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Abstract

Electrodeposition was used to deposit thin film semiconductor materials for use in
solar cell devices. Copper indium diselenide (CulnSe;) was deposited from ethylene
glycol at 150°C with the aim .of improved material properties due to the elevated
temperature. The broad nature of the X-ray diffraction (XRD) peaks before and after
annealing indicated the layers were comprised of multiple phases identified as CulnSe;
and Cu-Se binaries. Insufficient indium inclusion for device quality materials was
incorporated into the layers over the explored growth range of -0.800 to -1.000 V vs Se
reference electrode. The layers deposited at more positive deposition voltages were
metallic and contained mainly Cu-Se binary phases. At more negative deposition
voltages the formation of CulnSe; was confirmed although above -1.000 V vs Se the
layers were often powdery and disintegrated on removal from the electrolyte. There
were no noticeable improvements in the CulnSe; layers deposited from ethylene glycol
compared to reports from aqueous media, which is less toxic and lower cost, therefore
_electrodeposition from aqueous solution is preferable.

Undoped zinc oxide (ZnO) and aluminium doped ZnO (ZnO:Al) were deposited
from zinc nitrate solutions with the aim of using electrodeposition for the ZnO bilayer
in CulnSe; devices to unify the production process. ZnO was deposited at a range of
deposition voltages from -0.900 to -1.050 V vs silver/silver chloride reference electrode
as identified using XRD.. Various morphologies were observed using scanning electron
microscopy (SEM) and the electrical resistivity was determined at 6.9x10% Q cm and
decreased to 3.4x10° Q cm after Al doping. To make this method suitable for .
commercialisation more work would need to be carried out to address consistency
issues mainly regarding the electrolyte conditions, including pH and oxygen
concentration as a function of growth time.

A comparison was made between electrodeposited and sputtered ZnO and ZnO:Al.
Some differences in the material properties were found; all layers were-identified as
hexagonal wurtzite ZnO. A considerable change in morphology was observed by SEM
between the electrodeposited and sputtered materials. Little change in the electrical
resistivity was observed between electrodeposited and sputtered undoped ZnO, having
6.9x10° and 6.2x10’ Q cm. The electrical resistivity of ZnO:Al was 3.4x10° and
2.3x10°> Q cm for electrodeposited and sputtered materials respectively. Further work
would need to be carried out to quantify the concentration of Al dopant in the
electrodeposition solution as a functlon of growth time if this method were to be used
for commercialisation.

Cadmium telluride (CdTe) was electrodeposited from aqueous solution = onto
glass/fluorine doped tin oxide/cadmium sulphide substrates. Little improvement in
XRD spectra was observed for annealed layers compared to the as-deposited material
and the CdTe was identified exhibited cubic phase having (111) preferential orientation.
Working solar cell devices were fabricated over a range of growth voltages with
superior performance being observed for materials deposited between -0.620 to -0.650
V vs saturated calomel electrode (SCE). F urthermore high uniformity over a 2 cm” area
completed with an array of 2 mm diameter contacts was observed for devices deposited
in this growth voltage range. All devices fabricated using CdTe grown at -0.610 to -
0.690 V vs SCE indicated photovoltaic activity although layers deposited between -
0.630 and -0.650 V vs SCE indicated the highest performance, with device parameters
of open circuit voltage = 420-540 mV, short circuit current density = 3.2-19.1 mA cm™
and fill factor = 0.48.

iv



Table of Contents

Declaration

Acknowledgements
- Abstract

Table of Contents

Chapter 1 Introduction to Solar Energy Materials and Solar Cells

1.1 Introduction
1.2 Theory of Semicenductors
1.2.1 Intrinsic Semiconductors
1.2.2 Extrinsic Semiconductors
1.2.3 Semiconductor Junctions
1.3 Photovoltaic Principles
1.3.1 Solar Energy
1.3.2 Solar Cells
1.3.3 Solar Cell Device Configurations
1.3.3.1 Substrate Configuration
1.3.3.2 Superstrate Configuration
1.3.4 First Generation Solar Cells
1.3.5 Second Generation Solar Cells-
1.3.6 Third Generation Solar Cells

Chapter2  Experimental Background

2.1 Thin Film Growth Techniques
2.1.1 Sputtering
2.1.2 Chemical Bath Deposition
2.1.3 Electrodeposition ,

2.2 Material Characterisation Techniques

‘ 2.2.1 X-Ray Diffraction
2.2.2 X-Ray Fluorescence
2.2.3 Scanning Electron Microscopy
2.2.4 Optical Spectroscopy
2.2.5 Photoelectrochemical Analysis
2.2.6 Electrical Measurements
' 2.2.6.1 Current-Voltage Measurements
2.2.6.2 Capacitance-Voltage Measurements

Chapter 3  Literature Review

3.1 Zinc Oxide
3.1.1 Introduction
3.1.2 Sputtered Zinc Oxide
3.1.3 Electrodeposited Zinc Oxide
3.1.3.1 Deposition from Zinc Chloride
3.1.3.2 Deposition from Zinc Nitrate
3.1.3.3 Structural Properties
3.1.3.4 Electrical Properties
3.2 Copper Indium Diselenide

v

ii
iii

17
17
18
18
20
21

24
24

26
28
29

29

30

32

32

33
35
35
37
39
40
42



Chapter 4

. Chapter 5

3.2.1 Introduction

3.2.2 Electrodeposition of Copper Indium Diselenide from
Aqueous Solution

3.2.3 Electrodeposition of Copper Indium Diselenide from
Non-Aqueous Solution

3.2.4 Commercially Available Copper Indium Diselenide

Solar Cells
- 3.2.5 Laboratory Based Devices

'3.2.6 Heat-Treatment

3.2.7 Buffer Layers for Copper Indium Diselenide
3.2.8 Ordered Defect Compound

3.2.9 Sodium Incorporation -

3.2.10 Sulphur Incorporation

3.2.11 Gallium Incorporation

.3.3 Cadmium Telluride

3.3.1 Introduction

3.3.2 Electrodeposited Cadmium Telluride
3.3.3 Structural Properties

3.3.4 Electrical Properties

Substrate Investigations

4.1 Fluorine Doped Tin Oxide
4.1.1 Introduction
4.1.2 Results & Discussion
4.1.2.1 X-Ray Diffraction
4.1.2.2 Scanning Electron Mlcroscopy
4.1.2.3 Optical Properties
4.1.2.4 Electrical Properties
4.2 Cadmium Sulphide
4.2.1 Introduction
4.2.2 Experimental Procedure
4.2.3 Cadmium Sulphide Reaction Mechanism
4.2.4 Results & Discussion
4.2.4.1 X-Ray Diffraction
4.2.4.2 Scanning Electron Microscopy
4.2.4.3 Optical Properties
" 4.2.4.4 Electrical Properties

Electrodeposited Zinc Oxide

5.1 Introduction
5.2 Experimental Procedure
5 3 Results & Discussion Intrinsic ch Oxide
5.3.1 Cyclic Voltammetry
5.3.2 Thickness Measurements
5.3.3 X-Ray Diffraction
5.3.4 Scanning Electron Mlcroscopy v
5.3.5 Optical Properties
5.3.6 Electrical Properties ‘
5.4 Electrodeposited Aluminium Doped Zinc Oxide

vi

- 42

44

44

45

46
47
48
49
50
51
51
53
53
53
56
58

64
64
64
64
68

- 68

71.
7
72
73

- 74

77
77
79
80

82

84
85
85
85
87
91
96

100

103
107



‘Chapter 6

Chapter 7

5.4.1 Experimental Procedure
5.4.2 Results
5.4.2.1 X-Ray Diffraction
5.4.2.2 Scanning Electron Mlcroscopy
5.4.2.3 Optical Properties
5.4.2.4 Electrical Properties
5.4.3 Discussion

5.5 Comparison of Sputtered and Electrodep051ted Intnnsw and

Aluminium Doped Zinc Oxide
5.5.1 X-Ray Diffraction
5.5.2 Scanning Electron Mlcroscopy
5.5.3 Optical Properties
5.5.4 Electrical Properties
5.6 P-type Doping of Zinc Oxide
5.6.1 Experimental Procedure
5.6.2 Results & Discussion
5.6.2.1 Arsenic Doped Zinc Oxide
5.6.2.2 Phosphorous Doped Zinc Oxide
5.6.2.3 Silver Doped Zinc Oxide
5.7 Conclusions .

Electrodeposited Copper Indium Diselenide

6.1 Introduction
6.2 Experimental Procedure
6.3 Results & Discussion
6.3.1 Concentration 1
6.3.2 Concentration 2
6.3.3 Concentration 3 and 4
6.3.3.1 Electrodeposition

6.3.3.2 X-Ray Diffraction as a Functlon of Growth

Conditions

6.3.3. 3 X-Ray lefraetlon asa Functlon of Annealing

Temperatures

6.3.3.4 X-Ray Fluorescence as a Functlon of Growth

Conditions
6.3.3.5 Energy Dispersive X-Ray Ana1y51s
6.3.3.6 Scanning Electron Microscopy
6.4 Discussion ‘
6.5 Conclusions

Electrodeposited Cadmium Telluride

7.1 Introduction

7.2 Experimental Procedure

7.3 Results & Discussion - Material Properties
7.3.1 Electrodeposition
7.3.2 Optimisation of Heat-Treatment
7.3.3 X-Ray Diffraction
7.3.4 Optical Properties .
7.3.5 Scanning Electron Microscopy

vii

107

107
107
110
112
113
114
116

116
117
119

- 121

122
122
124
124
124
125
126

128
129
130

~130
133

134
134
139

144
148
149

150
151

153

154
154
155
155
159
164
169
172



Chapter 8

7.3.6 Photoelectrochemical Cell Studies
7.4 Device Fabrication
7.5 Discussion
7.6 Conclusions

Recommendations for Future Work

8.1 CIS Based Solar Cells
8.2 CdTe Based Solar Cells

Table of Abbreviations

Appendix.
References

viii

- 176

177
185
187

188
189

191
194
195



Chapter 1 Introduction to Solar Energy Materials and Solar
Cells

1.1 Introduction

At present the world's population is estimated at seven billion with a drastic rise
expected over the coming years. This large population puts a stfain on the energy
infrastructure, and subsequently sustainable energy supplies for long-term énergy
solutions are under investigation. Fossil fuels remain market leaders for electricity
production, providihg a reliable source of power at a cost effective price. The major
drawback to burning fossil fuels is the emission of carbon- dioxide (CO,) and other
greenhouse gases into the atmosphere, which are thought to contribute to climate
change. Greenhouse gases are undesirable as they causé an un-natural warming effect
by absorbing infra-red radiation that should leave the earth. The CO, emissions
increased considerably-during the industrial revolution [Hammond 2007].

CItis predicted that fuel for electricity generation will become increasingly scarce and

expensive over the coming years as fossil fuels deplete. Taking these factors of
increasing population, climate change and depleting fuel supplies into account, the
question of where the energy for electricity production will be sourced in the future is
still under debate. A variety of existing technologies can bé used in the near future for
example nuclear power, fossil fuels and renewable energy. Renewable energy has the
advantage of being éonstanﬂy replenished and therefore prow)ides a sustainable energy
supply without CO, emission. Renewable energy consists of ‘solar, wind, tidal/wave,
biomass, hydroelectric and geothermial energy [Boyle 2004].

Solar power is an ideal energy solution, which theoretically has the capacity to
provide the entire world's energy. It has been estimated that only a fraction of the
“earth’s desert land would be required to supply the world energy needs [Kemell et al.
2005]. Energy from the sun can be converted into usable energy by using solar cells,
which are available in two forms, active photovoltaic, (PV) and passive (thermal) cells
[MarkVart 2000, Kreith & Goswami 2007]. The varying size of solar modules provides
- the possibility of both individual cells for local use and large solar powér'sta_tions ‘
supplying the national grid. Any surplus energy from home generation may be stored in

batteries. for later use or exported to the national grid.



Passive solar cells are mainly used for water heating purposes. Piped water is heated
by radiation frbm the 'sun, which is connected to a storége tank. The system is
comprised of two concentric glass tubes separated by a. vacuum gap. The internal
surface of the inner tube is coated with black aluminium-nitride/aluminium (AI-N/AI) to
absorb the sunlight. The heat absorbed by the coating is transferred to the water inside
| the inner tube and the vacuum provides insu.lation to prevent heat loss. Solar heating
systems provide free hot water and are effective for around 30 years [Boyle 2004].

Active PV solar cells convert photons of light into electricity. First Solar, Inc have
boosted the market recently with the production of their photovoltaic cadmium telluride
(CdTe) modules having 10.7% efficiency [First Solar 2009]. In order to make this
technology more accessible it is important thét the manufacturing costs are reduced and -
the efficiency is improved. One way to reduce the underlying production cost.is to use
cheaper growth methods such as electrodeposition [Lincot 2005‘]. Secondly, if the
efficiency of a module is doubled, ‘the cost would effectively be halved.
Electrodeposition is a low-cost technique used to grow semiconductor materials. This
technique -also has the benefit of being scalable enabling various substrate: shapes and
sizes to be deposited [Lincot 2005, Dharmadasa & Haigh 2006].

Currently commercially available solar cells are mainly fabricated using single
crystal or polycrystalline silicon, referred to as first generation PV. Other solar cell
absorber materials include polycrystalline thin films of copper indium | gallium
* diselenide (CuInGaSe, or CIGS) and CdTe, referred to as second generation PV.
Currently the industry is researching novel thin film designs with the.air.n of improving
the efficiency; these are referred to as third generation PV [Green 2001].

This research programme involved the development of semiconductor materials for
use in solar cell devices. Copper indium diselenide (CulnSe; or CIS) absorber and zinc
oxide (ZnO) buffer layers were developed using electrodeposition although devices
were not fabricated. CdTe absorber layers were also developed using electrodeposition
and working devices were produced. The remaining sections of this chapter introduce
background information regarding semiconductors, solar cell principles, and device

configurations and a brief description of first, second and third generation solar cells.



- 1.2 Theory of Semiconductors

1.2.1 Intrinsic Semiconductors

' Intrinsic semiconductors are pure, undoped materials; the valénce band (Ev) is full of =
electrons and the conduction band (Ec) is empty. The eléctrons are uriable to-move to
the conduction band and therefore the intrinsic semiconductor exhibits the same
properties as an insulator. The Fermi level (Ef) is situated in the middle of the bandgap,
resulting in poor electrical conductivity. The bandgap energy (E,) of a semiconductor is
the minimum energy required to break the atomic bonds and promote an electron from
the valence band to the conduction band. Figure 1.1 illustrates the energy band diagram

of an intrinsic semiconductor [Tyagi 1991, Sze & Ng 2007, Rockett 2008].

Figure 1.1. Energy band diagram of an intrinsic semiconductor.

1.2.2 Extrinsic Semiconductors

The eiectﬁcal conductivity of a semiconductor may be increased by doping with
- suitable dopant atoms forming an extrinsic material. The electrical conductivity type of
the extrinsic semiconductor is either n-type or p-type depending on whether electrons or
holes are the majority charge carriers. An n-type material has extra loosely bound
electrons donated by the dopant atom forming a donor level. As a result the Fermi level
moves closer to the conduction band as shown in Figure 1.2 (a). For n-type electrical

conductivity the electrons are the majority and holes are the minority charge carriers.



Holes are electron vacancies left behind when an electron is released from its host
atom. To form p-type semiconductors dopant atoms with one electron short for
completion of bonding in the host crystal is added to create an acceptor level close to
the valence band as shown in Figure 1.2 (b). 'In this case the majority charge carriers

are holes and the minority charge carriers are electrons.

