, an easy and cheap deposition method which can be done
without vacuum and at room temperature, and can scale to industrial stan-
dards [7]. For this, two methods were employed. In the first, the electrolyte
contained all four components of CZTS. After deposition, an annealing step

1



2

was performed to improve crystallinity and, if needed, incorporate more sul-
fur. In the second method, the electrolyte did not contain sulfur. The sulfur
was added during the annealing process.

This report will investigate and compare the two growth methods and
see which one leads to better results. This includes stoichiometry, coverage
of the substrate, film uniformity and crystallinity. In addition, a literature
study of other types of solar cells has been included.



2. Theory

This chapter will discuss various theoretical aspects of the project. First,
some basic semiconductor physics necessary to understand the working prin-
ciples of solar cells will be given. After that, properties of CZTS and possible
secondary phases which can influence film characteristics will be discussed,
including some information about some of the bigger research groups. An
overview of other solar cell technologies follows after that. The last section
will contain some basic theory of electrodeposition.

2.1 Semiconductors and pn-junctions

In solid state physics, materials are categorized based on their electronic band
structure. Metals have a band which is partly filled with electrons, which
gives them good conducting properties. Semiconductors and insulators, on
the other hand, have bands which are either fully occupied or unoccupied.
The difference between insulators and semiconductors lies in the energy band
gap between the highest filled band (valence band) and the lowest unfilled
band (conduction band). Insulators have a large band gap, typically 5 to 10
electronvolt (eV), semiconductors have a smaller band gap, usually around
1 eV [8]. Figure 2.1 shows this categorization schematically.

Semiconductors have electrical properties in between those of metals and
those of semiconductors. However, by adding atoms with a different amount
of valence electrons to a semiconductor, the electrical properties can be
changed. This process is called doping. Adding an atom which has more
valence electrons than the original material (a donor), is called n-type dop-
ing (n for negative), due to the surplus of electrons available. Adding an atom
with less valence electrons (an acceptor), will create vacant states, commonly
known as holes, and is therefore called p-type doping (p for positive).

Doping a semiconductor changes the Fermi energy. Normally it is located
halfway between the valence band and the conduction band. In a p-type
semiconductor, the Fermi energy is lowered, while the opposite holds for n-
type semiconductors. This change in Fermi energy plays an important role

3
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Figure 2.1: Band structure of different types of solids: a) Metals, b) Insula-
tors and c) Semiconductors. Eg is the energy band gap between the valence
band (V band) and the conduction band (C band). Adapted from [8].

in semiconductor devices like solar cells.
By combining a p-type material with an n-type material, the interface be-

comes a so-called pn-junction. For any solid in equilibrium, the Fermi level
must be the same everywhere. Since p-type and n-type materials have dif-
ferent Fermi levels, they need to be matched by bending the band structure.
This band bending can be seen in Figure 2.2.

Figure 2.2: Band structure of a pn-junction [8].

Band bending is caused by electrons from the n-type material diffusing
into the p-type material, leaving behind positively charged ions, while holes
from the p-type material will move into the n-type material, leaving behind
negatively charged ions. These ions in turn will create a built-in electric field
that opposes the diffusion process, eventually creating equilibrium between
the two.
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Solar cells are based on pn-junctions to create electricity using incoming
light. When a photon is absorbed by an electron, the electron is excited
across the band gap into the conduction band, leaving behind a hole. The
electron and hole are called an electron-hole pair, or exciton. Due to the
band structure of a pn-junction, the electron will move into the n-type mate-
rial, while the hole will move into the p-type material, creating an electrical
current (see Figure 2.3). This process is called the photovoltaic effect and
forms the basis of all solar cells.

Figure 2.3: Energy band diagram of a CdS/CdTe thin film solar cell, il-
lustrating the basic idea behind the photovoltaic effect. Incident sunlight
creates an electron (e) - hole (h) pair, which flow in opposite directions to
create a current. Adapted from [9].

During production, defects can occur in the semiconductor material. De-
fects can be dislocations, misfits with the substrate (i.e., the lattice param-
eters of the substrate and film do not match) or secondary crystal phases.
Defects reduce the mobility of charge carriers, which means they recombine
faster with a hole, thereby reducing the current.

2.2 Thin Film Solar Cells

Thin film solar cells are a developing technology based on, as the name
suggests, thin layers (thickness in the order of µm) of specialized materials
to create the photovoltaic effect. The different layers, as can be seen in Figure
2.4, perform different functions in the solar cell.

The top layer is a transparent conducting layer, usually made of zinc
oxide or indium tin oxide (also known as ITO). This layer acts as one of the
two contact points of the solar cell, and is optically transparent to make sure
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Figure 2.4: Structure of a thin film solar cell. ’TC layer’ stands for ’trans-
parent conducting layer’.

the sunlight passes through. The bottom layer, the back contact, serves as
the other contact point.

The most important role is played by two layers of semiconducting ma-
terial: the ”absorber” layer and the ”window” layer. The absorber layer is a
p-type semiconductor with a band gap ideally around 1.4 eV. This is based on
the Shockley-Queisser limit, which predicts a maximal theoretical efficiency
of a single-junction solar cell [10]. The window layer is an n-type material
with a large band gap (for example, the commonly used cadmium sulfide has
a band gap of 2.42 eV [9]) to prevent it from absorbing incoming photons.
The function of the window layer is purely to create the pn-junction required
for the photovoltaic effect.

One of the currently leading types of thin film solar cell uses an absorber
layer of copper indium gallium sulfide/selenide (CIGS), with a 2010 thin
film solar cell market share of 25% [2]. This type of solar cell has achieved
efficiencies of 20% [11]. However, CIGS cells use indium and gallium, metals
which are rare in the earth’s crust and therefore either expensive or predicted
to become expensive in the near future [4].

Another type of solar cell is the cadmium telluride (CdTe) solar cell, which
had a 2010 market share of 43% [2] and has reached efficiencies of 16.7% [11].
As with the indium and gallium in the CIGS solar cell, however, tellurium is
a rare metal [4]. Additionally, cadmium is a highly toxic material [5], making
production of cells using cadmium require strict working conditions.

Since these solar cells, and other thin film solar cells like them, require
either rare or toxic materials, the goal is to find replacements that are made
out of safe and abundantly available materials. One such replacement is
copper zinc tin sulfide, also known as CZTS.
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2.3 CZTS

Semiconductor compounds can be derived from existing semiconductors by
isoelectronic substitution. Two atoms or molecules are isoelectronic if they
have the same amount of valence electrons. For example, a pair of silicon
atoms is isoelectronic with gallium arsenide. Figure 2.5 shows how various
semiconductors can be obtained starting from silicon using isoelectronic sub-
stitution.

Figure 2.5: Tree diagram showing isoelectronic substitutions starting from
silicon. The roman numerals indicate the group number on the periodic
table. CZTS is highlighted in blue. [12]

In an attempt to replace rare or toxic elements in a compound, isoelec-
tronic alterations can be made to obtain a new compound with the same
electronic structure. Taking CIGS, indium and gallium (both group III el-
ements) can be replaced using a group II and a group IV element. Since
the goal is to use non-toxic and abundant materials, tin and zinc are good
candidates [4, 5]. Replacing selenium with sulfur (which are from the same
group) turns CIGS into CZTS.

CZTS (Cu2ZnSnS4) is a crystal that forms in the kesterite structure,
shown in Figure 2.6. The kesterite structure is a tetragonal crystal structure
with lattice parameters of a = 5.434 ångström (Å, 10−10 m) and c = 10.856
Å [14]. CZTS has an absorption coefficient in the order of 104 cm−1 [15]
and a direct energy band gap of around 1.5 eV at room temperature [6, 16],
properties which make it a suitable candidate to replace CIGS as an absorber
layer in thin film solar cells. Another property that strengthens this claim is
that CZTS, like CIGS, is a p-type semiconductor. This is due to an intrinsic
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Figure 2.6: Unit cell of CZTS in the kesterite structure. Adapted from [13]

defect, where a copper atom sits on a zinc site [17]. This means that the
established thin film solar cell structure can be adopted, with CZTS as the
absorber layer instead of CIGS.