@ | . (b)
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Figure 1..'2_. Energy band diagrams of (a) n-type and (b) p-type semiconductors.
 1.2.3 Semiconductor Junctions

Semiconductor devices may be fabricated by pairing with another semiconductor,
insulator or metal allowing three different types of interface to be formed. The
homojunction consists of two layers of the same material with opposite electrical
conductivity type as indicated in Figure 1.3 (a) for; CIS. The heterojunction consists of
a p-n junction fabricated using two different semiconductor materials. Figure 1.3 (b)

~ jllustrates a CdTe and 'cadmium s_ulphidé (CdS) heterojunction.  Thirdly, the A
metal/semiconductor junction or Schottky barrier design is illustrated in Figure .1.3 (©).
The corresponding band diagrams for each semiconductor device are shown in Figure
1.4 (a-c). The band bending associated with the p-n junction metal/semiconductor
interface is the basis for the production of an internal electric field, permitting the flow

of charge carriers [Tyagi 1991, Sze & Ng 2007, Rockett 2008].
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Figure 1.3. Illustration of semiconductor device designs, (a) homojunction, (b)

heterojunction and (c) Schottky barrier.
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Figure 1.4. Band diagrams for (a) homojunction, (b) heterojunction and (c) Schottky

barrier, ¢y = barrier height and W = depletion region at equilibrium.

Formation of a potential barrier occurs when an n-type and p-type semiconductor are
in contact. The Fermi levels equalises when charge carriers diffuse across the interface
leaving behind ionised states. The positively charged holes in the p-type region and
negatively charged electrons in the n-type regions diffuse to form a depletion region.
The degree of diffusion depends on the doping concentration of the semiconductors (Ng
or N;) which defines the size of the depletion width (W). Negatively or positively
charged io.ns are left on the p-side and n-side respectively forming the internal electric
field. The depletion region is the active area of the solar cell [Tyagi 1991, Sze & Ng
2007, Rockett 2008].

Metal-semiconductor (MS) and p-n junctions may be further modified to improve the
performance of the device by addition of an insulating layer. The modified device
structufes form p-i-n diodes or metal-insulator-semiconductor (MIS) devices.
Formation of p-i-n solar cells (Figure 1.5 a) with graded bandgap energy improves the

PV conversion. Similarly the MIS diode indicated in F igure 1.5 (b) improves the device



performance by increasing the effective barrier height and therefore improving the open
circuit voltage (Vo) of the device compared to a conventional Schottky barrier structure

- [Dharmadasa 2005].
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Figure 1.5. Band diagrams of (a) p-i-n diode and (b) MIS Schottky barrier.

Figure 1.6 presehfs a p-h heterojunction solar cell in (a) thermal equilibrium in the
dark, (b) under forward bias, (c) in reverse bias and (d) under illumination with open
circuit conditions. The conduction and valence bands edges and Fermi level are
' lai)elled as Ec, Evand Er respectively. The Fermi levels are equal and no current flows
“under zero bias condiﬁons (a). Under forward bias (V§) conditions (b) electrons flow

into the n-type material and holes flow into the p-type region; the potential barrier is ,
lowered as a result of the movemenf of the Fermi level in the respective materials, thus
assisting current ﬂow In reverse bias (VR) (c), electrons flow into the p-type material
and" holes flow mto the n-type material mov1ng the Fermi level in each material,
increasing the potential barrier and thus inhibiting the current flow. Under illumination
conditions, photons of light are absorbed by the semiconductor aﬁd electron-hole pairs
are generated, this alters the Fermi level and creates photovoltage across the junction

[Kemell et al. 2005].
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Figure 1.6. .Energy band diagrams of p-n heterojunction solar cells (a) at thermal
equilibrium in the dark, (b) with forward bias, (c) with reverse bias and (d) under

illumination with the circuit in open conditions.

1.3  Photovoltaic Principle:s :

1.3.1 Solar Energy

The word photovoltaic is derived from the words photon and voltage. Photovoltaics
is the mechanism used to convert light energy (photons) into an electrical signal -
(voltage) .and PV solar cell devices are used for this conversion. The electromagnetic
spectrum consists of different wavelengths of electromagnetic radiation generated by
the sun, which continuously travel to the earth. Each wavelength has a different energy
associated with it as expressed by equation 1.1.

he . | "
E, == | (1.1)

where E, = photon energy (eV), h = Planck's constant (6.626x10* m® kg )
A = wavelength (m) and ¢ = speed of light (3.0x10® ms™).

The ultra violet (UV) part of the spectrum has wavelength in the range 10 to 400 nm,
visible between 400 to 700 nm and near infra-red (IR) from 750 to 2500 nm. The

visible region of the electromagnetic spectrum has the most suitable wavelengths for



absorption by solar cells, although depending on the bandgap energy. of the
semiconductor part of the uv and‘ IR regions rriay also be useful for productioh of
electricity. Figure 1.7 illustrates the photon flux of the electromaghetic radiation
generated by the sun, which travels to the earth every second. The spectrum represents
air mass 1.5 (AM 1.5) which is the typical solar spectrum falling on the earth’s surface
on a clear day. The undulation of the spectrum is due to absorption or scattering by air

.molééulés, clouds and.particulates such as aerosols [Markvart 2000].
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Figure 1.7. Photon flux of the electromagnetic radiation generated by the sun which

travels to earth every second [Markvart 2000].

'1.3.2 Solar Cells

Photons of light with energy E, from the sun are. absorbed by semiconductor
materials and are converted to an electrical signal. If the photon energy is greater than
or equal to the bandgap energy (Ep > E,), the photons are absorbed and electrons are |
promoted to the conduction band of the semiconductor, leaving a hole in the valence
band. The potential barrier within the device structure enables electrons to flow in the
conduction band and be collected by an external circuit [Green 2002]. ‘Photons with
less energy than the bandgap energy (E, < Eg) are not absorbed and therefore do not

take part in PV conversion [Sze & Ng 2007].



The three main parameters used to determine the performance of solar cell devices *
" are the V., short circuit cu'rren'; (Isc) and_ﬁll factor.(FF). The V. is the maximum
voltage across the cell under illumination at zero current. The I is the maximum
current flowing through cell when no load or resistance is applied. The current density
(Jsc expressed in mA cm™) is a measure of the current flow per unit area. The FF is
defined by equation 1.2 as the ratio of ‘maximum power to actual power. These

parameters may be used in equation 1.3 to determine the efficiency of the device. -

FF=tuln (1.2)
VOCISC
vI V. -FF_
77= m-m — oc SC (1.3)

P

in

£,
where FF = fill factor, Vy, = maximum voltage, I, = maximum current, Voc = Open
circuit voltage, I . = short circuit current, n = efficiency and Pj, = input power (100 mW

cm'z). :

The dark (a) and illuminated (b) current-voltage (I-V) curves are illustrated by Figure
1.8. The series resistance (R;) arises from the bulk of the semiconductor, depletion
region; electﬁcal contacts- and connecting wires and should ideally be as low as
possible. The shunt resistance (Rs) is due to pin-holes in the device resulting in
conductive paths. and recombihation centres, this parameter should ideally be infinite.
The effect of the series and shunt electrical resistances on the electrical characteristics
of solar cells is indicated in Figure 1.9 [Markvart 2000]. |

Current (A)

A
- (a)

o
: » Voltage (V)

VOC

"""" Prmax = Vmlm
Lsc

Figure 1.8. Current-voltage characteristics of a solar cell under (a) dark and (b).

illuminated conditions.

9



Current (A)
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Rsh #0 )

Figure 1.9. Current-“v‘oltage characteristics for (a) ideal and (b) non-ideal conditions

indicating the effect of high series and low shunt electrical resistances.

1.3.3  Solar.Cell Device Cohﬁgurations :

1.3.3.1 Substrate Configuration

Solar cell devices contain several layers, each with a specific function which
impfoves the device performance. The majority of comfnercially available solar cells
are fabricated'using the substrate configuration as illustrated by Figure 1.10. This
involves depositing each layer sequentially starting from the baék, and depositing -
towards the front metal contact. The photons of light enter the cell via the front and
travel towards the back metal contact. In the case of CIGS solar cells the back contact
isa molybdenum (Mo) layer deposited onto a glass sheet. The CIGS absorber material
is around 2 pm thick, has bandgap energy of 1.10 to 1.20‘ eV and is directly deposited
onto the glass/Mo substrate. Most CIGS solar cells contain a thin (80 nm) CdS window
or buffer layer, having bandgai) energy of 2.42 eV and deposited using chemical bath
deposition (CBD). The final layers are an intrinsic zin¢ oxide (i-ZnO) and aluminium
doped ZnO (ZnO:Al) bilayer having bandgap energy of 3.40 eV and typical thicknesses
of 50 nm and 350 nm respectively [Kemell et al. 2005].

10
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Figure 1.10. Substrate solar cell device configuration, fabricated from the back to the

front metal contact.

There have been conflicting opinions in the PV community over the years about role.
of the CdS buffer layer within the CIS device structure and the origins of the electric
field. Initially the CIGS device was considered as a simple n-p heterojunction with n-
CdS and p-CIGS [Wagner ef al. 1974]. Later it was argued that the thin CdS (80 nm)
layer was insufficient to. form a well defined crystal lattice and establish an n-p junction
with the 2 pm thick CIGS. One suggestion is the CdS forms a surface passivation layer
and also protects the absorber material from chemical or mechanical degradation during
the ZnO sputtering [Markvart & Castaner 2003]. It has also been proposed the
ammonia present in the CBD solutioﬁ during CdS growth treats the CIGS surface,
eliminating oxides [Schock & Noufi 2000, Canava et al. 2002]. |

An alternative suggestion is the formation of a buried homojunction within the CIGS
layer which forms the internal electric field. This proposal is based on the naturally
occurring phase segregation within the p-CIGS, forming an n-tyﬁe layer at vthe surface
with the CdS known as the ordered defect compound (ODC) layer. Thé ODC layer has
been theoretically evaluated to consist of a copper deficient, indium rich layer and is
discussed in more detail in section 3.2.8 of Chapter 3. The ODC concept has not been
experimentally proven to date and the specifics of the device physics is still ongoing
[Markvart & Castaner 2003].

Together thé CdS/i-ZnO improves the electrical properties of the device by widening
the depletion layer. Cd is also thought to improve the electrical properties by modifying
the CIGS surface by filling Cu vacancies [Wei et al. 1999]. The thickness of the CdS
affects the device performance as low wavelength photons are absorbed, decreasing the

JSC‘
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The thickness of the i-ZnO is also an important factor in achieving high efficiency as
 this layer is insulating and ther'e'fore‘if ‘t'oo thick increases the resistance of the device
[Cooray et al. 1997]. The use of i-ZnO has been found by trial and error method in
order to produce a high efficiency device. However the use of an insulating layer ‘t(r)
form a good ohmic contact is questionable and the physics behind these devices needs
improved understanding.

The purpose of the ZnO:Al is to form a transparent conductive front contact. The
key factors to consider for this material are sufficient electrical conductivity of the layer
~ to transport photogenerated current to the external circuit without high resistive losses.

~ Substrate configuration cells have a metal grid deposited onto the top of the ZnO:Al to
reduce resistive losses associated with photogenerated current collection, usually nickel-
aluminium (Ni-Al). The disadvantages associated with this substrate conﬁguration'is
the shading effect caused by the front metal contact, reducing the available area for
photon absorption. The number of depositi,on techniques required complicates the

growth proceSs and makes the device structure expensive.
1.3.3.2 Superstrate Configuration

The superstrate conﬁguratidn' is an alternative grth arrangement and has
undergone much less research than the substrate configuration for CIGS devices.
Superstrate solar cells are deposited starting at the front metal contact which is a
transparent condﬁctive oxide (TCO) coated glass substrate. The substrate is used as a
window vfor illumination and to support the device structure. CdTe solar cells are
fabricated in the superstrate configuration. The CdS window layer, is deposited onto
the glass/TCO substrate, followed by the absorber material, CdTe. Finally the back
metal contact is deposited, usually copper (Cu) or gold (Au). A CdTe superstrate solar
cell is il]usfrated in Figure 1.11. The advantage of this approach is the TCO front
contact prevents any shading and simplifies the device structure [Goetzberger e‘t al.

2003].
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Figure 1.11. Superstrate configuration solar cell, grown from the front to the.back

metal contact.

1.3.4 First Generation Solar Cells -

Silicon (Si) is a group IV element with atomic number 14 and atomic weight 28.
First generation solar cells were based on single crystal and polycrystalline Si wafers
having thicknesses of 0.2 to 0.9 mm. Silicon solar cells havé been used in space
- applications since the 1950's and still dominate market sales for terrestrial use today
[Green 2001, 2004]. | | |

The Czochralski method is used to grow single crystals [Goetzberger et al. 2003].
Using this method a single Si éeed is slowly dipped into molten Si and pulled out with a
rotational motion, producing é cylindrical ingdf or boulé. Intrinsic Si is insulating and
therefore doping using suitable dopant atoms is requifed to increase the electrical
conductivity for.electronic applications. Doping Si with group \ elements such as
phbsphorus (P) introduces a donor level just below the conduction band adding extré
electrons, resulting in n-type electrical conductivity. Doping with group III elements
such as boron (B) introduces an acceptor level just above the valence band resulting in
p-type electrical conductivity. Wafers are sliced from the ingot and polished before
device production. Estimates have suggested the raw material cost for first generation
solar cells is as high as 70% of the total module cost. The continued increase in costs of
raw materials and saturated efficiency of ~24.7% .and 20.3% for crystalline and
polycrystalline Si respectively limits the progress of first generation technology [Green
2007]. | ’
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1.3.5 S.econd Generation Solar Cells

Second generation solar cells offer a potehtially cheaper alternative to single crystal
Si devices. Secqnd generation solar cells utilise thin film technology with typical
thicknesses of 2 pm. Thin film solar cells are fébricated in either.kth.e substrate or
supersfrate configuration as described in section 1.3.3. The main absorber material used
in thin film technology is CdTe, CIGS and amorphous Si. Second generation solar cells
aiso offer the advantage of production of larger area devices [Green 2001]. The highest
reported efﬁciency for laboratory based CIGS cells is currently 19.9% and 16.5% for
CdTe devices [Wu et al. 2001, Repins et al. 2008]. Thin film amorphous Si devices
currently have efficiencies of 9.8% [Green 2007]. . |

1.3.6 Third Generation Solar Cells

Third generation solar cells are based on utilisation of novel approaches for
improved efficiency, such as quantum dots, and desensitized solar cells. Past efforts to
improve the efficiency of solar cell devices have focused on stacking numerous
absorber layers hav.ing varying bandgap enefgy to absorb a major part of the solar
spectrum. Such tandem solar cells are fabricated with the wide bandgap at the front of

“the cell to absorb high energy photons and subsequent bandgaps are gradually reduced -
and graded for absorption of lower energy photons [Green 2001]. This approach is .
widely used and absorber materials are connected fonning tunnel junctions. In this
arrangement the conduction band of one device is connected to the valence band of the
other. The tunnel junction was first discovered by Esaki in 1958 [Esaki 19‘58].‘ '

Recently it has been proposed that there is a severe disadvantage to using this
method of connection. The thin neck at the tunnel junction increases recombination of

- photo-generated charge carriers at the intefface. If the photo-generated charge carriers
recombine, only the electrons from the back cell and holes from the front cell are
collected in the external circuit. Therefore addition of a number of cells would not

| improve device performance although the cost would increase. The recombination and
genefation of electron-hole pairs in tandem solar cells connected in series is shown in

Figure 1.12 [Dharmadasa 2005].
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Figure 1.12. Tandem solar cells connected using tunnel junctions, with varying

bandgap energy.