2.3.1 Secondary phases

Secondary phases are substances in the film that are not CZTS, but are a
compound of one or more of its constituents. They occur when there is a
surplus of certain materials that remain after the rest has formed into CZTS,
or before CZTS has fully formed. The phase diagram in Figure 2.7 shows
when certain secondary phases appear.

Some secondary phases alter the properties of the film in a detrimental
way, such as promoting recombination or adding insulating regions. These
secondary phases will be discussed here.

Copper sulfides

Copper sulfides are, or behave like, metals, which means they are good con-
ductors. Large crystals can shunt the solar cell, connecting the front and
back electrode. This means the solar cell cannot be used for an external
load. Smaller crystals, although they do not shunt the cell, enhance recom-
bination, reducing the current [12].
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Figure 2.7: Phase diagram of CZTS. This phase diagram assumes 50%
sulfur [18].

Tin(IV) sulfide

Tin(IV) sulfide (SnS2) is an n-type semiconductor with a band gap of 2.2
eV [19]. This means that in large amounts, the tin sulfide could create a
diode of opposite polarity to CZTS, forming an electrical barrier. In smaller
amounts it can act as an insulating phase, also reducing electrical properties
and limiting the area where electron-hole pairs will form [12].

Zinc sulfide

Zinc sulfide (ZnS) has a large band gap of 3.5-3.8 eV [20], which makes it be-
have like an insulator. As before, insulating phases reduce electrical proper-
ties as well as reducing the area where electron-hole pairs can be formed. Ad-
ditionally, one possible crystal structure of zinc sulfide (sphalerite) is similar
to that of CZTS, which means they share some peaks in XRD measurements.
This makes it harder to determine if zinc sulfide phases are present [12].

Copper tin sulfide

Copper tin sulfide (Cu2SnS3 or CTS) has metallic properties, similar to cop-
per sulfide [21]. This can cause shunts in the solar cell, or enhance recombi-
nation in smaller amounts. Like zinc sulfide, CTS shares peaks with CZTS
in XRD measurements, making it difficult to detect [12].
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2.4 Overview of research on CZTS thin film

deposition

Various other groups have done research on depositing CZTS thin films using
different deposition methods. An overview can be found in the paper Progress
in Thin Film Solar Cells Based on Cu2ZnSnS4 by H. Wang [22], which details
a lot of research groups and their progress. A few of the most notable groups
will be highlighted in this section. The most important player in the field
is IBM, which has several groups working on different methods of creating
CZTS thin films. Typical result range between 5% and 7% efficiency, with
10.1% as the current record. AQT Solar, a leading CIGS solar cell production
company, have made a 60 watt CZTS solar cell panel prototype, and are
hoping to commercialize CZTS solar cells in 2013 [23].

2.4.1 Todorov et al.

Todorov et al., based at IBM in the US, have thus far achieved the highest
conversion with a solar cell based on CZTS, being 10.1% [24]. They deposited
films using an ink-based method using hydrazine as the solvent. By spin
coating the ink on the surface and evaporating the solvent, CZTS is deposited
as a thin film. Although the results seem commercially viable, the problem
lies with hydrazine. As explained earlier, hydrazine is highly unstable and
must be handled using very strict protocols.

Todorov et al. are working on an aqueous-based solution to replace the
hydrazine, and have reported a conversion efficiency of 8.1% using CZTS
films deposited in this fashion [25].

2.4.2 Katagiri et al.

Katagiri’s group, from Nagaoka National College of Technology in Japan, has
been working on CZTS solar cells since the nineties. This group deposited
films by co-sputtering copper, zinc sulfide and tin sulfide targets, which were
then annealed in a sulfur environment. Devices created in this way reached
an efficiency of 6.7% [26]. Aside from the lower efficiency, sputtering is also a
vacuum-based method, which makes production on a large scale complicated.
This is in contrast to Todorovs group, whose method of ink-based solutions
is already widely applied in industry.

Katagiri et al. also attempted co-evaporation of the different components
of CZTS, achieving an efficiency of 5.7%, but no progress on this has been
reported other than the initial paper from 2008 [26,27].
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2.4.3 Shin et al.

Shin et al. from IBM used thermal evaporation of zinc, tin, copper and sulfur
sources, followed by a short annealing step (5 minutes at 570◦C) to grow
CZTS films. Devices created from this reached efficiencies up to 8.4% [7].
This is again a method using a vacuum environment, making it less attractive
for mass production.

2.5 Alternative solar cell technologies

This section will try to give an overview of alternatives to the crystalline
silicon absorber layer. Some of these are already used commercially and re-
search is focused on improving the efficiency and/or reducing the production
cost. Other absorber layers have thus far only been made in laboratories.
One must keep in mind that it is hard to compare these materials, since the
device structure can be entirely different, using for example a single-junction
structure instead of a multi-junction structure, different window layers or
contacts.

Three types of thin film solar cells have been commercially used thus far.
These are the hydrogenated amorphous silicon (a-Si:H), the CdTe and the
CIGS solar cell.

2.5.1 Amorphous and nanocrystalline silicon

Amorphous silicon (a-Si) is a widely used material for thin film solar cells
because it is abundant and non-toxic, requires low temperature processing,
the technological capability for large-area deposition exists and the material
requirements are much lower (1-2 µm layer thickness) due to the high absorp-
tion compared to crystalline silicon. The material has a high defect density,
which causes more optical transitions to be possible, but defects also serve
as a centre of recombination [3].

By incorporating around 10% hydrogen in the film during deposition,
the amount of defects is reduced. This also gives the material (a-Si:H)
a well-defined band gap of 1.75 eV . The material, however, suffers from
light-induced metastable defects, known as the Staebler-Wronski effect. This
makes the cell less stable over time. This effect is lessened by reducing the
thickness of the layer, but this also reduces the amount of light absorption.
Under suitable deposition conditions and strong hydrogen dilution, nano- and
microcrystallites are formed in the material. These crystallites have a lower
defect density and are more resistant against light degradation compared to
a-Si. It also shows increased absorption in the red and infrared spectrum [3].
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a-Si cells are mostly used in multi-junction devices, together with nano-
crystalline silicon and alloy materials. By alloying with germanium, for ex-
ample, the band gap decreases, absorbing lower energy photons. The highest
efficiency cell for a single junction a-Si device is 10.1%, while the record
effiency for a multi-junction device is 12.3% [11]

2.5.2 Cadmium Telluride (CdTe)

CdTe is an ideal absorber because of the direct band gap of 1.5 eV and an
absorption coefficient of about 105 cm−1 in the visible region, which means
that a layer thickness of only a few micrometres is needed to absorb most
of the photons. CdTe can be made using a variety of deposition methods:
devices with efficiencies over 10% have been made using several techniques.
Despite these properties, the top efficiency has only gone from 15.8% to
16.7% [11] over the past decade, due to a lack of research. Another issue
which needs to be resolved is the toxicity of cadmium: certain European
nations ban devices with high cadmium content [3].

2.5.3 CIS, CISe and CIGS(e)

Copper indium sulfide (CuInS2) has a band gap of 1.53 eV, which is ideal
for an application in a solar cell. But the difficulties in controlling the sulfur
during the deposition and the diffusion of metals, even at low temperatures,
have slowed down the development of this material. But it is possible to
replace the sulfur with selenium. Copper indium selenide (CuInSe2, or CIS)
is a leading candidate for solar cells, with an absorption coefficient of 3 to 6
* 105 cm−1 and a band gap of 1 eV [3].