'An alternative approach' is to connect the conduction bands and valence bands of
each material in parallel. Again the bandgap ene_fgy is varied to collect photons of
differeﬁt energy. In this approagh the high bandgap energy at the front of the cell
prevents hot-canief production by blue wavelength photons and recombination of
charge-carriers is reduced by the high electric field. Bandgap éngineering ensures each
.layer is suited to the absorption of a cértain wavelength range to absorb all available |

photons. - Figure ‘1.13 illustrates the parallélf connection of solar cell design

[Dharmadasa 2005].

Y U~ EF
Front ﬂx\ﬂ_\ Back Metal

Transparent Contact
Contact o
Ev

Figure 1.13. Alternative approach for tandem solar cell connection in parallel with

graded bandgap structure.
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Additional features of this design give the possibility of other mechanisms for
improved device performance. The lafge electric field causes charge carriers to be
accelerated towards the metal contacts with the possibility of impact ionisation.‘ High
energy photons absorbed by the largest bandgap release an electron-hole pair which are
accelerated by the internal electric field and may excite additional charge carriers to the
conduction band, thus more than one electron is generated from a single incident photon
[Green 2001, Dharmadasa 2005]

The impurity photovoltalc effect takes -advantage of the near IR region of the
spectrum. When IR photons enter the device with insufficient energy to promote an
electron to the conduction band, they may promote an electron to a defect level situated -
in the bandgap. This electron will be located on the defect site until another photon
with sufficient energy promotes it-to the conduction band [Green 2001, Dharmadasa
2005]. '

To date the work has been promising, this new approach has been tested with an
already advanced material gallium arsenide/aluminium gallium arsenide (GaAs/Alea(l-‘
»As) forming a p-i-n diode. The world’s highest reperted Voc was achieved of Vo =
1175 mV and FF = 0.86 for devices with area 3x3 mm?® [Dharmadasa 2005, 2006,
2008].' Work is progressing using these new ideas to develop devices using

electrodeposited absorber materials for improved efficiency and lower cost.
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Chapter 2 Experimental Background

2.1 Thin Film Growth Techniques

Material growth techniques for depbsitio_n of thin film semiconductors can be divided
into two distinct groups, physical and chemical reactions as described in sections 2.1.1
to 2.1.3. Some of these techniques rely on high vacuum (HV) or ultra high vacuum
(UHV) systems at high temperaturé. Such conditions yield superior quality' material
although production costs are high dﬁe to the initial cost of the equipment and power
réquired for vacuum production and growth. The growth techniques discussed in
sections 2.1.1 to 2.1.3 are directly related to this research and despite the existence of
numerous other thin film gromh methods they will not be discussed here.

One of the main barriers for PV development is the associated‘productibon costs. Td '
make PV more accessible in the future the cell efficiencies must be improved or the cost
of the modules reduced [Birkmire 2001]. An alternative low cost growth technique is
electrodeposition, which offers low temperature deposition under non-vacuum
conditions. This research project used electrodeposition to ‘develop thin film

semiconductor materialé for use in solar cell devices and is described in section 2.1.3.
2.1.1. Sputtering

Sputtered i-ZnO and ZnO:A] on glass/FTO substrates were obtained from Pilkington
Group Ltd. during this research program to make a comparison with the
electrodeposited materials. Spﬁttering is a form of physical vapour deposition (PVD)
and takes place in a vacuum chamber evacuated to pressures of around 10 to 107
Torr. A gas, usually argon,’is pumped into the chamber to produce a glow discharge to
a pressure of around 1 to 100 mTorr. The target material is negatively biased between
0.5 to 5 kV and the substrate is grounded. The target has a dual function during
~ sputtering deposition; it is the source of cqating material and the cathode for sustaining
the glow discharge. The target attracts positive gas ions from the glow discharge, which
hit the surface and knocks out atoms in the vapour phase. These atoms diffuse toWards
the substrate under the high pressure of the chamber. The target is usually water-cooled

to prevent over-heating [Stuart 1983, Bunshah 1994].
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~ Direct current (DC) discharge methods are usually used to sputter metals and a radio
frequency (r.f) source must be used to sputter non-conductors to prevent charge
accumulation at the target. However DC sputtering has been used to deposit ZnO and
overcomes the slow deposition rate associated with r.f. sputtering. The drawback to DC

- sputtering is the high energy of ejected particles which can damage the underlying
~ semiconductor layer, producing dislocations and defects at the interface [Lee et al.
2000]." The r.f. sputtering technique can be used to deposit conductive, semiconducting
and insulating materials, usually -operating at a frequency ‘of 13.56 MHz. This ‘
frequeney has been found to be sufficient to prevent signiﬁcant charge accumulation

. when the target is negative]y biased [Stuart 1983, Bunshah 1994].

2.1.2 Chemical Bath Deposition

When depositing using CBD the precursor materials are dissolved in a solvent to
form a solution. The substrates are often glass slides or TCO glass, which are dipped
- into the solution. The reagents undergo a chemical reaction, depositing a thin layer on
the surface of the glass. The thickness of the deposited lajer is dependent on the
amount of time the substrate is dipped in the solution and the rate and lifetime of the
reaction. This technique has the advantage of being a low cost method of film growth
Vproducing large area, uniform and well adhered layers. Disadvantages of using this
~ technique are signiﬁcant chemical wastage and thickness limitation influenced by the:
chemical reaction lifetime [Ortega-Borges & Lincot 1993]. The as-deposited films are
usually annealed to improve the structural, optical and electrical properties. CBD of
CdS was carried out during this researeh program and more detailed discussion of the

reaction mechanism and results are found in Chapter 4.
2.1.3 Electrodeposition

Potentiostatic electrodeposition was used for growth of CIGS and CdTe absorber

materials and i-ZnO and ZnO:Al window ‘layers during this research program.
| Electrodeposition of metals is a well established science and has been used for industrial -
purposes for approximately 150 years. The electrodeposition of semiconductors is a

recent development, used in the production of electronic devices since the late 1970's
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[Markvart 2000]. Electrodepoéition has the advantage of being a non-vacuum, low-
.cost, scalable and manufacturable techniqﬁe. Self purification of the electrolyte is a
further advantage, enabling removal of impurities from the solution before growth of
the layer [Bhattacharya er al. 2000, Lincot 2005, Dharmadasa & Haigh 2006].
Drawbacks to using this technique are the need for a conducting substrate and variation
'in sheet resistance as a function of deposition time causing the possibility of
_ inconsistent film growth or limited thickness. The solution is usually acidic which may
limit the film thickness. |

| A conventional three-electrode electrodeposition system consists of a cathode, anode
and reference electrode as illustrated by Figure 2.1. The cathode is connected to the
substrate; the counter electrode is positioned parallel to this at a suitable distance. The
reference electrode is positioned at 45° to the cathode and is used to mair}taina constant -
voltage at the cathode surface. The material pfoperties are dependent on the several
parameters, ionic concéntration, pH, temperature; applied voltage and stirring rate. The
highest purity chemicals are used to minimise contamination. Deposition from an
aqueous medium enables solution temperatures of <85°C and non-aqueous electrolytes
permit higher temperatures which may improve the properties of the layer. Although
electrodeposited material is deposited at relatively low temperatures redubing cost,
materials require post-deposition heat-treatment to impro{/e the properties of the layer
[Dharmadasa & Haigh 2006].

Potentiostat

Anode

Cathode
Reference electrode —-
o w
Magnetic Stirrer | ——x Electrolyte

Magnetic Stirrer/hot plate [~ ) |

Figure 2.1. - Typical three-electrode electrodeposition system.
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When a voltage is applied between the cathode and anode, positive and negative ions
are attracted towards each respectively. Cathodic electrodeposition is most common as
fonic species are usually positive and anodic deposition has been shown to produce. poor
stoichiometry and adhesion to the substrate. The addition of additives to the electrolyte
may increase the quality of the deposited layer, for example its uniformity and adhesion,
but should not become part of the ﬁlrh [Pandey et al. 1996]. |

Potentiostatic deposition involves using a DC power supply and constant Voltage.
On application of the voltage, cations move towards the cathode, gain an electron and

discharge as indicated by reaction 2.1.
A +e o4 | @1

If the electrolytic bath contains more than one species both types of ions may deposit

simultaneously, forming a compound at the cathode as expressed b_y reaction 2.2.
A"+ B" +2¢” <> AB ' 2.2)

Both reacﬁons 2.1 and 2.2. are reversible reactions and under the right conditions the
~ deposited layer may be oxidised releasing an ion and electron back into the solution.
The range of cathodic voltages over which ions dépbsit depends on the specific element.
The current distribution across the substrate should ideally be uniform for an even
deposition [Pandey ef al. 1996, Atkins & Paula 2005]. '
" The Helmbholtz ,double layer also affects the voltage distribution by attracting a dense
layer of positively éharged ions which stick to the cathode and act as a barrier for cation
discharge as indicated in Figure 2.2. The Helmholtz layer is around 100 A in width and
consists of water dipoles and contact absorbed ions. The formation of this layer-causes
“an- obstruction to the deposition of cations; the extent of which may be reduced by
sﬁrring the solution [Pandey ef al. 1996]. The deposition pararﬁeters may be used
together with the Faraday relation (2.3) to estimate the thickness of the deposited layers.
M
nFAp

2.3)

~ where i = Current (A), t = time (S), M = Atomic Weight, n = Number of electrons
transferred, F = Faraday’s constant (96500 C mol™), A = Area of substrate (m?) and p =
density (Kg m™). '
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- Figure 2.2. Tllustration of the Helmholtz double layer formed at the cathode surface

due to attraction of positively charged ions..
2.2 Material Characterisation Techniques

There are numerous characterisation techniques suitable for studying solar energy
materials. In order to carry out a thorough investigation, structural, optical and
electrical properties of the materials developed during this research were investigated, a

_ brief summary of each is described in the following sections.
2.2.1 X-ray Diffraction

X-ray diffraction (XRD) is a non-destructive technique used for compound and phase
identiﬁcétion and crystallographic analysis. A Philips X-Pert Pro-diffractometer was
used to carry out XRD of layers during this research. The Miller indices (hkl), lattice
spacing (a,b,c), grain size and degree of crystallinity were determined from the XRD
data. '

X—rays are short wavelength, high ﬁ_requency electromagnetic waves with wavelength
| and energy in the range of 0.01<A<100 A and 0.1<E<1000 keV respectively. The
wavelength of x-rays is comparable to atomic spacing making them suitable for probing

materials on an atomic level. X-rays are generated in a sealed evacuated tube when
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high energy electrons emitted ‘from a tungsten target are accelerated by an anode,
bombarding a target material such.as Cu. The Cu atom emits characteristic photons
having K, wavelengih of A=0.15418 nm. X-rays are emitted in all directions and travel
towards the sample under investigation. ‘The x-rays penetrate the sample at an angle 6
and either travel through or are diffracted by atoms, with an emission angle of 20, as

indicated by Figure 2.3 [Bragg 1913].

- Incident Diffracted
X-rays ; w1 X-rays

/ "y
_ 3
. ® ~ x®
S / d-spacing
° — ® Yo -
® ® \/ ® °

Figure 2.3. Illustration of x-rays scattered by the parallel atomic planes of a crystal.

Lattice planes
- (hkI)

Bragg’s law describes the conditions which must be met for diffraction to occur.
When x-rays are scattered by atoms arranged in parallel planes as illustrated by Figure
2.3, path length and phase differences may arise. When the summed amplitude of
reflected waves from the first and second atomic planes are in phase the path difference -
is an integral number of wavelengths and XRD is observed. The intensity of the
diffracted peaks is determined by the degree of crystallinity of the sample. Bragg’s law
is expressed by equation 2.4 [Bragg 1913].

nA=2dsin® 2.4)
where n = integer, A = wavelength (m), d = d-spaéi’ng (m)and 6 = diffraction angle (°).

When the diffractometer is operating in 6-26' mode the x-ray source is incident at an
" angle O to the material surface, diffracts and is emitted at an angle 6. The detector
rotates by an aﬁgle 20, allowing bulk material properties to be identified. In addition to
this, a glancing angle mode enables a few nanometrés of the surface layers of the
sainple to be probed. In this mode a fixed incident angle is selected, for example 0.5°

whilst the detector scans over a chosen 20 range. The obtained diffraction pattern is
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almost unique for each material, giving reflection in the 20 pdsitiqns, which may be
used to determine the -d-spacing of the sample. The diffraction pattern is compared to
standard Joint Committee on Power Diffraction Standards (JCPDS) files for phase
identification. The orientation of a plane in a lattice is defined by its Miller indices. -
Miller indices are reciprocals of the fractional intercepts within the unit cell axes
[Cullity & Stock 2001]. |
The Scherrer relation (2.5) is derived from Bragg’s la;zv and may be used to

determine the grain size of the sample under investigation.

0.894

D= 2.5
_ bcos@ 2-5)

where D = grain size (m), A = wavelength of incident radiation (m), b = full width at

half maximum (FWHM) of the diffracted lines (radians) and 6 = angle of diffraction ©).

The lattice parameters (a,b,c) may also be determined and compared with the standard
values. Equations 2.6 to 2.8 indiéate the lattice parameter equations for cubic,
tetragonal and héxagonal unit cells which were used within this research [Cullity &

Stock 2001].

Cubic a=b=c
- | 1 R4k 41
o =B=y=90° T 26
Tetragonal a=b#c
T T
o =B=y=90° FE = - +C"—2 2.7
Hexagonal a=b#c
1 A(R+KReRE) P

where d = d-spacing (m), (hk]) = Miller Indices and g,c = lattice parameters (m).
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2.2.2 X-ray Fluorescence

X-ray _ﬂuoresc\ence is a non;destructive technique for compositi(_)na] analysis of
materials by identifying the concentrations of elements present in the layer. The sainple
is bombarded by High energy primary x-ray photons which knock out inner shell
electrons from the atoms of the sample. The inner éhells of the unstable atoms are filled
by outer shell electrons which emit a secondary x-ray photon, known as fluorescence.
The wavelength/energy of this x-ray photon is characteristic of the emitting atom and
thus can be identified on detection [Jenkins 2001]. ‘

The x-rays produced by the sample have varying wavelengths, dependent upon the
interacting element. They pass through a collimator and strike a crystal at an angle 0
where they diffract. According to Bragg’s law (2.4), diffraction occurs when the
_ emitted wavelengths from successive planes interfere constructively, therefore only
these waveiengths reach the detector [Cullity & Stock 2001]. The intensity of the
emitted photons is proportional to the concentration of the responsible element..
~ Sequential measurement involves a number of elements being measured one after the
other [Jenkins 2001]. |

The crystal rotates at an angle 0 and the detector rotates through increments of 20
and converts measured photon energies into voltage pulses. The number of voltage .
pulses is recorded as a function of amplitude. The peak intensities are compared with
réfefencé samples for identification. The instrument must be calibrated by measuring
 the peak intensities of reference sampleé of known composition. The instrumént used
for analysis of materials during this research was a Philips MagiX Pro instrument with
rhodium target k-ray tube with 4 kW bower for' the sequential spectrometry

measurement of elements [j enkins 2001]..
2.2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a useful technique to study the surface
morphology of materials. A Philips FEI Nova NanoSEM was used for analysis of

materials during this research program with an accelerating voltage of 20 kV. The
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electrons have suifébly shdrt wavelengths of Between'0.0l to 0.001 nm and are able to
probe the surface of samples. The resolution limit of an SEM instrument is defined by
the width of the excited electron beam and interaction volume of electrons in a solid.
Electrons are strongly scattered by air molecules aﬁd therefore require a HV (10%t0 10
Torr) system for operation. The basic layout of a scanning electron microscope is

| illustrated in Figure 2.4 [Goodhew et al. 2001].

Condenser lens 1 Image
8B ] ! Waveform
Objective lens  |::: L1 monitor
Scan coils = s
Scan generator
Lens/Aperture = | [ = .
Specimen

Detector Amplifier

Figure 2.4. Schematic diagram illustrating the main components of the SEM

instrument.