A superior device performance is achieved when the junction is matched
to the solar spectrum by increasing the band gap. Alloying with gallium,
aluminium or sulfur increases the band gap, which makes it more suitable for
high-efficiency single-junction and multi-junction devices [3]. A record 20.3%
efficiency has been reached by CIGS [11], but there are certain downsides to
this material, which have been mentioned earlier in this report (see Section
2.2). Besides achieving higher efficiencies, research on this type of absorbers
has also been focusing on finding new and cost-effective deposition methods,
like electrodeposition and electrospraying [3, 28,29].
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2.5.4 III-V materials

Direct band gap III-V semiconductors, such as gallium arsenide (GaAs) and
indium phosphide (InP) are also promising materials for solar cells. They
have a higher efficiency in comparison to silicon cells. A record effiency of
28.3% [11] for a thin film single-junction cell of GaAs has been measured.
The III-V materials are usually used in multi-junction cells, having achieved
a 43.5% efficiency in a GaInP/GaAs/GaInAs setup and a 41.6% efficiency
by using a GaInP/GaInAs/Ge multi-junction cell [11].

III-V solar cells are used a lot in space applications because of their higher
efficiency than silicon and the fact that III-V materials are more resistant to
high energy radiation [30]. The downside is that these type of solar cells are
too expensive for large-scale commercial applications [3].

2.5.5 Dye-sensitized solar cells

Dye-sensitized solar cells (DSSCs) are unique to other solar cells because
electron transport, light absorption and hole transport are all handled by
different materials in the cell. The dye, which acts as the absorber material,
is anchored to a wide band gap semiconductor, such as titanium oxide, tin
oxide or zinc oxide. When the dye absorbs light, the excited electron rapidly
transfers to the conduction band of the semiconductor, which carries the
electron to one of the electrodes. A redox couple (using an electrolyte) then
reduces the oxidized dye back to its neutral state and transports the positive
charge to the counter-electrode. The most employed DSSCs use a ruthenium-
based dye and an iodide/triiodide redox couple. Recent research into organic
dyes with a lower band gap using a cobalt reduction couple has led to a
efficiency of 12.3% [31].

There has been a relatively slow progress in record values for DSSC effi-
ciency over the last 10 years, which is partially due to the fact that ruthenium-
based DSSCs have maximum efficiency of around 13% . The production
process of the DSSC is relatively cheap, but the materials itself are quite
expensive. Another disadvantage of this type of cells is the liquid electrolyte,
which can freeze at low temperatures, or expand at higher temperatures.
This makes sealing the cell a problem. Recent research has sought to replace
the liquid electrolyte with a solid one [31].

2.5.6 Quantumdot absorber

The quantum dot absorber solar cell can be seen as an alternative to the
DSSC. The ability to tune the electronic states of quantum dots (QDs), by
varying the size together with the solution based preparation, makes them
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very interesting as potential absorbers in a so-called extremely thin absorber
solar cell (eta-SC). The tunability of the band gap makes lead sulfide (PbS)
and lead selenide (PbSe) QDs (which have a bandgap of 0.41 eV and 0.27 eV
respectively) more viable by shifting their bandgap to an optimal value. An
advanced device structure consisting of SnO:F/TiO2/PbS-QD/Au has shown
the highest efficiency of 5.1%.

Although a lot of research must still be done on quantum dots because
of their low efficiency, the quantum dot absorbers are very promising. Both
PbS and PbSe quantum dots have shown multiple exciton generation [32]
(i.e. a single photon generates more than one electron-hole pair), which can
push these absorbers over the Shockley-Queisser limit [33].

2.5.7 Organic absorbers

Interest in organic solar cells stems primarily from the ease of processing,
because devices use polymers as part of their construction. Organic semi-
conductors generally have poor charge carrier mobility, having a big effect
on the efficiency. It has on the other hand a high absorption coefficient (or-
der 105 cm−1), which gives a high absorption even in layers with a thickness
less than 100 nm. Properties can be changed by varying the length of the
molecules or by changing the functional group. This changes for example,
the band gap. The cost of an organic absorber is very low and the cells have
a high mechanical flexibility.

Organic solar cells have been lacking compared to their inorganic coun-
terparts, having an efficiency of around 3 to 5% [34]. But in the last few
years, there are several groups who have been reporting efficiencies of over
8%, the record being 10% [11]. One problem with organic solar cells is that
they do not last very long, due to degradation under the influence of UV
light from the sun [34,35].

2.6 Electrodeposition

Several methods have thus far been employed to grow a CZTS thin layer:
pulsed laser deposition, sputtering, evaporation, sol-gel processing, photo-
chemical deposition, spray pyrolesis and solution based methods. Table 2.1
shows the various CZTS growth methods and the current maximum efficiency
achieved by those methods.

Some of these methods, like pulsed laser deposition or sputtering, require
a vacuum system, which entails high costs and complex deposition setups.
Besides that, a vacuum system is energy consuming, so that the time before
the solar cell actually ’generates’ energy (i.e., the time after which a solar
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Table 2.1: Various growth methods for CZTS and their maximum achieved
efficiency

Growth method Efficiency (%)
Pulsed Laser Deposition 3.14 [36]

Hydrazine-based Solution 10.1 [24]
Sol-gel Sulfurization 2.23 [37]

Evaporation 8.4 [7]
Sputtering 6.7 [26]

Electrodeposition 7.3 [38]

cell has won back the energy needed to produce it) is extended. Another
downside is the difficulty from going to small to large scale application. Al-
though many methods work fine on a laboratory scale, scaling them up to
industrial standards is sometimes not feasible. The benefit of these vacuum-
based methods is that it is easier to control what is being deposited, making
it easier to get a good stoichiometry. This gives the possibility to apply, for
example, a band gap grading in the absorber layer.

Electrodeposition on the other hand is a method which is low cost, en-
vironmentally friendly, easy to use and works at room temperature. Besides
that, it scales well from a small deposition area in a laboratory to large area
deposition required for commercial mass production [7].

Electrochemical deposition of metals and alloys involves the reduction of
metal ions from aqueous, organic or fused-salt electrolytes. The reduction of
these metallic ions is represented by the following reaction:

M z+
solution + ze→Mlattice (2.1)

where the M represents the metallic compound and z the charge. The
most basic setup for an electrodepostion experiment would be a beaker with
3 electrodes and the electrolyte (see Figure 2.8). The reference electrode sits
at a potential of 0 volt (V), while the cathode, or working electrode, has a
negative potential (since metal ions have a positive charge).

The working electrode is where the reduction of ions will take place.
The positively charged ions are attracted by the negatively charged working
electrode. When they reach the electrode, the reduction reaction (Reaction
2.1) will take place, de-ionizing the atom and forming a solid film. If a
conducting substrate is attached to the working electrode, the substrate will
also be a location for reduction reactions (since it will have the same potential
as the electrode). This enables the deposition of thin films on substrates
using electrodepostion. The electrons are either supplied by an external
power source or by the electrolyte itself (electroless deposition) [40].
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Figure 2.8: Basic electrodeposition setup with three electrodes. Adapted
from [39].

Different chemical species have different affinities for reduction, called
the reduction potential. This affinity is measured in volt. A species with a
lower reduction potential will give off its electrons to a species with a higher
reduction potential. The value of the reduction potential of a species is
relative to the Standard Hydrogen Electrode (SHE), which is set at 0 V [40].
In practice, reference electrodes are made of other materials, such as silver
chloride or calomel (mercury(I) chloride). These electrodes have a potential
with respect to SHE, which needs to be taken into account when making
measurements or gathering data. The conversion can be made as follows:

EWE = ESHE − E12 (2.2)

where ESHE is the reduction potential with respect to the SHE, EWE the
measured reduction potential at the working electrode (the electrode in the
experiment) and E12 the potential of the reference electrode with respect to
the SHE [40]. To make deposition on the working electrode (and an attached
substrate) happen, the potential of the electrode must be lower than the
reduction potentials of the materials that are to be deposited.