Samples are secured onto metal stubs using adhesive carbon foil, which are
positioned on the sample holder within the focal range of the lenses. Conductive silver
dag paint is used th ensure contact between the stub and the sample. Ensuring the
sample is fully conductive ié important due to the heavy influx of electrons that would

“lead to charging of insulating material. Charging results in image degradation such-as
blurririg and over brightness. | '

The electron beam is emitted by the electron gun and is focused by magnetic
condenser and objective lenses. The lenses are made of a soft iron core, around which
wire is coiled. Current flows through the wire creating a magnetic field in the air gap of
the iron core. When the current in the condenser and objective lenses changes, a
proportional change occurs in the ﬁeld strength (B), thus altering the focal length of the

. lenses. Magnetic scan coil lenses are used to deflect the electron beam to the desired
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position on the sample. The .scan generator is used to produce a varying current 'causing
the scan coils fo systematically scan the beam back and forth over the sarhple surface.
Apertures are used to control the beam current and convergence angle. Two types of
images may be obtained from SEM, secondary and backscattered. Secondary electrons
have low energy typically <50 eV and escape from the first 20 nm of the sample

“surface. Backscatter electrons escape from the bulk of the sample (500 nm) and have
energy >50 eV. Separate detectors are used for detecting secondary and backscattered
elecfrons due to the nature of the radiation. Electrons pass through a.grid and are
accelerated by a potential of 10 keV towards a scintillator. Light is emitted on eIectr_on
impact and is transmitted through ;1 light tube into photomultip]ier; which converts
photons to electrons, multiplying the signal [Goodhew et al. 2001].

Other useful information which can be extracted from SEM is compositional analysis‘
using.e'nergy dispersive x-ray analysié (EDX). The sample.is bombarded by high
energy electrons which interact differently depending on impéct. Some incident
electrons knock out a tightly bound inner shell electron leaving behind a hole. The hole '
is filled by an outer shell electron with additional emission of characteristic x-rays. The
energy of emission is characteristic. of the atoms involyed, thus allowing.elemental
analysis. The EDX detector measures the number of x-rays as a function of energy

[Goodhew et al. 2001].
2.2.4 Optical Spectroscopy

Optical absorption is a useful technique for determining the bandgap energy of
semiconductors. A Unicam UV-2 UV-Visible spectrometer with wavelength ranging
from 200 to 1100 nm was used for analysis of material during this research. When
carrying out ineasurements a baseline was initially taken using a sample of the substrate
which is automatically subtracted from all other readings. The experimental set-up is
illustrated by Figure 2.5. The wavelength range of light may be specified and travels to
the sample from the source, interacts and is detected. A graph of absorption as a
function of wavelength may be plotted indicating the samples ability to absorb light in a

given wavelength range.
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Figure 2.5. Illustration of the experimental set-up for optical spectroscopy.
Using equation 1.1 in Chapter 1 enables the photon energy of a given wavelength to

be calculated. The absorption coefficient may be calculated using Beer’s law and is a

measure of the energy loss of an incident beam when passing through a material.

1(x) =‘10 exp(—ax) (2.10)
o 2.30jAbs 211)

where I = light intensity at distance x in the sample, Iy = intensity of the incident
radiation, o = absorption coefficient (m™) and Abs = absorbance of radiation in the

sample.

When calculated the absorption coefficient can be pldtted as a function of photon
'energy to enable the determination of the bandgap energy of the semiconductor
[Sundaram & Bhagavat 1981]. ' '

The transmission spectra may also be obtained using the same instrument as for
optical absorption. ’I"he transmitted radiation is detected and may be plotted as a
function of wavelength. The absorption edge indicates the wavelength at which the
photon energy is equal to the bandgap energy of the semiconductor and at higher
energies a percentage of incident photons are absorbed. The percentage transmission is
dependent on the baridgap energy of the semiconductor; smaller bandgap energies
transmit fewer wavelengths as a larger proportion of photons have energy greater than

the bandgap and so are absorbed [Sundaram & Bhagavat 1981].
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2.2.5 Photoelectrochemical Cell Studies

Photoelectrochemical (PEC) cell studies can be uséd to determiﬂe the electrical
conductivity type of thin film semiconductor materials. The principle of PEC is based
upon a liquid/solid junction, the Vi bf which is the difference between the dark and‘
illuminated voltage. The experimental set-up is illustrated in Figure 2.6 indicating the
semiconductor/electrolyte junction with a carbon rod couhter electrode directly
connected to a digital voltmeter. A reference electrode can also be used with a
computerised potentiostat. All components are immersed in a suitable electrolyte, |
which must be sufficiently conducting, non-toxic and ndn-desttjuctive to the thin film.
The voltage of the systém is measured under dark (Vgak) and illuminated (Viignt)
cconditions. Vg is subtracted from Viigy to give the V,; the sign of which indicates the
electrical conductivity type of the semiconductor, negative for n-type and positive er p-
type. The system can be calibrated with a known sample such as an n-type CdS layer.
It is important the sample is not immersed beyond the film edge as this would give a

false reading [Gritzel 2001].
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Figure 2.6.  Liquid/semiconductor interface for (a) n-type and‘ (b) p-type

semiconductors.
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The measured Vgu is a result of the potential difference between the liquid/solid
junction and the carbon rod immerséd in the ionic solution.~ Under illuminated
conditions the photo-gene;ated current flows in the directions shown in Figure 2.6 due
to band bending. Photons excite electrons from the valence band to the conductioﬁ
band of the semiconductor where they are free to flow and voltage changes can be
measured by the voltmeter. [Lincot et al. 1990]. ' |

In an n-type semlconductor electrons are generated and flow through the external
‘. circuit due to the band bending at the liquid/solid interface, holes flow in.the opposite
direction ihto the electrolyte. Opposite principles apply fof a p-type semiconductor;
photo-generated electrons are driven towards the electrode/electrolyte interface where
they are transferred into the solution, reducing positively chérged ions. A large PEC
signal indicates the formation of a PV 'depletion,region due to ideal doping of the
semiconductor of 10" - 107 cm™. Heavily doped layers having p* and n" electrical
conductivity (>10'® cm™) act in the same manner as a metal and therefore exhibit zero
PEC signal due to a very thin or non-existent depletion region; insulating materials also
give. zero PEC signal.  Figure 2.6 illustrates a simplified wversion of the
liquid/semiconductor interface for both an n-type and p-type semiconductor [Gritzel

2001].

2.2.6 Electrical Measurements

2261 Current-Voltage Measurements -

Conventional current-voltage (I-V) measurements were conductéd using a fully
automated I-V system, on fully pfocessed devices to determine the solar. cell
parameters; Vo, I;c and FF. The front and back electrical terminals of a solar celi are
- connected to a power supply and a voltage is applied, usually sweeping over a forward
and reverse bias Voltage range. Taking I-V measurements under dark conditions allows
the rectification factor to be estimated, which is the ratio of the forward (Ir) and reverse

bias (Ir) currents at a given voltage.
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The diode equation defined as

eV ‘
I=1 —-1 2.12
0 €Xp T | (2.12)

and is an expression of the current through the diode as a function of voltage. The
ideality factor (n) may be determined from the gradient of the forward bias log I vs V

curve. The potentiai barrier height may be estimated using equation 2.14,
1, =SA'T? exp(‘—e%—j . (2.14)
kT ) .

where Iy = Current intercept, S = Area of contact (mz) A" = Richardson constant
(12><104 AKm™), T = Temperature (K), € = Electronic Charge (1.6x107° eV), k =

Boltzmann constant (1.38x10% m? kg s2Kh,

although this is only accurate when the ideality factor is close to unity. The series
resistance may be determined from the high forward bias slope of the linear-linear I-V

curve [Sze & Ng 2001].
2.2.6.2 Capacitance-Voltage Measurements

The capacitance of a device is a measure of its ability to hold electric charge.
Capacitance of an n-p junction or Schottky barrier occurs at the depletion region due to-
a difference in charge on each side of the junction. Capacitance-voltage (C-V)
measurements of p-n junctions or Schottky barriers may be carried out by probing the
| depletion region within the device. The depletion region does not contain chargé
carriers but does contain ionised donors or acceptors. A DC voltage is applied across
the device which is often varied from forward to reverse bias; thus varying the depletion
region width. An alternating current (AC) signal with a high frequency is applied for
measurements of the capacitance due to the depletion region. The depletion region
- width varies as a function of applied DC voltage, altering the capacitance of the device
which may be calculated us'ing equation 2.15 [Sze & Ng 2001]. Capacitance-voitage
measurements pose limitations when estiﬁating the barrier heights due to‘t'he presence

of defects in the depletion region.
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ce A ‘
C=-=2= ' 2.15
w - @15)

where C = Capacitance (F), A = Contact Area (m?), W = Depletion region width (m), €

= permittivity of free space 8.85>{<l()-'12 Az_ s* kg m? and €, = relative permittivity.

The free carrier concentration (N, or Ng) may be determined from the slope of the

1/C? vs V graph by using equation 2.16.

1 2

C?>  &AeN,;

S

(V+V;) ' _ : (2.16)

where e=gog; permittivity of free space x relative permittivity, Ng = Free carrier
concentration (m”), V = Voltage (V), V4 = Diffusion Voltage (V) and e = Electronic
Charge (eV).
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Chapter 3 Literature Review

The literature review is presented in three separate sections, describing key aspects of

ZnO (3.1), CIS (3.2) and CdTe (3.3).

3.1 Zinc Oxide

3.1.1 Introduction

The ZnO literature review will introduce the subject in context of the research and
will then discﬁss growth of ZnO using both sputtering and électrodeposition techniques
followed by a discussion of the structural and electrical propertles

Zinc and oxygen are group 11 and VI elements with atomic numbers 30 and 8 and
atomic weights 65 .409 and 15.999 respectlvely. In stable form ZnO adopts a wurtzite
phase and takes the mineral name of zincite. The other two forms of ZnO are
zincblende and rock sailt phases, which form under high pressure and revert back to
wurtzite on decbmpression [Ozgur et al. 2005]. 2;10 has wide direct bandgap energy of
3.20 to 3.40 eV and exhibits n-type electrical conductivity due to intrinsic defects such
as oxygen vacancies and interstitial zinc atoms. |

Recently ZnO has recelved considerable attention in the ﬁeld of photovoltalcs due to
its suitability as both an intrinsic n-type buffer layer (i-ZnO) and doped transparent top
contact for’ CIGS solar cells. Substrate d_évice structures usually consist of
glass/Mo/CIGS/CdS/i-Zn0O/Zn0:Al and the ZnO bi-layer is know to improve the device
performance. Various reasons have been given iﬁ the literature as to why ZnO is
beneficial although a conclusion is still to be agreed. Most commonly sputtering is uéed
to deposit i-ZnO for PV applications. Growth of ZnO using electrodeposition has also
emerged as a possible alternative [Gal et al. 2000]. The properties of ZnO are
summarised»in Table 3.1 [Pearton et al.. 2005].
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Table 3.1. Properties of ZnO.

Property Value
Density - - 5.606 gcm™
Lattice Parameters a=3.253 A, c=5.120 A
‘Stable Phase at 300 K Hexagonal, Wurtzite
Melting Point ‘ 1975°C
Dielectric Constant 8.656
Refractive Index ' 2.008
: Bandgap Energy : 3.40eV -

' 3.1.2 Sputtered Zinc Oxide

The highest efficiency to date for CIGS solar cells is 19.9%, reported by the U.S.
National Renewable Energy Laboratory (NREL) [Repins et al. 2008]. The structure
contains én i-ZnO and ZnO:Al bi-layer deposited using r.f. sputtering. Showa Shell,
Japan was one of the first groups to use a ZnO bi-layer with the aim of improving the

‘device efficiency [Cooray ef al. 1997]. Spﬁttering is now the standard deposition
teéhnique used for growth of the ZnO bi-layer for PV applications. Spﬁttering.has
advéntages of being scalable and has controllability of film thickness and composition
[Sittinger ef al. 2006]. |

Kushiya et al. suggested the introduction of a thin, high resistivity transparent i-ZnO
layer to prevent sputter damage to underlying layers by high énergy particle
bombardment durihg deposition of the ZnO:AL Kushiya reported depositing i-ZnO
using r.f. sputtering on to CIGS as lower power is required for this growth method
compared to DC sputtering [Kushiya et al. 2001]. However DC and r.f. sputtering have
been used to deposit both i-ZnO and ZnO:Al layers in various investigations,
contradicting the purpose of the i-ZnO layer for sputter damage protection [Kushiya er |
al. 2001, Kemell et al. 2005]. The use of i:ZnO in CIGS solar cells is known to
imprbve the efficiency but the reason behind this phenomenon is still under debate.

It has been suggested the i:ZnO layer provides an effective seed layer to enhance
grain growth of the ZnO:Al layer [Lee et al. 2000]. Other suggestions have considered -
possibility of shunt path prevention between CIGS and the.TCO.‘ If the CdS has failed
to form an even coating a thin resistive i-ZnO layer would fill in these shunt paths and

prevent the device from shoriing [Ishizuka et al. 2005]. A variety of precursors have

33



been used to sputter }ZnO including fully or partially metallic (Zn/Al, ZnO/Al) or fully
oxidised (ZnO:A1203) targeté. In the case of metallic or partially oxidised targets a
reactive oxygen gas is pumped into the chamber and in all cases an Ar ambient is
utilised as an enhancing gas [Ozgur et al. 2005].

. Optimisation of the i-ZnO thickness' is essential for device fabrication; excessive
thickness increases the seﬁes resistance and degrades device performance. Studies have
been carried out to optimise the thickness and reports are often contradictory. Céoray et
al. investigated the effect of i-ZnO thickness between 3 to 60 nm on device
performanée. The most notable improvement was observed for the thinnest layer (3
nm) and performancé worsened with increasing thickness [Cooray et al. 1997]. This is
. in contrast with other reports of optimum thicknesses ‘of 50 to 110 nm [Nagoya et al.
2003]. Ishizuka carried out a similar investigation varying the thickness of i-ZnO from
0to 180 nm. Little change in efficiency and FF was observed for thicknesses between 0
and 70 nm (15.0 to 15.5% and FF = 0.70 to 0.75 respectively), although both paraméters
decreased when the i-ZnO layer was thicker than 110 nm [Ishiiuka et al. 2005]. Lee et
al. reported the series resistance of the CIGS device to increase with increasing i-ZnO
layer thickness from 300 to 1200 nm [Lee et al. 2000].

It has also been suggested difﬁjsion of Al from ZnO:Al into i-ZnO during heat-
treatment may cause Al doping of i-ZnO. This effect was expected to be greatest when
the i-ZnO layer was thinner than 70 nm and could potentially dope the entire layer.
When the thickness was greater than 70 nm the Al would not penefrate through the
~entire i-ZnO layer and may be the causé of the increased series resistance [Ishizuka et
al. 2005]. | | | |

The properties of sputtered ZnO can be controlled by changing the deposition -‘
parameters such as r.f. power, gas atmosphere and pressure and substrate témperature
'[Chang et al. 2001, Dang et al. 2007]. In order to avoid diffusion of CdS into the CIGS
layer the substrate ‘temperature should be controlled to prevent overheating when
depositing both ZnO layers.' The resistivity has been shown to decrease with increasing
substrate temperature, thought to be due to enhanced grain size and reduction of defects
in the device structure [Lee et al 2000].

Martinez ef al. investigated the effect of substrate temperature on ZnO properties
when depositing ZnO:Al using reactive sputtering from Zn/Al targets. It was found that
temperatures >380°C were necessary to achieve the activation énergy required to form

ZnO:Al [Martinez et al. 1997]. ' Contrary to this report, Chang et al. observed a
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minimum resistivity of 4.2 x 10* Q cm with a substrate temperature of 250°C, which
was attributed to improved crystallinity. Above this temperature the resistivity was
found to increase ascribed to the segregation of Al,O3 at grain boundaries [Chang etal.
2001]. |

Low O, chambér pressure produces c;xygen deficient ZnO films which are dark and
metallic in appearance, although the resistivity is low. Increasing the O, pressure
improves optical transparency although the electrical properties deteriorate as oxygen
vacancies were filled. The resistivity of i-ZnO has been shown to be in the range of 10”
*<p<10" Q cm and is controiled by either doping the material or controlling the oxygen
partial pressure [Ellmer 2000]. Increasing the gas pressure increases fhe energy of
atoms arriving at the substrate, which subsequently promotes the deposition rate [Dang
et al. 2007].

3.1.3 Electrodeposited Zinc Oxide

Although vacuum deposition technologies produce high quality layers there is an
interest in movement towards lower cost processing techniques with the possibility of
‘ large-scale -deposition. Electrodeposition has emerged as a suitable growth technique
-with the pdssibility of controllability of film thickness, shape and low temperature

growth [Pauporte et al. 2000]. The progress to date has been encouraging with highest
reported efficiencies of 11.4% for electrodeposited ZnO in CIGS devices [Gal et al.
2000]. From the literature it is apparent that electrochemical growth of ZnO has been
mainly developed using two separéte precursors, namely zinc nitrate, Zn(N 03)2 and zinc

chloride, ZnCl, and is discussed in the following sections.
3.1.3.1° Deposition from Zinc Chloride Precursors

The earliest reported study of electrodeposited ZnO from aqueous solution
. containing ZnCl, in the presence of oxygen was in 1996 [Peulon & Lincot 1996]. Two
main mechanisms occur within this medium, one is precipitation and the other is
electrochemical reactions at the cathode surface. Soluble and insoluble complexes with
Zn*" jons and various ligands such as hydroxychlorides and hydroxides form in aqueous

solution. =~ Formation of ZnO at the cathode by reaction with molecular
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oxygen occurs via reactions 3.1 and 3.2. The reaction of Zn®>" with water and oxygen

molecules forms Zn(OH), indicated by reaction 3.3 [Goux et al. 2005].

ZnCI* +20H™ - ZnO+ H,0+CI”

Zn*" +-1—02 +2e” = Zn0

Zn*' +%02 +H,0+2e” - Zn(OH),

(3.1)

(3.2)

(3.3)

According to the Pourbaix diagram (Figure 3.1) the solubility of ZnO is limited

below pH=6. Above pH=12 insoluble zinc hydroxide, Zn(OH); colloids precipitate in

the solution. The diagram indicates that theoretically ZnO forms over a wide voltage

range and at more negative voltages than -1.00 V vs normal hydrogen electrode (NHE)

metallic Zn deposition is predominant [Goux ef al. 2005].

‘ pH pH
(a) : 0 2 4 8 8 10 12 14 (b) 0 2 4 6 8
15 1 K} 1 z 1 : : -04 1 {\ 4 :
1 'N\ ' Q\ ~
\\ -0,5 1
UZJ 05+ Zn 2+ \"*---,_*_ w }
%) 0 or ZnCI* Zn0 Bt I 06+ zn?
2 . v or
a | Zn(OH)> £ .
- ’ w
-1+ ‘\\ Ny
15 Zn \\\\ 081
’ v » .
. -0, A
2 ' g NZn

‘ Figure 3.1.  Pourbaix diagrams of ZnO, (a) the effect of temperature on the pH-
potential of 5 mM ZnClj, thick line 25°C, thin line 90°C (b) ZnO deposition region is

enlarged; the arrow represents increasing temperature of 25°C, 50°C, 70°C and 90°C

[Goux et al. 2005].

Goux studied the effect of bath temperature on the deposition of ZnO an_d found

between room temperature and 34°C, Zn(OH), precipitation was predominant [Goux e?

al. 2005]. At low temperatures, nucleation is slow resulting in poorly crystalline,

porous layers. Above 40°C the Zn(OFH)z layer dehydrates via reaction 3.4 to form ZnO.

36



Zn(OH), = ZnO+H ,0 | (3.4)

Above 70°C the reaction rate increased forming ZnO crystallites. The concentration of
dissolved oxygen in solution significantly decreases with- increasing temperature from
1.5 mM at 20°C to 0.75 mM at 80°C [Goux e al. 2005].

Peulon et al. investigafed the influence of temperature, oxygen concentration and
zinc precursor concentration on the electrochemical deposition of ZnO. It was found
'the film growth increased linearly with temperature, with a rate of 1 pm h''at 85°C. At
higher oxygén concentrations the ZnO layers were highly resistive. A linear
relationship between the Zn** molarities of 5><10.“1 and 3x102 M and growth rate ‘was
observed. The pH close to the electrode surface was found to increase to pH=10 from
pH=6 due to the formation of hydroxide ions as a result of oxygen reduction via

reaction 3.5 [Pauporte & Lincot 2001].
0, +2H,0+4e” — 40H" E,=0.4 V vs NHE (3.5)

On the contrary, Yoshida et al. observed a reduction in pH during electrodeposition
of ZnO. It was suggeéted the use of a Zn counter electrode maintained the pH by the
oxidation of Zn to Zn*", although the specific mechanism was not described. Yoshida
recorrﬁnended that the area of this electrode should be restricted and placed in solution
just before deposition to avoid an increase in pH pre-deposition. [Yoshida et al. 2003].
Goux ef al. and Pauporte ef al. have also both employed Zn counter electrodes for this

purpose in separate investigations [Pauporte et al. 2001, Goux et al. 2005].
3.1.3.2 Deposition from Zinc Nitrate Precursors

The earliest reported investigation devoted to the electrodeposition of ZnO from

Zn(N O3), precursors was by Izaki & Omi in 1996. Deposition rates were explored as a
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function of zinc nitrate concentration obtaining maximum deposition rates of 0.15 pfn
min’! for a zinc nitrate concentration of 0.1 M [Izaki & Omi 1996, 1997]. The voltage
range investigated was -0.7 to -1.4 V vs Ag/AgCl. Lower voltages produced porous
layers, whilst at more negative voltages (-0.9 V) the crystallites rotated by 90° having
(101) preferential orientation. The highest transmission of 70% was observed for layers |
deposited at this voltage. ' |
Various substrate activation steps have been reported by different groﬁps, attempting
to increase the density of nucleation sites and promote compact film growth. Izaki
claimed the SnO, substrates required anodic polarisation in 1 M NaOH Sohition
followed by rinsing in deionised water [1zaki et al. 1996]. Goux et al. also employed
* this method by applyiﬁg 0.65 V vs NHE for 1 hour in a similar solution [Goux et al.
2005]. o |
‘Yoshida ef al. and Pauporte et al. have both reported etching the substrate in nitric
acid prior to deposition was an essential step in order to achieve oxygen reduction and
nucleation at the substrate [Pauporte ef al. 2001, Yoshida et al. 2003]. Canava and
Lincot subjected the substrate to a galvanostatic activation step; holding the substrate at
a certain current density for 15 seconds performs a redox process, which was claimed to
promote the formation of a ZnO seed layer [C?nava & Lincot 2000]. SEM indicated
that subsequent deposition increased the density of crystallite .formation, increasing
- compact growth and coalescence. | '
In the case of Zn(NQ;), precursors; on release of the Zn** ion (dissociation 3.6) the

nitrate molecule functions as a oxidising agent.
Zn(NO,), = Zn* +2NO; | (3.6)

The reduction of nitrate (NO;) to nitrite (NO;) ions forms hydroxide ions at the

surface of the cathode via reaction 3.7.
NO; + H,O+2e™ — NO; +20H" (3.7)
“This local increase in pH causes the formation of Zn(OH), via reaction 3.8.

Zn®* +20H™ — Zn(OH), = ZnO+ H,0 (3.8)
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The Zn(OH), may decompose to form ZnO (reacﬁon 3.4) during depositiori or this
step will occur during post deposition annéaling.

Various authors have commented that the nucleation and growth mechanism of ZnO
is not well underétood, resulting in a varying film morphology [Ingham et al. 2008, N
Pauporte et al. 2000, Yoshida et al. 2004]. The growth characteristics such as size,
~ orientation énd morphology are influenced by the first few moments after application of
the voltage [Canava & Lincot 2000]. |

The nucleation at the cathode is apparent from the current transient curve, by the
increase in current density immediétely after the application of voltage. The current
density decreases and plateaus with time. Goux ef al. reported the magnitude of the
current density peak to increase with eléctrolyte temperature [Goux et al. 2005]. The
density of nucleation centres may be increased by raising the oxygen concentration,
leading to smaller grains [Pauporte et dl. 2000]. |

The use of Zn(NO3); has the advantage of being khighly soluble in aqueous solution.
However the reduction of nitrate to nitrite on application of the voltage (reaction 3.7)
renders the solution unusable after a few days' storage. This limits the use of this

precursor especially for commercialisation and scale-up [Yoshida et al. 1999].
3.1.3.3 Structural Properties

ZnO adopts a hexagonal wurtzite crystal structure having lattice parameters
a=b=3.253 A and ¢=5.120 A, where (a=b#c), 0=p=90° and y=120° [Rousseau 1998,
Hammond 1997]. Each cation is sunounded by four anions at the corner of a

tetrahedron and visa versa.

o=p=90° y=120°

Figure 3.2. Illustration of a hexagonal Bravais unit cell, where a=b#c and a=p= 90°

v=120° [Jawson & Rose 1983].
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The hexagonal system has Miller-Bravais indices, referring to four axes (hki1). The
- Miller indices (hkl) have their usual meanings and the index i is the reciprbcal of
fractional intercept on the a axis. Often 6nly the (hkl) indices are used to describe
crystal planes for a hexagonal stmcﬁre [Cullity & Stock 2001]. Figure 3.3 illustrates
the hekagonal wurtzite crystal structure of ZnO [Sowa & Ahsbahs 2006].

Figure 3.3. [Illustration of the hexagonal, wurtzite crystal structure of ZnO [Sowa &
Ahsbahs 2006].

3.1.3.4 Electrical Properties

- Intrinsic ZnO exhibits n-type electrical conductivity due to deviation in
stoichiometry due to the presence of native defects, Zn interstitial atoms (Zn;) and
oxygen vacancies (Vo). In both cases defect energy levels are introduced in the bandgap
approximately 10 to 50 méV below the conduction band minimum forming donor levels
~ [Pearton et al. 2004, Ozgur et al. 2005].
~ Extrinsic doping of ZnO to increase the electrical conductivity can be accomplished
using groui: III elements, aluminium (Al), gallium (Ga) and indium (In) to replace Zn or
‘group VII elements such as fluorine (F), chlorine (Cl), iodine (I) and bromine (Br) to
‘replace oxygen [Kemell ef al. 2003, Ozgur ef al. 2005, Machado et al. 2005].
Bipolar semiconductors are often difficult to fabricate when dealing with materials
with high bandgap energy. There are several reasons for this, self compensation of

native defects, - Zn;, Vo, or background impurities and low sélubility of

40



dopant atoms in the host material. Prospective p-type dopant atoms for ZnO are group I
atoms such as copper (Cu) and silver (Ag) substituting for Zn sites or group V elements,
phosphorus (P), arsenic (As) or nitrogen (N) for substitution on the oxygen sites.
According to Ozgur ef al. group I elements tend to occupy interstitial sites rather than
substitution sites and therefore act as Idonors instead of acceptors [Ozgur et al. 2005,
| Pearton et al. 2005]. The reproducibility of ZnO having p- type electrical conductivity
has yet to be realised [Ozgur et al..2005].
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3.2 Copper Indium Diselenide

3.2.1 Introduction

The CIS literature review will discuss growth using electrodeposition from aqueous
and non-aqueous media followed by an overview of the present status of commercially
available solar cells and progress of laboratory scale work. Key aspects regarding
device characteristics including the buffer and ODC layers and doping using Na, S and
Ga will be described. |

Group I-III-VI, materials such as CIS, CIGS and copper indium gallium sulphur
selenide (CulnGa(SSe); or CIGSS) are often referred to as chalcopyrite compounds due
~ to their crystal structure. The atomic numbers and atomic weights of Cu, In and Se are

presented in Table 3.2.

Table 3.2. Atomic numbers and weights for Cu, In and Se.

Element | Atomic Number | Atomic Weight
Cu 29 63.546
In 49 - 114.818
Se 34 78.960

CIS most comrnonly exhibits tetragonal phase having lattice parameters a=b=5.851
A and ¢=11.726 A. Figure 3.4 illustrates the structure of CIS [Schorr & Geandier
2006]. The bandgap energy of CIS is 1.04 eV and can be increased by the partial
repiacement of In with Ga and thus depends on the ratio of Ga/[In+Ga]. CIGS has been
found to exhibit both n and p-type electrical conductivity [Kemell et al. 2005, Chaure et
al. 2005]. '
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Figure 3.4. Illustration of CIS having tetragonal phase [Schorr & Geandier 2006].

" The key function of the absorber material is to convert incoming photons of light into
electron-hole pairs. In order for the cell to achieve optimum performance the bandgap
energy of the material should match the spectral region as closely as possible. Bandgap
energies in the range of 1.40 to 1.50 eV are required to achieve absorption of a major
fraction of incoming photons with wavelengths in the visible range. Partial replacement’
of selenium with sulphur increases the bandgap energy of CIS; complete substitution
fdrms CulnS; with a bandgap eﬁergy of 1.50 eV. Alternatively, fully replacing indium
with galliuin forming CuGaSe; increases the bandgap energy to 1.70 eV [Konovalov
2004]. '

Crystal defects and impurities should‘ be minimised to maximise the life time of
photogenerated chérge carriers. Sufficient charge carrier life time is essential for their
effective collection by the external circuit. Impurities form additional energy levels or
traps in the bandgap which increases the recombination of charge carriers.
Recombination of charge carriers is one of the major factors limiting device

‘performance. Ideally the diffusion length of minority charge carriers should be greater
than the thickness of the material to achieve maximum current collection. If the
fhickness of the layer exceeds the diffusion length of charge carriers the electric field
within the device is weakened and the Jsc decreases. If the layer is too thin the Jsc will

also decrease as fewer photons are absorbed [Konovalov 2004].
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3.2.2  Electrodeposition of Copper Indium Diselenide from Aqueous

Solution

The process of electrodepositibn of chalcbpyrite compounds such as CIS, CIGS and
CIGSS is non-trivial due to the number of constituent elements. The different
electrodeposition voltages ranging from +0.75 V for Se, +0.34 V for Cu, -0.34 V for InA
and -0.53 V for Ga vs NHE creates difficulty in the simultaneous reduction to form the
desired compound. The key tenet for the growth of ternary or quaternary compounds is
that deposition occurs at voltages slightly negative compared to the least noble element,
" in this case In. It is well known the electrodeposition of Ga is difficult due to the high
redox potential compared-to the other elements [Lincot et al. 2004]. Initial reports
carried out by Bhattacharya and RajeshWar used complexing agents (ammonia and
' treiihanolamine) to shift the deposition potential of Cu** and In** ions closer together,
also preventing precipifation of metal hydroxides over a wider pH range [Bhattacharya
& Rajeshwar 1986].

In addition to complexing agents, experimentation uéing buffer solutions consisting
of sulphamic acid and potassiilm biphtalate have been carried out by Fernandez and
Bhattacharya. The use of pH=3 buffer solutions maintained the pH of thé solution arid
reduce precipitation of hydroxides, which interfere with deposition [Fernandez &
Bhattacharya 2003, 2005]. Sene et al. and Calixto et al. have since investigated the
effect of pH=3 buffer solutions on the electrodeposition of CIS. The presence of the pH
buffer did not alter the composition of the layers although the morphology varied.
~Layers depbsited from buffered solutions had rougher surface morphology compared to
those grown from non-buffered solution. It was suggested deposition of some species
may be slowed in buffered solutions producing a less dense layer. It was found the cell
characteristics were improved for layers deposited from non-buffered solutions [Calixto

et al. 2006, Sene et al. 2008].