There are two ways of doing a deposition for a multicompound layer: a
single step electrodeposition, where all the compounds are contained in the
same solution, or a sequential deposition, where different layers are deposited
in a sequence. While the latter will require annealing to mix the different
layers and form the desired crystal structure, it is possible for single step
electrodeposition to form the crystal structure immediately [41–43]. As-
deposited films that need annealing are also known as precursors.
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The goal is to find the right conditions under which a stoichiometric film
of CZTS forms on a substrate. The formation process is divided into two
steps: electrodeposition and annealing. Electrodeposition was done in two
ways. In the first experiments, the electrolyte contained all four constituents
of CZTS (electrolyte 1). Although small amounts of CZTS can form during
electrodeposition, secondary phases such as copper sulfide and tin sulfide will
make up the bulk of the deposited film. To turn these secondary phases into
CZTS proper, an annealing step can be done after deposition.

In a later experiment, deposition with only copper, zinc and tin was
attempted (electrolyte 2). This film must be annealed in a sulfur environment
to incorporate the sulfur and create the CZTS film.

The influence of sulfur in the precursors seems debatable in the literature.
Platzer-Björkman et al. [44] reported larger grains when no precursor sulfur
was available, while Katagiri et al. [45] reported a dramatic increase in grain
size when they did use sulfur. It is however pointed out that introduction of
sulfur in the precursor leads to a more dense and uniform film [44]. For this
reason, both methods were used in this project.

Unless otherwise mentioned, all parameters and procedures hold for both
electrolytes. A list of equipment used during the experiments can be found
in Appendix B. A full explanation of the electrodeposition experiment can
be found in Appendix C.

3.1 Substrate

In electrodeposition, the substrate must be conducting in order to grow films.
In this experiment, the substrate consisted of silicate glass coated with a
thin film of ITO (indium tin oxide), between 150 and 200 nm thick and
a deposition area of about 1 × 2 cm2. Before starting the deposition, the
substrate was cleaned in an ultrasonic bath using detergent, acetone, ethanol
and deionized water. After the cleaning the substrates were dry-blown using
nitrogen.

17
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3.2 Deposition parameters

The electrodeposition experiment makes it possible to vary a lot of different
parameters: applied voltage, concentrations of materials, temperature, pH
value and deposition time. Each parameter and its possible influence on the
growing film will be explained shortly. During our experiments, we varied
the applied voltage and deposition time, while temperature, pH-value and
concentrations were kept constant.

3.2.1 Applied voltage

The applied voltage has two functions. First of all, a certain voltage is
needed before reduction of metal ions at the working electrode can take place
(see Section 2.6). The second function is that the potential influences the
deposition rate of the ions. The limiting factor of deposition rate is either the
rate at which ions arrive at the surface of the electrode or the rate at which
electrons are transferred from the electrode to the depositing ion. The rate
of electron transfer is related to the electrical overpotential (the difference
between applied potential and reduction potential) applied to the working
electrode, which is connected to the substrate. A higher potential will speed
up growth, but a voltage which is too high leads to bad adsorption to the
surface [40,46].

For electrolyte 1, earlier research suggests potentials around -1.05 V [42,
43,47]. For electrolyte 2, research indicates a potential of -1.15 V [48].

3.2.2 pH value

Keeping the electrolyte slightly acidic (between a pH-value of 4.5 and 5)
restricts the mobility and precipitation of H+ ions in the solution [42]. This
is done with 0.1 mole per liter (M) tartaric acid, or 2,3-dihydroxybutanedioic
acid (C4H6O6), as suggested by earlier research [42].

3.2.3 Concentration of materials

In electrodeposition, the influence of the concentration of materials in the
electrolyte is clear: higher concentration will generally lead to larger amounts
deposited. For CZTS, one option is to have the four components stoichio-
metrically available in the electrolyte (i.e., copper:zinc:tin:sulfur is 2:1:1:4).
However, various factors influence the deposition rate of different elements.
Therefore, the concentrations used in electrolyte 1 are as follows: 0.02 M
copper sulfate, 0.02 M tin sulfate, 0.01 M zinc sulfate and 0.02 M sodium
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thiosulfate. The same concentrations were used in electrolyte 2, with the
omission of the sodium thiosulfate. The value of tin is higher, as tin tends to
evaporate from the film during annealing due to its low melting temperature
(231◦C). These values are based on earlier research [42,43].

3.2.4 Time

The deposition time determines the amount of material deposited on the
substrate. Depositing for too long, however, leads to powder formation on
top of the layer, without new layers being formed. On the other hand, if the
deposition time is not long enough, then the film will be too thin, and may
disappear completely after any annealing. Earlier research suggests growth
times should be around 40-45 minutes [42,43,47].

3.2.5 Temperature

Although higher temperatures increase deposition rates [40], this could have
detrimental effects on our water-based solution. Furthermore, results of other
research indicate that growth at room temperature is feasible [18, 42, 43, 46,
47]. Therefore, all depositions were done at room temperature. This is also
in line with the philosophy of keeping production cheap and simple.

3.2.6 Complexing agent

The different metals in the electrolyte have different reduction potentials.
This could lead to uneven deposition, causing deviations from stoichiometry.
A complexing agent is added to bring the reduction potentials of the different
metals closer together. In this experiment, trisodium citrate (Na3C6H5O7)
at a concentration of 0.1 M is used (based on earlier research [42,43]).

3.3 Deposition

The ITO side of the substrate was connected to the working electrode, made
of platinum. Using a potentiostat in chronoamperometry mode, a potential
was applied over the working electrode, referenced to a silver/silver chloride
(Ag/AgCl) reference electrode (which has an electrode potential of +200 mV
versus SHE). The sign of the potential of the working electrode needs to be
negative, to attract the positive metal ions (which in turn will attract the
negative sulfur ions). To determine the optimal growing potential, voltages
between -0.75 and -1.20 V were used. Growth times were varied between 20
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and 60 minutes. After the deposition, the sample was rinsed with water and
dry-blown using nitrogen.

3.4 Measuring film properties

To determine if the film has the desired properties, various measuring tech-
niques were used. An explanation of these techniques can be found in Ap-
pendix A. The crystallinity was measured using X-ray diffraction (XRD).
This would show if the film formed in the required kesterite crystal structure.
The surface morphology and film thickness were determined using scanning
electron microscopy (SEM). For thin film solar cells, the layer thickness of
CZTS should be around 1 µm. The content of the sample was checked using
energy dispersive X-ray spectroscopy (EDX), to see if the film was stoichio-
metric. To determine the energy band gap of the film, optical absorption
spectroscopy was used.

3.5 Annealing

As explained earlier, during deposition from electrolyte 1, an amorphous film
is grown, consisting of copper sulfide, zinc sulfide, tin sulfide and other mixing
phases. For electrolyte 2, only the three metals will be present on the film.
An annealing treatment is needed in both cases, to form the actual CZTS
and to form a stronger bonding with the substrate. The chemical reactions
forming CZTS during annealing are shown here [12]:

2 Cu+ S → Cu2S (< 300− 350◦C) (3.1)

Zn+ S → ZnS (< 300− 350◦C) (3.2)

Sn+ 2 S → SnS2 (< 300− 350◦C) (3.3)

Cu2S + SnS2 → Cu2SnS3 (> 350− 400◦C) (3.4)

Cu2SnS3 + ZnS → Cu2ZnSnS4 (> 350− 400◦C) (3.5)

Even though sulfides are already present in the film (in case of electrolyte
1), some copper, zinc and tin has not bonded with sulfur yet. To allow enough
time for this during the annealing process, the temperature was raised at a
small rate of 3◦C/minute. This was done for all annealing processes.

Annealing was done in two different ways. The first was to anneal the
sample in a nitrogen rich environment (only for films deposited with elec-
trolyte 1). But EDX measurements showed that the samples had low sulfur
content after annealing and XRD measurements showed that no actual crys-
talline CZTS was formed. So instead of annealing in a nitrogen environment,
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we switched to a sulfur rich environment. This was done by adding excess
sulfur powder in the annealing chamber (about 1 gram), which leads to sulfur
vapor at annealing temperatures. The sulfur vapor then mixes with the film,
causing CZTS to form.