3.2.3 Electrodeposition of Copper Indium Diselenide from Noh—Aqueoué

Solution

Electrodeposition from aqueous media does have disadvantages, such as hydrogen

evolution which may cause pinholes and formation of metal hydroxides at the cathode.
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There have been very few reports of the use of non-aqueous media for the
electrodeposition of CIS to date. The use of dimethyl sulfoxide (DMSO), which is a
toxic organic solvent has been used for elevated femperatﬁre deposition with the aim of
improved crystallinity of the as-deposited material [Hodes & Cahen 1986]. This offers -
the possibility of allowing a higher voltage to be applied without the same level of oxide
and hydroxide formation at the cathode. Thin film growth from nbn-aqueous solvents
has other advantages over aqueous such as the pos'sibility of deposition at températures
>85°C, which is expected to promote improved -crystallinity during deposition
[Bhattacharya er al. 1998]. Although Hodes & Cahen reported little improvement in
morphology of CIS when depositing from DMSO at 135°C [Hodes & Cahen 1986].
Electrodeposition from non-toxic ionic liquid ([BMP]T£,N) has previously been carried
out by Zein El Abedin et al., reporting the grain size to be ﬁanocrystalline despite the
elevated deposition temperature of 100°C [Zein El Abedin et al. 2007].

3.2.4 Commercially Available Copper Indium Diselenide Solar Cells

At present there are generally two methods used for the production of CIGS on a
commercial scale. Both utilise vacuum technology, Wiirth Solar opting for the
coevaporation of eleménts? where an in-line system has 'been developed for 120x60 cm?
CIGS solar panels achieving 8% efficiency [Powalla & Dimmler 2003]. The other
utilised by Siemens Solar uses DC-magnetron sputtering to evaporate Cu, Ga and In
sequentially at room iemperature’ followed .by a post-deposition selenisation step at
550°C. CIGS modules ranging from 5 to 40 W having 9.6 to 11% efficiency are
commercially available where-as smaller laboratory modules have achieved 14.7%
efficiency [Karg 2001]. The modules are completed by laser scribing followed by
deposition of ZnO before being covered with a protective glass sheet [Karg 2001]. |
Showa Shell, Japan haé achieved efficiencies of 13.4% for 30x30 cm® CIGS devices
deposited using metal organic chemical vapour deposition (MOCVD) [Kushiya 2004,
Sang et al. 2003]. | |
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3.2.5 Laboratory Based Devices

A three-stage coevaporation method has been developed by NREL for production of"
CIGS solar cells.. Devices with structure glass/Mo/CIGS/CdS/i-ZnO/ZnO:Al have
produced the highest reported efficiency to date for CIGS solar cell devices of 19.9%
[Repin et al. 2008]. ‘This method deposited (In,Ga),Ses at 300°C followed by the
evaporation of Cu and Se at 550°C and finally the material is made slightly Cu-deficient
by evaporation of (In,Ga);Se;. Drawbacks to using coevaporation are the composition
gradient which depends on the substrate location and scale-up is non-trivial
[Bﬁattacharya et al. 2005]. ) |

The maximum efficiency of CIGS solar cell devices has crept forward over the past
decade or so from 17.7% in 1998 to 19.5% reported by NREL in 2005 and 19.9% in '
2008 [Tuttlo et al. 1996, Contreras et al. 2005, Repios et al. 2008]. Generally the
improved efficiency has been attributed to optimisation of the ZnO window layer,
enhanced diffusion of minority charge carriers and reduced recombination in the space-
charge region [Contreras et al. 1999]. Suggestions for the latest improvement in
efficiency were the absence of Ga during the last 10 seconds of growth and the post-
deposition annealing step carried out at 600°C in a Se‘atmosphefe, lead to a decrease in
recombination of charge carriers. The. device parameters of cells having area of 0.419
cm? were impressive having V,=0.690 V, J;.=35.5 mA cm? and FF.=0.81.'

The maximﬁm efficiency of 8.8% for 0.06 cm’ CIS ‘solar cells grown using
eleotrodeposition was ‘reported by the Copper Indium Selénide Electrodeposition
(CISEL) project in 2002 [Guimard ef al. 2002]. Layers deposited using low-cost, low
temperature processes require a two stage device fabrication route. The first stage
carried out using one-step eiectrodepositioﬁ does not produce a layer with adequate
electronic properties and therefore a second annealing stage is required. One of the
complexities of electrodeposition is the possibility of forming either elemental layers, or
binary or ternary phases. The precursor films are thus often a mixture of multipie
phases. The annealing stage promotes the intermixing of these compounds.

It is accepted that the composition of the film is controlled by the ratio of selenium to
copper fluxes to the electrode which are diffusion controlled mechanisms [Lincot et al.
2004]. Electrodeposition is a competitive alternative to vacuum technology for the

production of thin films and is ideally suited to large-scale industrial production. This
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has already been realised with the highest reported efficiency of 7% for 15><15 cm? and
30x30 cm® modules by the CISEL project [Taunier ef al. 2005].

A hybrid approach has been adopted by Bhattacharya et al. with the aim of
development of a fast and lower-cost process. CIGS precursor layers were
_electrodeposited and the final composition was re-adjusted using PVD at a substrate
temperature of 560°C. The layers were exposed to Se vapoﬁr during cooling to
maintain stoichiometry. = Devices fabricated 'using this process did not show

deterioration in performance, achieving 15.4% efficiency [Bhattacharya et al. 1999].

'3.2.6 Heat-Treatment.

Post-deposition | heat-treatment of electrodeposited layers is an essential step to
achieve the necessary material properties for device fabrication. Annealihg trials have
previously been carried out to establish the effect of Se vapour pressure in the annealing
chamber. It was found higher Se vapour pressures lead to improved morphology and
* electrical properties compared to a neutral atmosphere [Lincot ef al. 2004]. For CIGS

materials it is essential to perform this step under controlled conditions to maintain
stoichiometry and prevent loss of Se. It has previously been observed annealing with
insufficient Se atmospheres causes the development of pores degrading device
performance, mainly due to subiimation of Se from the layer [Taunier‘et al. 2005].

The recrystallisaﬁoh of grajns is a mechanism which reduces grain boundaries and
alleviates defects. If is thought that an exothermic reaction between Cu-In and melted
selenium are the main phase transitions forming selenides followed by their peritectic
‘decomposition [Karg 2001]. In addition to increasing the grain size, annealing may also
alter the stoichiometry if some elements of the layer sublime léaving behind pin-holes.

_On the contrary pin-holes may be eliminated due to graln growth Layers are generally
annealed at temperatures of 450 to 650°C for a period of between a few minutes to an
hour. The possibility of laser annealing of CIGS layers in an inert gas atmosphere has’
been investigated by Jost et al. Similar structural properties were obtained to those for
furnace annealing with no significant loss of Se [Jost et al. 2008]. A surface oxide layer

- may form during annealing which may be removed by chemical etching before device

fabrication.
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Rapid fhermal annealing (RTA) has been investigéted by various groups with the
attempt of lowering the processing costs, minimising impﬁrity diffusion and reducing
the layer damage compared to conventional furnaces. Wang et c.zl.' used NREL samples
to study the effect of RTA and found little change to the XRD spectra or morphology
using SEM. However the electrical properties markedly vimprovcd after RTA at 300°C,
with reduced resistivity and increased carrier density [Wang et al. 2006]. It is also.
noteworthy that RTA has been exploited on a commercial basis by Shell Solar
producing devices having 13.1% efficiency for 0.54 m* modules [Palm et al. 2004].

3.2.7 Buffer Layers for Copper Indium Diselenide

- The buffer layer must have large bandgap energies for transmission of a high
proportion of the solar spectrum to the space-charge region. CIS has a high absorption
coefficient of 10° cm™ and it has been reported a 2 pm thick layer is sufficient to absorb
the useful part of the spectrum [Romeo et al. 2004]. The charge carrier diffusion length
also dominates the performance of CIS devices and should therefore be greater than the
distance from where light is absorbed to the space-charge region edge. |

A large amount of work has been carried out to develop CIGS devices containing a
CdS buffer layer. Indeed, this work has been successful over the years with the highest
efficiency of 19.9% reported by NREL [Repin ef al. 2008].” The CBD growth process is
beneficial as it provides a complete coverage of rough absorber surfaces with the
desired thickness of 80.nm. The CdS also protects the absorber layer from damage and
chemical reactions during ZnO deposition. Although the use of the CdS buffer layer in
CIGS devices has been extremely successful there are disadvantages to using this
" material. Short wavelengths are absorbed by CdS and therefore do not reach the
~absorber material, thus reducing the current collection [Ramanathén et al. 2003].

The subject of replacement of CdS with an alte_fnative buffer layer has. been
investigated by various groups with the hope of reducing the loss of short Wavelength
photons. In order for this to be achieved materials such as Zn(O,S,0H) which are
transparent in the wavelength range >360 nm and are electrically conductive have been
investigated. NREL have investigated alternative. buffer layers using CBD to deposit
ZnS(O,0H) and Zn-Cd-S(0,0H) onto CIGS absorbers. The reported device parameters
were comparable havihg efficiencies of 17.7% and 18% reépectively compared' to

17.5% for CdS buffer layers.
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Kushiya et al. explored the replacement of .CdS using Zn(0,S,0H) grown using CBD
in the production of 30x30 cm? modules achieving an efficiency of 12.9% [Kushiya
2004]. Growth of ZnO using CBD involved the formation of Zn(OH), in addition to
ZnO which is converted to ZnO during annealing. The énneéling temperature was

- limited to 300°C and therefore the cdnvérsion was not fully completed. Attempts to
* reduce the amount of OH" in the structure were made to improve the quality of the
junction. " This was achieved by addition of thiosulphate to the deposition- bath as the
buffer layer grew on sulphuf containing CIGSS layer. The concentration of Zn(OH); in
the layer reduced as a result of this modification and the buffer layer formed a mixed

compound of ZnO, ZnS and Zn(OH), [Kushiya 2004].

3.2.8 Ordered Defect Compound

There are unresolved fundamental issues surrounding the exact interface between
the CIGS/CdS junction. The CdS is only weakly n-type and therefore is not thought to
be responsible for the band bending. It is widely accepted that there is a large amouﬁt
of bandkbending in the CIGS layer; the bulk of the material is p-type and b‘ecom.es n-
type at the interface with CdS. The origin of this naturally occurring property is thought
to be manifested by a copper deficient, indium rich surface layer, which exvists before
the depositfon of CdS and has different stoichiometry to the bplk CIGS. The Cu-poor
second phase is known as the ODC layer and is associated with a Cu:In:Se ratio of 1:3:5
[Niemegeers et al. 1998, Liao & Rockett 2003]. _

The Cu-poor ODC layer has different electrical properties to the bulk absorber,
which has a large defect density and larger bandgap energy of 1.45 eV [Niemegeers et
al. 1998]. The junction between CIGS and the ODC layer is a homojunction [Contreras
et al. 1999]. Cd atoms are thought to océupy Cu vacancy sites post-deposition
contributing a large number of free electrons at the surface. It has been theorétically
evaluated that the ODC layer forms due to its favourable low energy of formation of

indium on copper sites and two copper vacancies, Inc, +2V¢, [Wei et al. 1998, 1999].
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3.2.9 Sodium Incorporation

The incorporation of Na in CIGS solar cells has previously been shown to improve
the device performance although the exact mechanism for this improvement is still
under debate. Wei et al. suggested the most likely effects are the increase in hole
density and film conductivity and suppression of the ODC layer [Wei et al. 1999].
Theoretical calculations to estimate the formation of secondary phases such as NalnSe;
where Na is situated on a Cu-site have been carried out. It was predicted that NalnSe;
formation increases the bandgap energy by 0.11 eV enhancing the V.. The formation
of Nag, was found to be electrically inactive where-as Nay, was electrically active and is
expected to increase the hole concentration in CulnSe; [Wei et al. 1999].

The most common unintentional source of Na in CIGS devices is from the glass
substrate, diffusing through the MoO, grain boundaries. The diffusion occurs as a result
of the elevated temperatures during deposition or annealing. For commercial iﬁterest
Na from the back contact has insufficient reliability and therefore other methods of
addition have been investigated. The Na precursor layer can be placéd at- various
positions within the device structure; on top of the CIGS layer, beneath it or an addition
during deposition [Romeo ef al. 2004]. This includes the coevaporation of Na,Se or
Na,S during the absorber deposition for vacuum growth techniques. Difficulties arise
when attempting to incorporate Na using electrodeposition due to the high negative
redox potential of -2.71 V vs NHE. However, Na which is a reactive ion may be
incorporated into the film via other mechanisms such as absoi‘pﬁon, adsorption and
chémical reactions. .

It is thought the Na improves the structural properties by increasing the grain size
although contrary findings have also been reported [Birkmire 2001]. The presence of
0.1 at.% with doping concentration of 10%° c¢m™ has béen indicated as the optimum
concentration, altho_ugh this is beyond the ideal doping concentration for
semiconductors. Contrary to this, .Iayers have also been found to have doping
concentrations of 10" cm™ [Schock & Noufi 2000]. |

The effect of Na on the electrical prbperties has been shown to decrease. the
resistivity by up to two orders of magnitude. This is likely to be due to Na segregation
at grain boundaries which is likely to passivate charge carrier traps [Romeo et al. 2004].
It has also been suggested that Na becomes part of the lattice by replacing In and Ga
atoms [Schock & Noufi 2000]. | |
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3.2.10 Sulphur Incorpbration

The addition of sulphur isv used to replace Se in Cu(In,Ga)Se, with S forming
Cu(In,Ga)(SSe),. In principle there are four different options for incorporation of
sulphur in CulnGaSe; for electrodeposited layers. Co-electrodeposition of sulphur
simultaneously with the other elements (1); separate deposition of sulphur prior to heat-
treatment (2) and anhealing in a sulphur atmosphere (3) before or (4) after
recrystallisation of the CulnGaSe; [Titus et al. 2006]. Typically the incorporation of
sulphur. is ﬁsually carried out using H28; which has been predicted to be via

inter_diffusion of S and Se, although the complete mechanism is stili not fully
| ‘u.nderstood [Titus et al. 2006]. Utilisation of this step has also achieved efficiencies of
11.5% with a bandgap energy of 147V [Kessler et al. 2005]. .

Although S incorporation is known to increase the bandgap energy it is at the
expense of the crystallite size, which has been shown fo decrease from 800 to 100 nm
with 0 to 90% sulphur respectively. It has been reported that S-rich (CulnS,) material
exhibits p-type electrical conductivity and S-pc;or exhibit n-type electrical conductivity
[Siebentritt 2002]. CulnS; solar cells do not perform as well as the selenide based
counterparts. Suggestions for this discrepancy have been the apparent need for Cu-poor
material, which is not feasible when depositing sulphide absorbers as Cu-richness

improves S incorporation and crystallinity [Siebentritt 2002].

32.11 Gallium Incorporation

It is accepted that Ga incorporation in CulnSe, forming Culn;.GaySe; incréases the
bandgap energy from ~1.04 to 1.54 eV. The increase in bandgap energy is necessary to
increase the Vo, of the device. Earlier work has established the optimal Ga
concentration to have a Ga/(In+Ga) ratio of 0.3 [Romeo et al. 2004]. When the ratio is
greater the device performance deteriorates. Suggestions to explain this finding include
changes in the structural properties of the material resulting in an increase in the lattice
mismatch, which leads to inc_reésed defect density and lattice strain [Wei et al. 1998,
Contreras ef al. 2005]. A large Ga ratio is also thought to alter the electrical
conductivity type of the OoDC layer from n top which shifts the device junction from a
p-n buried junction to an abrupt CIGS/CdS heterojunction [Schock & Noufi 2000].

Investigations to optimise the Ga content in CIGS layers have been carried out by
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- Ramdani ef al. using electrodepositibn [2006]. It was found that when the Ga/(Ga+In)
ratio was 0.2 the layers were compact but l}éd surface porosity. When the Ga/(Ga-FIn)
ratio was increased to 0.7, although the layers were compact, post-deposition cracks
made the layers unusable. It was als-o found that high Ga concentrations in aqueous
solution encourages the prevalence of gallium oxide (Ga,03) and hydroxide, Ga(OH)s.
Cell efficiencies of 7% were achieved with Ga/(Ga+In) content of 0.2 using
electrodeposition. . ‘ | ‘
Superstrate configuration CIGS devices have been prepared by Nakada et al. [2004].
Complications associated with this device structure are the need to establish a suitable
~ buffer layer that can withstand the high temperature deposition and annealing of CIGS.
CdS and Zn based layers have the disadvantage of undesirable inter-diffusion of Cd and
Zn into the CIGS during deposition or annealing. Devices with similar performance as
substrate  configuration  cells  have been  realised  with  structure
glass/TCO/ZnO:Al/ZnO/CIGS/back contact. The CIGS was deposited by a three-stage |

evaporation process achieving maximum efficiency of 13.7% [Nakada et al. 2004].
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- 3.3 Cadmium Telluride

3.3.1 Introduction.

The CdTe literature review will discuss growth of CdTe using electrodeposition.
The structural and electrical properties will be briefly described.

Cadmium and tellurium are group II and VI elements having atomic numbers 48 and
52 and atomic weight 114.211 and 127.600 respectively. CdTe forms a semiconductor
having bandgap energy of ~1.45 eV, making it an ideal candidate as an absorber
material for solar cell devices [Meulekampd & Peter 1996]. The suifability and
scalability of this material deposited using electrodeposition has previously been proven
by BP Solar Ltd, producing 0.94 m?, 10.4% efficient solar cells [Cunningham 2002].
CdTe usually exhibite cubic structure and has been found to display both n-type and p-

type electrical conductivity.
| 3.3.2 Electrodeposited Cadmium Telluride

CdTe layers are commonly electrodeposited' from acidic aqueous solutions
containing a high molarity of cadmium sulphate. BP Solar Ltd. studied the effect of
concentration of Cd*" ions on CdTe composition by varying the weight from 481088 g
L. EDX indicated little deviation in the Cd content which was consistent between 49
and 50% [Cuhningham 2002]. In contrast the required molarity of tellurium oxide
(TeO,) is extremely low and is pH dependent. One of the key factors in the
electrodeposition of CdTe is the difficulty of controllability of TeO, which has low

solubility in aqueous media. One method investigated by Basol used a Te anode which
was switched . periodically with an inert anode. Wheh current passed through the Te
anode, H7eO,; was released into the solution thus replenishing the electrolyte [Basol
1988]. - |

Sulphuric acid is often used to adjust the pH to around 1.5 to 2.0 to increase the

solubility of TeO,. A cofnpromise must be met between pH for sufficient TeO,
) solubility without formation of pin-holes or dissolution of the CdS substrate. The lower
pH limit for protection of CdS has been reported at pH=1.4, although at this pH the
solubility of TeO, is still low at <10 M. According to Duffy et al. the satdrated
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concentration of TeO; at pH=1.4 and 85°C .is 6.5x10™ mol dm™ [Duffy et al. 2000].
The influence of pH has been studied by Meulénkamp and Peter, who reported the best
quality layers to be deposited at relatively higher pH. It was suggested the pH should
~ not be increased above 2.5 as this leads to impr‘actically low deposition rates.

The use of non-aqueous elecfrolytes suchbas ethylene glycol have been investigated
for CdTe deposition with the advantage of improved solubility of TeCls. The results
were promising achieving efficiencies of 8.3% [Nair e al. 2001, Chaure et al. 2004],

“although this is not an improvement compared to layers produced from aqueous
solutions, which have achieved 10.4% for large scale modules [Turner ef al. 1994]..

Panicker ef al. were the first to propose the reaction mechanism of CdTe to proceed
via a two stagé process. The first step is the reduction of HTeO, to Te** via reaction
3.9. _ A v

HTeO; +3H" +4e” - Te* +2H,0 +0.520 VvsNHE  (3.9)

The second rea(r:tion.is the reduction of Cd*" at Te surface sites via reaction 3.10:
cd* + 2¢” - Cd -0.403 Vvs NHE (3.10)'
The overall simultaneous reaction is expressed by 3.11.
Cd* + HTeO; +3H"* +6e” — CdT_e,+. 2H,0 (3.11)

‘The rate of reactions 3.9 and 3.10 should be the same to produce stoichiometric CdTe
and prevent elemental Te deposition [Meulenkamp & Peter 1996]. Based on the
reactions it was proposed that CdTe is formed after Te has been deposited as the free
energy gain is consumed by Cd, known as underpotential deposition [Panicker et al.
1978]. .

The rate of CdTe deposition is controlled by the availability and mass transport of
soluble Te*" ions and is unaltered by the applied voltage. Intrinsic defects determine the
- conductivity type of CdTe, which is determined by the growth voltage; both n and p-
type CdTe have been reported [Panicker et al. 1978, Engelken & Van Doren 1985,
Saraby-Reinjies ef al. 1993, Romeo et al. 2004]. It is generally accepted that p-type
CdTe is Te-rich and deposited at low voltages and n-type CdTe is Cd-rich and deposited

at higher voltages. In the case of cadmium vacancies (V¢q), or tellurium interstitials
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(Te;) the CdTe is p-type and cadmium interstitials (Cd;) or tellurium vacancies (Vte)
yield n-typve material [Basol 1988, Cowachg et al. 1989, Kampmahn etal 1995]. Other
possible intrinsic defects are Cd atoms on Te sites or Te atoms on a Cd site. Excess Te
is readily removed during annealing due to its vapour pressure forming pin-holes, which.
degrades the ~uniformitylof the layer [Lepiller et al. 2000].

A deposition rate of 1.7 um over several hours has previously been reported
[Sugimoto & Peter 1995]. . Stirring the electrolyte ié known to increase the deposition
rate, although by no more than 0.1 pum h. Figure 3.5 illustratés the inﬂuénce of applied
voltage and cathode rotation speed on the composition of CdTe as proposed by Lepiller
et al. (the voltage has been adjusted with respect to SCE reference electrode). It is clear
positive deposition voltages lead to a Te-rich deposit, forming a non-stoichiometric
CdTe + Te compound. Increasing the deposition rate by raising the rotation speed of

- the cathode also has the same effect by increasing the range of applied voltage at which

CdTe + Te is preferentially deposited. Increasing the voltage above -0.70 V yields
elemental Cd.
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Figure 3.5. Illustration of the dependence of CdTe growth rate and composition on

applied voltage and stirring rate [Lepiller et al. 2000].

Panicker et al. studied the effect of temperature on the electrodeposition of CdTe,
finding at foom temperature amorphous material was formed. The XRD spectra
intensity improved as a function of | growth temperatures of 35°C, 65°C, and 90°C
[Panicker ef al. 1978]. Cowache et al. reported a growth rate of 0.4 pm h! at 80°C and

at temperatures abové 90°C the growth rate increased although the layers had poor
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adhesion [Cowache et al. 1989]. Thus the deposition current density is controlled by
the temperature of the soiution, the stirring rate éﬁd the concentration of Te [Basol
| 1988]. '

Although electrodeposition has the advantage of being low-cost the growth rate of
CdTe is slow. For this technology te be commercially viable the rate of deposition rhust
be increased. Various investigations have been carried out to decrease the deposition
~ time, such as passing the solution through a channel flow cell over the substrate to

control the mass transport of TeOzi In this arrangement the CdS substrate was mounted
in the side wall of the cell fonnihg one side of the channel. The counter electrode was
mounted in the opposite wall of the cell [Meulenkamp & Peter 1996]. Deposiﬁon times
of 15 minutes for a 1.5 pm layer have been achieved using this set-up although the

layers were Te-rich [Duffy et al. 2000, Peter ef al. 1999].
3.3.3 Structural Properties

CdTe adopts a cubic crystal structure and lattice parameters a=b=c=6.482 A
[Rabadanov er al. 2001]. As-deposited CdTe exhibits a strong (111) orientation, as -
documented in the literature [Duffy et al. 2000, Johnson et al. 2000]; the cubic CdTe
structure is illustrated in Figure 3.6 [Rabadanov et al. 2001]. The recrystallisation'of
. CdTe during annealing has been observed by various »authors. During the
recrystallisation the (220) peak grows in intensity to match the (111) peak. Duffy et al.
suggested the rapid growth of CdTe created defective crystals, favduring
recrystallisation. Similarly, Peter ef al. reported layers deposited using a channel flow
cell recrystallised during annealing, where-as those grewn from a stirred solutioh did
not show the same change. It was suggested the material deposited by channel flow |
method has excess Te, which favours recrystallisation [Peter et al. 1999]. It has also
been suggesfed the recrystallisation releases lattice strain from the as-deposited material
" promoting grain growth and passivation of grain boundaries [Duffy et al. 2000, Johnson
et al. 2000, Peter et al. 1999].
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Figure 3.6. Cubic crystal structure of CdTe [Rabadanoif et al. 2001].

Johnson reported the (111):(220) ratio is influenced by three main factors; the
voltage drop at the substrate away from the contact, the substrate morphology and
recrystallisation due to increasing temperature and time. If the applied voltage is more
positive the layers are Te-rich, which encourages recrystallisation [Johnson 2000].

Inter-diffusion between the CdS/CdTe during annealing has been investigated by
various groups. It was found the diffusion of sulphur from CdS into CdTe reduces the
size of the window layer and forms CdTe;Sx close to. the interface region; similarly
diffusion of Te from CdTe into CdS forms CdSl_.yTey [Lane et al. 1999]. Below a
certain CdS thickness the device performance reduces and if the CdS is totally
consumed a junctiQn forms between TCO/CdTel.xSx, encoﬁraging shunting
[McCandless et al. 1997, Romeo et al. 2004]. The diffﬁsion of Te into CdS and S into
CdTe alters the bandgap energies at the interface as observed by [Johnson et al. 2000,
Duffy et al. 2002]. Another suggestion by the same authors was.the heat-treatment
~ stage increases the doping concentration of CdS forming n" material reducing the width
of the space-charge region.

The lattice mismatch of 11% between cubic CdTe and CdS is a.'potential problem for
bond formation, which results in lattice strain and dislocations [Rogers et al. 1999,
Romeo ef al. 2004]. McCandless et al. reported as-deposited material to have a 0.13%
higher lattice parameter than expected for CdTe, suggesting a strained lattice attributed

to lattice mismatch or impurities in the crystal matrix. Substitution of S onto Te sites,
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which have smaller atomic radius than Te, reduces the bond size [McCandless et al.

1997].
- 3.3.4 Electrical Properties

Basol ef al. were the first grdup to report the beneficial effect of CI' in the electrolyte
or CdCl, treatment on device performance [Basol 1984]. The CdCl, treatment of CdS
and CdTe involves leaving a thin CI' containing surface coating on the material.
Various suggestions have been put forward to explaining the beneficial effect of CdCl,
- treatment. These include passivation of grain boundaries, further improvement of
crystallinity after annealing and n-type doping by CI” producing a low resistance contact
at the CdTe/mefal interface [Johnson et al. 2000, Dharmadasa et al. 2002, Romeo ef al.
2004]. o ' .

The bandgap energy of CdS wés found to change from 2.25 to 2.46 eV for CdCl,
treated and non-treated layers [Johnson et al. 2000]. The device perfdrmance improved
when the CI céncentration in the electrolyte were in the range of 50 to 300 ppm as
_ indicated by Figure 3.7. Lines (a) and (b) represent CdS without and with CI. The
overall efficiency was increased from 3 to 10% with the addition of CI' to the CdS
substrate. An increase in the I, and V. was obser_ved for CdS containing CI’; the
former was attributed to a decrease in bulk resistance aﬁd passivation of grain

boundaries [Dennison 1994].
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Figure 3.7. Cell performance of CdTe deposited from an electrolyte contéining Cl' (a)
CI free CdS and (b) CdS containing CI" [Dennison 1994].
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Other methdds used -for CdCl, treatment involve céating the Cd’fe surface with
CdCl, from an élcohpl solution followed by evaporation and heat treatment.
Alternatively CdCl, vapour has been used for post-deposition. treatment of CdTe
[McCandless et al. 1997].- McCandless noted the importance of the CdCl, treatment for
improved device performance and grain growth and reorientation [McCandless et al.
2003]. The charge carrier diffusion 1ength was found to increase after CdCl, treatment
due to areduction in recombination centres [Kampman & Liﬁcot 1996].

The effect of addition of group I and XI eleménts to the electrolyte on the device
~ performance has been investigated. .It is understandable that Cu** may be ‘deposited as
due to its relatively positive redox potential compared to cd* [Cunnir;ghamv2002].
The effect of Cu®* on the performance of CdTe devices has also been studied by
Dennison. It was found that 7 ppb background Cu®*" was present in the electrolyte.
Followihg the deliberate addition of Cu?* to the electrolyte a dramatic reduction in
device performancé paths was observed for concentrations above 30 ppb, with a
reduction in V., FF and increase in kthe Rgh. Figure 3.8 illustrates the effect of Cu** on

device performance [Dennison 1994].
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The addition of Ag" into the electrolyte has also been studied. A drastic decréase in

efficiency from 11% to 0.7% for a concentration of 400 ppb of Ag” was observed. It is

. therefore particularly important to eliminate the use of Ag/AgCl reference electrodes for

the electrodeposition of CdTe [Dennison 1994].

- The performance of CdTe solar cells has been found to degrade over time, possibly
due to diffusion of Cu from the metal contact into the bulk of the material. It is known
that Cu diffuses rapidly from the back metal contact through the CdTe via grain

“boundaries, which act like channels, resulting in highly conductive areas although the
bﬁlk of grains remains unchanged [Dennison 1994, Moutinho et al. 2007]. '

According to the new model for CdTe proposed by Dharmadasa et al. [2002],
suitable n-type dopants for n-CdTe are group III and VII elements for substitutién on
Cd site and Te sites respectively. To this end Chaure et al. investigated the effect.of
iodine (group VII) doping of CdTe. The resistivity was found to decrease from 3x10° to
O.lx‘IO_5 Q cm with iodine concentrations of 0 to 0.2M respectively [Chauré‘et al. 2003].

‘The BP Apollo project produced CdTe cells with 10.4% efficiency having
glass/CdS/CdTe/Au device structures. The 12 cell 100x100 mm® module had cell
parameters of Vo=797 mV, J,=18.4 mA cm? and FF=0.69 [Turner et'al. 1994]. BP
Solar's Fairfield plant focused on increasing the plate size to 0.94 m?. The primary
objective was to scale-up the 80 W panels from a few mm? to 900 cm?, 0.55 m* and 0.94
m? monolithic modules. High compositional uniformity was observed for all the panels,
achieving 8% efficiency for the largest area cells [Cunningham 2002].

An important consideration when choosihg a suitable conductive substrate is the
need to minimise the voltage drop over the plate away from the contact. Such voltage .
drops result in a variation in stoichiometry of the layer. This problem can be reduced by
employing substrates with low sheet resistance.