3.6 Cyclic Voltammetry

Cyclic voltammetry (CV) is an electroanalytical technique used to study
redox systems. It enables the electrode potential to be rapidly scanned in
search of redox couples. The measurement starts of at a certain potential V1
(0 V in our experiment) and will go to another potential V2 (-1.5 V in our
experiment) at a constant scan rate (0.1 V/s in our experiment). When it
has reached potential V2, it will go back to the starting potential V1. During
this sweeping of the potential, which can be done several times in a row, the
current is measured.

For a reversible system, the forward scan might trigger oxidation of the
electrolyte, while the reverse scan triggers the opposite reaction (reduction)
or the other way around. The graph is expected to look the same in the
forward and reverse direction. An example of a cyclic voltammogram can be
seen in Figure 3.1. Peaks in the graph indicate at which potentials reduction
or oxidation occurs.

Figure 3.1: Typical voltammogram for a reversible system at different scan
rates. The dashed lines indicate where reduction or oxidation takes place. [49]

Electrodeposition is not a reversible system, since material is being de-
posited on the electrode, changing the electrical properties of both the elec-
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trolyte and the electrode. This means that the voltammogram will not be
symmetric. But the graph can give a certain indication of the required po-
tential to reduce all the compounds in the electrolyte [49].



4. Results

This chapter will present the results obtained from our experiments. The
results will be given in chronological order, explaining choices and conclusions
we made during the project.

4.1 What to expect

This section will give a short overview of the results we should expect from
measurements in case CZTS is formed. Since CZTS is an absorber, a thick
enough film should be opaque to the naked eye (90% absorption for a 500
nm film). This gives a good quick estimation whether a thick film of CZTS
has formed or not.

XRD measurements should give something similar to 4.1. The (112)-peak
(located at 2θ=28.4◦) and the (220)-peak (located at 2θ=47.3◦) are the most
prominent peaks in the spectrum.

Figure 4.1: Diffractogram of CZTS on a molybdenum substrate. Numbers
between brackets are the Miller indices of various planes. Adapted from [50].

The SEM images in Figure 4.2 are taken from the paper of Pawar et al.,
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whose experimental parameters we used to start off with. This means our
results with electrolyte 1 should be similar to theirs.

Figure 4.2: SEM images of as-deposited and annealed CZTS. Adapted
from [42].

For electrolyte 2, the XRD graph should like the same as for electrolyte
1, given in 4.1. The as-deposited film, however, will look different. Chen et
al. [48] also used an electrolyte which did not contain sulfur. The difference
is that they annealed in a selenium environment instead of a sulfur environ-
ment. There have been no reports of doing electrodeposition without sulfur,
followed by sulfurization step. This makes it unclear what to expect for this
method.

4.2 Optimizing potential with electrolyte 1

The first objective was to find a potential or range of potentials which formed
a suitable film on the ITO substrate. A good film in this case means a film
with good (macroscopic) coverage of the substrate and sticks to the surface
well (i.e., does not let go during rinsing). As discussed in Section 3.2.1, earlier
research indicates the potential should be around -1.05 V. To verify this, we
used potentials from -0.75 to -1.15 V. For potentials higher than -0.95 V,
the films would not bond strongly with the substrate, causing it to fall off
during rinsing. Potentials of -1.15 V and lower, on the other hand, lead to
bad adsorption, again making the film come off during rinsing. This confirms
that good films grow between -1.00 and -1.10 V.

4.3 XRD and EDX results

To check the crystallography of films grown at the correct potentials, we
performed XRD measurements on two samples (CZTS35, grown at -1.0 V
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for 20 minutes, and CZTS36, grown at -1.05 for 25 minutes). The results of
these measurements can be seen in Figure 4.3, with an XRD measurement
of the substrate as comparison (Figure 4.3.c). The graph shows no peaks
corresponding to CZTS, which means no crystalline film was grown. Ex-
amining these samples with EDX, however, showed prominent peaks from
the substrate, meaning that the film was too thin (see Figure 4.3.d). So the
deposition time needed improvement.

Figure 4.3: XRD measurement of a)CZTS35, b) CZTS36 and c) the sub-
strate (ITO), d) EDX measurement of CZTS35. a) and b) show no peaks
other than substrate peaks, which indicates no crystalline film has formed.
The EDX measurement shows high indium and silicon peaks, originating
from the substrate, which suggest that the film is too thin.

4.4 Deposition time

Next we tried to find the optimal deposition time. Films were grown between
10 and 60 minutes at -1.05 V. Deposition times around 40 to 45 minutes
were suggested to be optimal, as discussed in Section 3.2.4. Short deposition
times (< 40 minutes) resulted in not enough material being deposited on the
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substrate, while films grown for long times (> 50 minutes) had powder for-
mation. These results are again in agreement with earlier research, discussed
in Section 3.2.4. Combining the previous results, good films from electrolyte
1 grow at potentials between -1.0 and -1.1 V, and deposition times between
40 and 50 minutes.

4.5 XRD, SEM and EDX measurements

Using SEM, we checked the coverage of the films grown in the previous
experiment. SEM images of samples CZTS53 through CZTS56 (deposited
at -1.05 for 20, 30, 40 and 50 minutes respectively) are shown in Figure 4.4.
The images show that coverage increases with deposition time, which further
supports deposition times between 40 and 50 minutes.

XRD measurements on an as-deposited sample (see Figure 4.5) showed
that no crystalline film was formed. This, combined with earlier research
[41–43,47,51], implies that the films need annealing before crystalline CZTS
will form.

Figure 4.4: SEM images of a) CZTS53, b) CZTS54, c) CZTS55 and d)
CZTS56. Images show that coverage increases with deposition time.
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Figure 4.5: XRD measurement of CZTS55. Again no crystalline film has
formed.

4.6 Annealing in nitrogen environment

To improve crystallinity, samples CZTS59 (grown at -1.1 V for 40 minutes)
and CZTS60 (grown at -1.1 for 50 minutes) were annealed in a nitrogen
environment (to suppress any oxidizing reactions). The samples were an-
nealed for 60 minutes at 400◦C. After this, XRD measurements were done
(see Figure 4.6), which showed no crystalline CZTS.

Figure 4.6: XRD measurement of a sample annealed in a nitrogen environ-
ment. No crystalline CZTS forms after annealing in a nitrogen environment.

However, EDX measurements also indicated that the four components
were not deposited on the film in the correct ratios. The films lacked primar-
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ily in sulfur. Because a sulfur ion is negatively charged, it is only deposited
on the film due to attraction by local positive charges created by the copper,
zinc and tin. This explains the low sulfur count on the films. For this reason
the nitrogen environment was replaced by a sulfur environment, to improve
the amount of sulfur on the films and create stoichiometric CZTS.

4.7 Annealing in sulphur environment

Samples CZTS65 (grown at -1.1 V for 40 minutes) and CZTS66 (grown at
-1.05 V for 40 minutes) were annealed in a sulfur environment for 60 minutes
at 500◦C. After annealing, the film was mostly transparent. Since CZTS is
supposed to be an absorber, this indicates that the film is probably not thick
enough. Figure 4.7 shows images of the surface of CZTS66, before and after
annealing. The annealing process seems to smoothen the surface, although
copper sulfide crystals (measured with EDX) remain visible. XRD measure-
ments, seen in Figure 4.8, show that CZTS peaks appear. However, the
peaks are still very small, indicating that either the crystallization process is
not fully completed, or that not much CZTS is present. A low-magnification
SEM image of the surface (Figure 4.9) shows island formation. Instead of
a uniform layer, patches of copper sulfide and CZTS form during anneal-
ing. EDX confirms that some islands contain near-stoichiometric CZTS (see
Table 4.1).

To see if further annealing improves the film, the two samples (CZTS65
and CZTS66) were annealed at 550◦C for 60 minutes, again in a sulfur envi-
ronment. After annealing, the film was again mostly transparent, indicating
that the film is, most likely, still not correct. XRD measurements of CZTS66
(Figure 4.8) show that the crystallinity of the film improves, and SEM im-
ages of the surface (see Figure 4.10) show that the film is more uniform when
compared to annealing at 500◦C (see Figure 4.9). The XRD measurement,
however, still shows peaks from the substrate, which means that the film is
thin.

Table 4.1: EDX measurement of CZTS island on sample CZTS65, annealed
at 500◦C.

Element Presence (%) Standard deviation (%) Expected (%)
Copper 26.6 ±0.8 25

Zinc 14.5 ±0.8 12.5
Tin 11.2 ±0.9 12.5

Sulfur 47.7 ±0.2 50
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Figure 4.7: SEM images of a) CZTS66 as-deposited and b) annealed at
500◦C. Annealing seems to smoothen the surface, but copper sulfide struc-
tures remain.

Figure 4.8: XRD measurements of CZTS66 as-deposited and annealed at
various temperatures. Annealing improves crystallinity, but substrate peaks
remain visible, suggesting the film thickness is too low.
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Figure 4.9: Low-magnification SEM image of CZTS66 annealed at 500◦C.
Islands of CZTS and copper sulfide appear on the surface, instead of a uni-
form film.

Figure 4.10: Low-magnification SEM image of CZTS66 annealed at 550◦C.
The film seems more uniform.
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4.8 Deposition with electrolyte 2

Since electrolyte 1 did not give satisfying results, another route was tried.
A new electrolyte was made containing no sulfur (electrolyte 2); the sulfur
was only introduced during the annealing process. Because of the different
electrolyte, a different optimal deposition potential was expected. Chen et
al. also tried the same route (but annealed in selenium instead of sulfur),
using a potential -1.15 V [48]. When applying this voltage in our experiment,
however, the film had a bad adhesion, and almost completely fell off during
rinsing in water. To still get an indication of which potential to use, a cyclic
voltammetry measurement was done. The result of that measurement is
shown in Figure 4.11.

There is a very distinct peak around -0.85 V. The reverse peak at around
-0.5 V does not represent the reduction of the elements (since the current
at that position is positive). Therefore, it is expected that the optimum
potential lies around -0.85. To verify this, depositions were done for 30
minutes, starting with a voltage of -0.80 V and increasing to -1.15V.

Figure 4.11: Cyclic voltammetry of electrolyte 2. The peak around -0.85
V indicates reduction.

Films deposited at a potential of -1.00 V and lower showed a non-adhesive
top layer, which would let go during rinsing. The other films, deposited at a
potential between -0.8 V and -0.95 V, had a metallic-looking surface. This
surface was uniform on a macroscopic scale. This is already different from
films deposited with electrolyte 1, which were not uniform macroscopically.
The potential of -1.15 V used by Chen et al. did not work in this experiment,
which is probably due to usage of different concentrations of materials.
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Two of the good samples (CZTS79 and CZTS80 grown at -0.85 V and
-0.90 V respectively) were then annealed in a sulfur environment. The tem-
perature was increased to 450◦C and kept there for 30 minutes. This was
done so that secondary phases had enough time to form, since no sulfur was
in the film before annealing. The sulfur has to diffuse into the entire layer
during annealing. After that, the temperature was increased to 500◦C and
kept at that temperature for 60 minutes. As explained earlier, the higher
temperature should make sure that the secondary phases melt together to
from CZTS. To see if this result was any different from the experiments with
electrolyte 1, characterizations where done using XRD (see Figure 4.12 and
SEM (see Figure 4.13).

Figure 4.12: XRD of CZTS80 post-annealing. The film is amorphous, but
small peaks of SnS (indicated orange) and Sn2S3 (indicated blue) show that
there is an excess of tin.

Figure 4.13: SEM images of samples grown in electrolyte 2. a) as-deposited
and b) post-annealing. The entire deposition area was uniform.

The post annealing image (4.13.b) looks very different compared to an-
nealed films from electrolyte 1 (see Figure 4.7). Whereas the earlier samples
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were not uniform and contained islands of CZTS and secondary phases, these
samples were uniform across the entire deposition area. However, the XRD
shows that the film is amorphous, and the small peaks that can be seen could
belong to tin sulfides. This means that there is too much tin available in the
precursor.
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5. Discussion

The results of the experiments bring up questions and new problems. Here,
possible answers and/or solutions will be discussed.

The most glaring issue is the discrepancies between the research done by
Pawar et al. [42] and our experiments with electrolyte 1. Most parameters
(concentrations, applied potential, deposition time, annealing temperature
and time) were identical, and while they got good formation of CZTS, we
did not. One difference between this project and the research done by them
is the fact that they annealed in an argon environment, against the sulfur
environment we used. This begs the question: Why did they get enough
sulfur on the film during deposition, and we did not? The only difference
during electrodeposition between the two projects is the substrate choice.

Pawar et al. used both ITO and molybdenum substrates, while we only
used ITO substrates. Their paper is not clear on which substrates gave which
results, but their XRD measurements were performed on samples with molyb-
denum substrates. The results of those measurements were promising, but
no such measurements were done for ITO substrates. This makes the com-
parison more difficult, but one possible conclusion is that electrodeposition
of CZTS on ITO substrates with all four elements in the electrolyte is not a
valid option. To investigate this further, electrodeposition on molybdenum
can be done to see if that yields better results.

The island formation (Figure 4.9) is also an interesting point. Although
the simple explanation would be that there is not enough material available
to cover the surface, there is another option. It might be that CZTS tends to
cluster and form islands instead of spreading over the surface equally. This
can be investigated by measuring the height of the islands. If the islands are
of substantial height, this would indicate clustering behavior, while islands
of small height would mean that the island growth is just a result of lack
of material. We attempted this with an atomic force microscope (AFM).
However, the scale on which an AFM operates is too small for this purpose,
so it could not give us a definitive answer. Therefore, another method needs
to be used for this.

In case of clustering behavior, the next step is to wonder what is causing
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it. Is it intrinsic to CZTS, or does it have to do with the substrate? Solving
the island growth issue might be a matter of getting more material on the
film. However, since lower voltages and longer growth times are not an option
(as explained in Section 4.2 and Section 4.4), this could be harder than it
sounds. If the island formation is due to problems with the substrate, then
the earlier suggested option of investigating a molybdenum substrate can
also be applied here.

The experiments with electrolyte 2 showed promising results. The elec-
trodeposited films were uniform both macroscopically and microscopically.
After annealing in sulfur, the SEM images (see Figure 4.13) showed drastic
changes in the surface morphology. The XRD measurement (Figure 4.12)
showed hints of tin sulfides, but due to the high noise levels, this cannot be
said with high certainty. The XRD does indicate that the film is amorphous,
since the few visible peaks are very small. EDX measurements can give more
insight as to what is present on the samples.

If the tin sulfides are indeed present on the sample, then that would indi-
cate that the as-deposited films (and therefore, the electrolyte) contained too
much tin. Future research could change the concentrations of the materials
in the electrolyte to acquire better ratios of the three metals on the film.

Using XRD might not be the best tool to measure the correct phase of
the film. When looking at the phase diagram, there are a lot of possible
secondary phases. Each of these can give a peak in the diffractogram. Most
of the secondary phases have peaks which lie very close to the peaks of CZTS,
due to similar crystal structure. A few of these similar peaks can be seen in
Table 5.1.

Table 5.1: XRD peak locations of CZTS, cubic CTS and cubic ZnS [52].

CZTS Cubic-CTS Cubic-ZnS
2θ (degree) Plane 2θ (degree) Plane 2θ (degree) Plane

28.44 1 1 2 28.45 1 1 1 28.50 1 1 1
32.93 2 0 0 32.96 2 0 0 33.03 2 0 0
33.02 4 0 0 - - - -
47.33 2 0 4 47.31 2 2 0 47.40 2 2 0
56.09 3 1 2 56.13 3 1 1 56.24 3 1 1

This makes it hard to distinguish CZTS or the secondary phases in a
diffractogram (although a very broad peak can give an indication). Some
of the other secondary phases (Cu2S and SnS) can be identified due to the
peak positions which are entirely different from CZTS. But Table 5.1 shows
that this is not the case for all phases. A technique which can give a better
indication of the presence of secondary phases and actual CZTS is Raman
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scattering [52, 53] because each material has a peak position which is more
distinct than in XRD.

Instead of annealing in a elemental sulfur environment, some research
groups anneal in a hydrogen sulfide (H2S). Films created in this way also
yielded good results, although no straight comparison between the two meth-
ods have been made. Investigating annealing in H2S and comparing it with
annealing in elemental sulfur could be a basis for future experiments. An
important thing to note, though, is that H2S is highly flammable and toxic,
and must therefore be handled with care [5].
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6. Conclusions

Our goal was to find out if electrodeposition, combined with annealing, was
a good method of growing CZTS thin films on ITO substrates. We used two
different electrolytes (one including and one without sulfur), to study the
influence of sulfur during deposition.

The experiments with sulfur included yielded films with good adhesion
and thickness for potentials between -1.0 and -1.1 V and deposition times
between 40 and 50 minutes. However, no samples had full substrate coverage
of CZTS after annealing in both nitrogen and sulfur. The CZTS formed in
islands, instead of spreading evenly over the surface. This is possibly due to
the choice of substrate.

The films grown without any sulfur in the electrolyte showed more promis-
ing results, creating uniform films when grown at potentials between -0.8 and
-0.95 V. The surface morphology changed drastically after annealing in sul-
fur. Although the composition of the electrolyte needed improvement, since
too much tin was present on the films, this might be the better procedure to
grow stoichiometric CZTS films.
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A. Measuring Techniques

During the experiments we used several different measuring techniques to re-
trieve the information needed from the various samples. Properties of interest
were energy band gap, film thickness, stoichiometry and surface morphology.
The techniques used to determine these characteristics will be explained here.

A.1 X-ray diffraction

X-ray diffraction (XRD) is a technique based on Bragg’s law, a geometric law
which allows crystallographic properties of the film to be retrieved. Bragg’s
law can be deduced from the geometry of figure A.1, and is given in the
following formula:

nλ = 2dsin(θ) (A.1)

where n is an integer, λ is the wavelength of the incoming X-rays, d is the
distance between crystal planes, and θ the angle of incidence of the X-rays.

Figure A.1: Geometry of Bragg diffraction. The dashed lines indicate the
diffracting X-ray beams, incident at an angle θ. The solid lines indicate
crystal planes, separated by a distance d. For constructive interference to
occur between the two beams, the extra path length 2dsin(θ) must be an
integer number of wavelengths. [1]
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XRD is a technique which uses an X-ray source with fixed λ, and scans
over a range of θ. From this, using Bragg’s law, d can be calculated. Using
crystallographic data, the crystal structure can then be determined. Figure
A.2 shows a typical XRD setup.

Figure A.2: XRD setup showing the different components. Adapted from
[2]

To produce X-rays, a tungsten filament is heated, which makes it give
off electrons. These electrons are accelerated in an electric field and collide
with a target material (usually copper). If the electron has enough energy,
the collision will remove an electron from one of the shells of the material’s
atoms. The hole created in this way can then be filled by an electron from an
outer shell, which leads to photon emission (see Figure A.3. These photons
have energies in the X-ray spectrum. The name of these X-rays depends on
the shell the electron is removed from and the shell of the electron which fills
the void. For example, a Kα X-ray means the X-ray is created by an electron
moving from the L to the K shell.

The X-rays are collimated and directed towards the sample, and diffracted
at various angles θ. A detector scans over a range of angles and counts the
incoming photons. The angles where constructive interference occurs will
yield larger amounts of photons. Figure 4.1 shows a diffractogram of a CZTS
sample grown on a molybdenum substrate. Typical diffractograms will have
2θ on the horizontal axis instead of θ, since 2θ is the angle between the
incoming and diffracted beam. The numbers between brackets denote the
Miller indices of the various crystal planes.
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Figure A.3: Emission of X-rays by external stimulation. [3]

A.2 Scanning electron microscopy

Scanning electron miscroscopy (SEM) is a method to determine surface mor-
phology of a sample. Additionally, some SEM setups have an X-ray detector
to perform EDX measurements (see Section A.3). A standard SEM setup is
shown in figure A.4.

Figure A.4: Typical SEM setup. [4]

The electron gun is the source of primary electrons. Standard electron
guns produce electron beams in one of two ways. The first is by heating
a tungsten filament to thermionically excite electrons. The second method,



50 Measuring Techniques

named field emission, is to use an electric field to cause emission of electrons.
The electron beam is focused by one or two condenser lenses. Unlike lenses

in normal optic microscopes, these lenses are magnets, which use electromag-
netic forces to control the electron beam. The beam then passes through the
objective lens, which contains deflection coils. These coils move the beam to
scan across the sample.

When the primary electrons collide with the sample, several interactions
take place in a so called interaction volume, shown in Figure A.5. Some
electrons are reflected by elastic collisions, named backscattered electrons.
Inelastic collisions can cause emission of secondary electrons or emission of
X-rays. Usually the secondary electrons are used to create SEM images. The
amount of secondary electrons depends on the angle of the primary electron
beam with the surface of the sample, where smaller angles lead to higher
secondary electron yield (see Figure A.5.b).

Figure A.5: a) Interaction volume showing the regions where different parti-
cles originate. b) Dependence of secondary electron yield on surface angle. [5]

Since different angles lead to different amounts of secondary electrons, the
electron counts can be converted to brightness values on a computer, which
result in a grayscale image of the sample surface. An electron microscope
can achieve resolutions of the order of nanometers [5].

A.3 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is a tool to determine the ele-
mental content of a sample. It is based on the fact that each element has
a unique X-ray spectrum. An excitation source (either electrons or X-rays)
forms a beam that is focused on the sample. There, X-rays are emitted in
the same way as for XRD (see Figure A.3). Using a detector, the energy
and amount of the emitted X-rays can be measured. Since X-ray spectra are
unique, the various peaks in an EDX measurement can then be attributed
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to elements, determining the contents of the sample. Since a SEM setup
naturally produces X-rays in this way, it is common to have an EDX module
in such a setup [5].
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B. Equipment

This section contains a list of equipment used during the experiments, what
they were used for and, where applicable, references to images used in the
text. Theoretical explanations of measuring equipment can be found in Ap-
pendix A.

Table B.1: Equipment used during the experiments

Name Type Images
Princeton Applied Research Potentiostat

VersaSTAT 3
JEOL 5610 SEM 4.4, 4.7, 4.10

ZEISS 1550 equipped with High-resolution SEM, 4.9, 4.3.d
NORAN EDS and WDS EDX

Bruker D8 XRD 4.3.a, b and c,
4.5, 4.6, 4.8

Princeton Applied Research Deposition cell,
RDE0018 Analytical cell kit Reference electrode

Vecstar Furnace Annealing furnace
Kern KB precision balance Balance

Branson 2200 ultrasonic cleaner Ultrasonic bath
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C. Guide to electrodeposition

This guide will give a step-by-step explanation of how to do the electrode-
position as done in this bachelor project. The guide is divided into several
steps:

• Preparing the bath

• Preparing the substrates

• Setting up the electrodeposition experiment

• After deposition

Due to the chemicals used in this experiment and to avoid dirt on the samples,
wear gloves at all times when handling the substrate or chemicals.

C.1 Equipment

• Princeton Applied Research VersaSTAT 3. Software included: VersaS-
tudio

• Ag/AgCl reference electrode with corresponding filling solution

• Deposition beaker (or cell), Princeton Applied Research Analytical Cell
Kit (model RDE0018), which should be put into a larger holder.

C.2 Preparing a bath

The first thing to do is to measure the correct amount of materials for the
solution. A balance is used for this (Kern KB in our case). The cell can hold
a maximum of 120 mL of solution, but should ideally have around 100 mL.
Place the cell close to the balance. This is done so that there is less risk of
dropping material when putting it into the water. Using a small plastic cup
(press the ’tare’ button to set the balance back to 0 to account for the weight
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of the cup), the amount of material needed can be measured, and any excess
can be put back in the correct container. The material can then be put into
the solution from the cup. Use a different spatula and cup for each material,
or clean them before measuring another material.

After the correct amounts of material have been dissolved, a stir bar is
added and then the bath needs to be stirred for around a half a day. The pH
should be around 4-5 (to restrict movement and precipitation of H+ ions),
this can be checked using pH testers. Extra acid can be added if the pH is
too high. Whenever the solution is not used, be sure to keep the stir bar
stirring to avoid precipitation.

C.3 Preparing the substrates

Glass coated with a TCL (transparent conducting layer, in our case indium
tin oxide, or ITO) is used as a substrate. The glass should be cut into pieces
of around 20 mm by 10 mm, so that it fits in the sample box and fits through
the cover of the deposition beaker. Before cutting the glass, cover the table
with paper. Put some lens tissue on top of this. Lay the glass on the lens
tissue with the TCL covered side towards the table. To measure which side
is covered with TCL, use a multimeter in resistance mode. The TCL side
should give a resistance (around 10 Ωcm for ITO), the other side is insulating.

When the glass lies on the table, use a diamond-cutter to apply a scratch.
Then lay one side of the glass on a microscope glass with a piece of lens tissue
in between (make sure the TCL side is on the paper). Press onto the other
side to break the glass. It is essential that equal pressure is applied onto the
other side, so that the glass breaks along the scratch. If unequal pressure is
applied, there is a risk of getting small chips of glass are other cracks on the
glass. To apply equal pressure, use another microscope glass to press on the
other side.

C.4 Cleaning substrates

All the pieces of glass which have been cut should then be put in a beaker
containing deionized water. Add excess detergent and put the beaker on a
heater. The heater should be put to a temperature of around 120◦C. Let
the beaker rest on the heater for half a day. After half a day, the substrates
should be cleaned in an ultrasonic bath (Branson 2200 in our case), using
beakers each containing a different liquid (see Table C.1).

After the final treatment in the ultrasonic bath, the substrate should be
put in a new beaker containing sufficient deionized water. If there will not
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Table C.1: Chemicals used for cleaning substrates

Beaker contains Time in ultrasonic bath Notes
Deionized water 10 minutes

Acetone 10 minutes Use standard procedure
for acetone waste

Isopropanol 10 minutes Use standard procedure
for isopropanol waste

Deionized water 10 minutes

be any deposition for several days, cover the beaker to avoid letting it fall
dry.

C.5 Setting up the deposition experiment

C.5.1 Reference electrode

With the deposition cell comes a Ag/AgCl reference electrode. When no
deposition is being done, this electrode should be kept in a beaker contain-
ing a filling solution (saturated KCl-AgCl). This solution comes with the
electrode. Always cover this beaker, to avoid letting the solution react with
air. If the beaker is not covered, crystals will form in the solution. Before
the electrode is put into the solution, it should be cleaned using deionized
water. The reference electrode has a wire attached to it, which should be
connected to the connecter labeled ’RE’ (see Figure C.1). The reference
electrode should then be put into the solution.

Figure C.1: Connecting the Reference Electrode
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C.5.2 Counter electrode

The counter electrode consists of a platinum sheet. When not doing deposi-
tion, this sheet should be kept in a beaker filled with deionized water. When
setting up the experiment, use tweezers to grab the sheet and clean it with
deionized water. The sheet should then be dried using a nitrogen gun. Use
the clamp connecter of the wire labeled ’CE’ to attach the platinum sheet
(see Figure C.2). Then put the sheet into the solution. The electrode should
preferably stand vertical.

Figure C.2: Connecting the Counter Electrode

C.5.3 Working electrode

The working electrode is a shorter platinum sheet, with the substrate con-
nected to it. This platinum sheet should be stored in the same beaker as the
counter electrode. When setting up the experiment, the platinum sheet must
be grabbed using tweezers, cleaned with deionized water and dry blown. Put
the sheet aside somewhere close, since it is needed later. The next step is to
take a glass substrate. Use tweezers to grab the very corner of the substrate.
Dry the substrate using a nitrogen gun. Since the electrode should be con-
ducting, the TCL covered side should be in contact with the platinum sheet.
Use the multimeter to find out which side is conducting. Put the substrate
onto the platinum sheet. Only a small part should be in contact with the
sheet. Wind Teflon tape around the substrate and platinum sheet to combine
the two. Use the multimeter again to check if the right side of the glass was
connected to the platinum sheet. Now connect the platinum sheet to the
wire labeled ’WE’, by grabbing the sheet with the clamp (see Figure C.3).
Now put the electrode into the cell, making sure only the uncovered part of
the substrate is under the waterline. Make sure the conducting side faces
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the counter electrode. The working electrode and counter electrode should
preferably be parallel to each other.

Figure C.3: Connecting the Working Electrode

The next step is to start op the potentiostat. After turning the power
on, one must wait around one minute before starting up the corresponding
progam, VersaStudio. VersaStudio is progam used to do several electrochem-
ical measurements.

C.5.4 New Bath

If a new bath is prepared, the first thing to do is a cyclic voltammetry (CV).
Go to upper left corner → Experiment → New. A new screen will show up,
from which one can select several experiments.
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Select Cyclic Voltammetry (single) and click OK. Enter a filename and the
data will automatically be saved. After pressing OK, the following screen
will appear:

For CZTS, the following setup should be used:

Initial potential 0 V
Vertex potential -1.5 V
Final potential 0 V

Vertex Hold 0
Scan Rate 0.2 V/s

Then press the ’Run’ button at the top of the screen.

The CV gives an indication of the reduction peak(s). Since CV is not
ideal for non-reversible systems, the optimum potential has to be found ex-
perimentally, which should lie around the peak.

The next step is to clean the solution. To do this, deposition must be
done at a potential which is more negative than one plans to use. This
higher potential should remove any contaminations. After the first cleaning,
the potential should be made less negative (in steps of around 0.1-0.15V). To
start the actual cleaning, go to the upper left corner→ Experiment→ New.
From the list of experiments, select chronoamperometry. A new screen will
show up:
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Select the potential (for depositing CZTS, this should always be negative)
and the time. For cleaning the solution, a time of 5 to 10 minutes will suffice.
No or very low stirring should be applied during deposition. Press
the ’Run’ button to start the experiment. Once the deposition experiment is
completed, only the working electrode needs to be pulled from the solution.
A new substrate must be attached to the platinum sheet, using the previously
explained method. Once both the cyclic voltammetry and the cleaning of the
solution have been done, it is best to let the solution rest for one day (with
stirring), to make sure the materials have dissolved and mixed completely.

After this, deposition experiments can be started using the chronoamper-
ometry mode, as explained earlier. When removing the substrate from the
platinum sheet, it should be rinsed in a beaker containing deionized water.
This is to check if the film is adhesive or contains powder. After rinsing, the
film should be dry blown using the nitrogen gun. Use tweezers to handle the
substrate. A small overview of the various beakers used in the experiment
can be found in Table C.2.

Table C.2: Overview of the beakers

Beaker contains Used for Preferable size
Electrolyte Contains materials to Large

be deposited
Deionized water 1 Storing platinum sheets Large
Deionized water 2 Storing substrates Large
Deionized water 3 Rinsing substrate Small

after deposition
KCl-AgCl filling solution Storing reference electrode Small
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C.6 After the deposition experiment

Once the desired depositions have been done, the following steps should be
undertaken. First close the VersaStudio program. Wait for one minute, be-
fore turning off the power to the VersaSTAT 3. The counter electrode can
be put directly into the beaker containing the deionized water, where it was
previously stored. For the working electrode, first the substrate needs to
be removed from the platinum sheet. The platinum sheet can then be put
in the same beaker containing the deionized water. The reference electrode
should be cleaned very carefully using deionized water. No deposition solu-
tion should come into the beaker containing the filling solution. Cover the
beakers containing the electrolyte and the filling solution.