The thickness of the CdS is also an important consideration; if the layer is too thick
the blue photon collection is reduced impacting the Js due to losses in the 400 nm to.
512 nm wavelength range. Conversely if the CdS has insufficient thickness the device

~ performance is degraded due to reduction in Vi [Cunningham 20b2]. Das and Morris
reported a variation in cell efficiency from 9.5% to 11.5% from top td_bottom of the
plate due to the Voltage' drop during growth [Das & Morris 1993].

Gibson et al. investigated the effect of the voltage drop during growth, on the cell

performance. The laser-beam induced current (LBIC) diagram (Figuré 3.9) reported by

Gibson indicates the variation in CdTe film thickness with distance along the plate. The

60



cathode was connected along the two vertical edges of the substrate. There is a distinct
reduction in film thickness at each edge and this was indentified to produce lower cell
efficiency. An annealing experiment was carried out as a function of time (8, 16 & 30
minutes). Recrystallisation of the material from the centre of the plate was first noted
after 16 minutes whilst the edge did not show recrystallisation, suggesting varying -

composition [Gibson et al. 2001].

-
o

(4]

Current (normalised)
g o

Figure 3.9. LBIC Ascans of CdTe/CdS layer, the edges of the cell exhibited poor
| performance [Gibsori et al. 2001].

Post-annealing wet chemical surface treatments have been shown to drastically
improve dévice performance. The interface between the CdTe and metal are improved
~ when CdO is removed and a Te-rich surface is formed. Various surface modification
steps have been investigated for etching CdTe. Etching CdTe in acidic solution, for
example sulphuric acid (HZSO4), has been found to produce a Te-rich surface as the Cd
is dissolved. Alternatively etchihg in a basic solution, potassium hydroxide (KOH),
produces a Cd-rich surface [Sobiesierski et al. 1988, Dharmadasa et al. 1989]. Effects -
of pbtassium dichromate (K,Cr,07) and H,SO4 have been investigated to remove CdO
ieaving a Té—rich surféce, found to promote a better quality interface for the metal
contact [Savadogo 1998].

Chemical etching of CdTe has been investigated by Dharmadasa using 1% bromine
in methanol and 1 g K,Cr,O7 in 10 ml H,SO4 + 20 ml water for oxidising etches .
[Dharmadasa et al. 1989]. It has been reported Te-rich surfaces were achieved using
this etch with the addition of TeO, and Cd-rich surfaces were formed by etching in an

alkaline etch of 0.5 g of NaOH, 0.5 g Na,S,0; in 100 ml water. Other authors have also
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reported the use of bromine in methanol for the production of Te-rich surfaces
[Moutinho ef al. 2007]. | |

It is generally éccepted that 'as_-deposited CdTe is n-type and Basol was the first to
report type conversion to p-type after heat-treatment forming an n-p heterojunction with
CdS. The use of Au, Cu-Au, Cu-Ni or Ni metal contacts have been used to form an
ohmic contact to p;type CdTe and also reduces the amount of Cu in contact with the
CdTe. Basol's theory was to anneal the n-type CdTe at 450°C for 8-10 minutes to
anneal out ﬁative defects and produce Cd vacancies. This was thought to produce p-
type material. Devices with area 0.02 cm? produced_' cell parameters of Voc=0.73 V,

=20 mA cm™ and FF=0.64 with an efﬁciency 0f 9.15% [Basol 1984].

A new model has been put forward by Dharmadasa ef al. to describe the CdTe solar
cell and is illustrated in Figure 3.10 [Dharmadasa ef al. 2002]. This model describes the
formation of an n-n homojunction instead of the préviously accepted n-p.junction. It is
proposed that during annealing the bulk CdTe remains n-type and after processing and
metallisation a large Schottky barrier is formed at the CdTe/metal interface.
Furthermore it was suggested that the height of the Schottky barrier is determined by
the Fermi level pinning pdsiﬁdn at this interface, where the pinning is due to defects at
 the surface of CdTe. For efficient devices doping concentrations should be of the order
of 10" to 10" cm™ ana the Fermi level should be pinned at the defect level closest to
the valence band maximum. The surface layer of the CdTe acts as a p-type layer and
the bﬁlk of the CdTe remains n-type. Dharmadasa has experimentally determined five
defect levels of 0.40, 0.65, 0.73, 0.96, 1.18 eV below the conduction band minimum.
Formation of the highest two barriers fonﬁs the most efficient devices, pinning at lower

energy results in poor band bending [Dharmadasa et al. 1998, 2002 & 2005].
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Figure 3.1>0. The new model proposed for glass/TCO/CdS/CdTe/Cu-Au thin film solar |
cells [Dharmadasa et. al. 2002].

It is believed the Cu contact dopes CdTe p-type'vand therefore decreases the
resistivity at the interface [Dharmadasa et al. 1989, Moutinho et al. 2007]. However,
according to the new model the metal contact produces a large Schottky barrier with the
CdTe instead of an ohmic contact. The disadvantage of Cu diffusion into the bulk CdTe
is deterioration of device performance by increasing feSistance as a result of self-
compensation [Gupta ef al. 20Q 1]. One way around this is tb reduce the amount of Cu
by produéing a mixed metal contact (Au-Cu or Ni-Cu). An alternative method is to
introduce a thin p-type layervhaving a larger bahdgap energy than CdTe for exambfe Sb
forming a layer of Sb,Te; to protect against Cu diffusion [Dharmadasa et al. 2002].

In 1994 the highest reported efficiency for CdTe solar cells was 15.8% reported by
Ferekides et al. [1994]. A few years later NREL reported the record efficiency at 16.5%
[Wu et al. 2001]. The improvement in‘efﬁciency of 0.7% may be considered to be
within experimental error. The efficiency of CdTe solar cells has since stagnated with

lack of progress to date.
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Chapter 4 Substrate Investigations

4.1  Fluorine Doped Tin Oxide

4.1.1 Introduction

Pilkington Group Ltd. supplied all Fluorine doped Tin Oxide (FTO) coated glass
substrates, which were used for the cathode in the electrodeposition set-up and during
. the CBD of CdS.- Two,gra'clles of FTO were employed throughout the programme,
initially "TEC-15", so named due to its sheet.resisfance of 15 Q/O. Subsequently, in
order to minimise the resistance of the electrolytic cell, "TEC-7" was suppliéd having a
sheet resistance of 7 Q/0. The FTO was sputtered onto ordinary soda-lime glass using
r.f. sputtering. .

The thickness of the FTO cpétings for TEC-15 and TEC-7 was quoted by Pilkington
Group Ltd. as 393 and 518 nm respectively. The structural, optical and electrical
properties of both layers have been investigated and are presented in the following
sections. The XRD spectra for TEC-15 and TEC-7 were used for identiﬁcatipn of SnO,
peaks arising from the substrate for all further measurements of semiconductor thin

films within this thesis.

4.1.2 Results and Discuséion

4.1.2.1 X-Ray Diffraction

The XRD spectrum of TEC-15 is shown in Figure 4.1, where all peaks were
identified as tetragonal tin oxide (SnO,) using the standard data ﬁlés supplied by the
online Daresbury Chemical Database Service [Gracia et al. 2007]. Table 4.1 presents
the XRD data for TEC-15 compared to the standard data, indicating their similarity.
The preferential reflection corresponds to the (200) plane followed closely by the (211)
peak.
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Figure 4.1. XRD spectra of TEC-15 FTO, all peaks were identified as SnO,.

Table 4.1. XRD data obtained for TEC-15 FTO, identified as tetragbnal SnO,.

20 (deg.) d-Spacing (A) . | Miller Indices
Standard Observed | Standard Observed - (hkD
‘26.‘74. 26.74 .3.334 3.335 - (110)
33.90 34.00 2,644 - 2.649 (101)
38.17 37.91 2.357 2.368 (200)
42.89 42.80- 2.109 2.120 | (210)
51.96 51.73 1.760 1768 | (211
55.09 54.80 | 1.667 1.675 (220)
62.27 61.92 1.491 1.502 '(310_)
66.28 65.93 | 1410 1415 | (12)
71.33 71.37 1.322 1.325 (202)
79.14 78.66 1.210 1219 | (321

The XRD spectrum of TEC-7 is presented in Figure 4.2, indicating the
polycrystalline nature of the material. The preferential orientation is similar to TEC-15
although the (101) peak has increased markedly. The similarity of the standard and
observed XRD data is foﬁnd in Table 4.2. The increase in intensity of the TEC-7

spectra compared to TEC-15 is due to the increase in thickness.
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Figure 4.2. XRD spectra of TEC-7 FTO, all peaks were identified as SnO;.

Table 4.2. XRD data obtained for TEC-7 identified as tetragonal SnO5.

20 (deg.) | . d-Spacing (3) Miller Indices
Standard Observed | Standard Observed (hkl)
2674 2662 3334 3357 —(110)
33.90 33.84 2.644 2.645 (101)
38.17 37.84 | 2357 2.368 (200)
39.05 39.11 2.306 2.305 (111)
42.89 42.69 2.109 2.116 (210)
51.96 51.68 1.760 1.768 @11)
55.09 54.75 1667 1672 |  (220)
62.27 61.75 1.491 1.499 (310)
64.72 64.63 1.440 1.437 (112)
66.28 65.86 1410 - 1414 | 301y
7133 7116 | 1322 1322 - (202)
79.14 78.64 1210 1.214 (321)

The Scherrer relation (2.5), discussed in Chapter 2 was used to estimate the grain
size of TEC-7 and TEC-15 which is presented in Table 4.3. The XRD data for the three
main peaks for TEC-7 and TEC-15 were utilised for this calculation as
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indicated in the table [Cullity & Stock 2001]. The .sharpness of the peaks and the low
FWHM indicate both TEC-15 and TEC-7 have a high degree of crystallinity. The
preferential peaks for TEC-15 and TEC-7 located at 37.91° and 51.68° provides the :
most accurate estimation of graip size. The mean grain sizes of TEC-15 and TEC-7

" were calculated as 17.6 and 17.3 nm respectively.

Table 4.3. Grain size calculated using the XRD data and the Scherrer relation for the
three main peaks of TEC-15 and TEC-7.

TEC:15
26 (deg.) cos § b (deg) D (nm)

37.91 0.945 0.42 19.6
51.73 0.899 0.48 18.4
61.92 0.858 0.62 . 14.7
Mean 17.6

TEC-7
33.84 0.956 0.45 16.8
37.84 0.945 0.45 16.6
- 51.68 0.900 0.38 18.6
: ‘ Mean 17.3

The lattice .parameters of TEC-15 and TEC-7 were calculated using the XRD data
and the tetragonal d-spacing equation (2.7) discussed in Chapter 2 [Cullity ‘& Stock
2001]. Table 4.4 compares the calculated values with standard values obtained from the
online Daresbury Chemical Dafabase Service [Gracia et al. 2007]. The Miller indices
used in the calculation corresponding to the 26 vvalues for both XRD spectra are

presented in the table.

Table 4.4. 'Lattice parameters calculated using the XRD data for TEC-15 and TEC-7

compared with standard data.

20(deg) | dA) | k) .| ad) ¢ (A)
TEC-15 | 3701 | 2268 | (200) | 4.744
| s | es | @i 3.199
TEC7 | 3384 | 2645 | (10D 3.187
3784 | 2368 | (200) | 4.758
Standard | 4715 | 3.19
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4122 -Scanning Electron Microscopy

The morphology of TEC-]S and TEC-7 was in?estigated using SEM. It is evident
frorﬁ the imagesl presented in Figure 4.3 (a & b) there is a difference in the grain sizes
between the two materials. TEC-15 has a smaller grains size of ~100 nm compared to
100 to 500 nm for TEC-7. The larger grain size of TEC-7 impacts on the electrical
properties of the material, having a lower sheet resistance compared to TEC-15. The
grain size does not agree with the values calculated using the Scherrer relation, which is
one order of magnitude smaller. The Scherrer relation uses the FWHM which provides
information on the coherence length of reflected x-fays. SEM detects the surface
morphology‘and indicates the nodule size whicﬁ is of greater magnitude than the

information provided by XRD.

Figure' 4.3. SEM images of (a) TEC-15 and (b) TEC-7 FTO, having grain sizes of 100

nm and 100 to 500 nm respectively.
4.1.2.3 Optical Properties

* The optical absorption spectra of TEC-15 and TEC-7 are presented in Figure 4.4. It
is evident to the naked eye the TEC-7 FTO is less transparent than the TEC-15,
assumed to be due to the increase in thickness. The curves were extrapolated to

estimate the bandgap energy, which was determined at 3.97 eV and 4.03 eV for
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TEC-7 and TEC-15, agreeing with previously reported values [Sundaram & Bhagavat
1981]. -For solar cells having superstrate configuration it is essential the bandgap
energy of the conductive substrate is as high as possible to allow all useful wavelengths

to pass to the space-charge region of the cell.

(oah\()2 (x10*' eV? cm™)

’
T T 1

3.7 38 3.9 4.0 41 42
Photon Energy (eV)

Figure 4.4. Optical absorption spectra of TEC-7 and TEC-15 FTO, having bandgap
energy of 4.03 and 3.97 eV respectively; dashed lines are to guide the eye.

The transmission spectra fér TEC-15 and TEC-7 were measuréd over fhe wavelength
range 250 to 800 nm and are presented in Figures 4.5 and 4.6 respectively. The
transmission spectra indicate a sharp absorption edgé for both materials at ~300 nm.
For TEC-15 80% of photons with wavelength longer than 400 nm were transmitted.
.The peak absorptionledge of TEC-7 is less sharp; the transmission reaching 80% after

550 nm.
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Figure 4.5. Transmission spectra of TEC-15 FTO conducting glass with absorption
' edge at 300 nm.
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Figure 4.6. Transmission spectra of TEC-7 FTO having absorption edge at 300 nm.
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4.1.2.4 Electrical Properties

Four-pbiﬁt probe measurements were carried out for TEC-15 and TEC-7 to confirm
the values for sheet resistance quoted by Pilkington Group Ltd. Figures 4.7 and 4.8
presént I-V characteristics of TEC-15 and TEC-7 obtained from the four-point probe
measurements. Taking the inver;e gradient of each I-V plot and using equation 4.1, the
sheet resistances of TEC-15 and TEC-7 were calculated at 12.9 and 7.3 QO
respectively. The bulk electrical resistivity was thus calculated using equation 4.2 at

3.3x10° and 1.4x10° Q cm for TEC-15 and TEC-7 respectively.

R = 4.53,2? | (4.1)

R, =§ | 4.2)

where R = Sheet Resistance (Q/0), V = Voltage (V), I = Current (A); p = Resistivity
(Q m) and t = Thickness (m). ‘

0.25 -
' y = 0.3488x +0.0018

0.20 4
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0.00 — T — : — .
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Figure 4.7. Four-point probe measurement of TEC-15 FTO having mean sheet

resistance of 13 /0.
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Figure 4.8. Four-point probe measurement of TEC-7 FTO having mean sheet

resistance of 7.3 Q/O.

4.2 Cadmium Sulphide .

4.2.1 Introduction

©CdS is a I1-VI compound and is used as an n-type window material with CdTe and
CulnGaSe; solar célls; most commonly having superstrate and substrate device
structures respectively [Wagner et al. 1974, Mitchell et al. 1977]. The usual method of
growth is via CBD, which has the advantage of requiring a short deposition time to
obtain the desired thickness.of ~80 nm. The reaction time may also be manipulated by
varying the concentration of reagents. The CBD process is scalable, allowing multiple
substrates-to be deposited simultaneously; the size and shape of which are dependent
Iupo.n the solution container.

CBDisa b.atch process with a significant amount of toxic chemical wastage, which
presents disadvantages éspecially when considering scale-up.  This issﬁe was
considered by Hariskés et al. who separated the CdS colloids from the waste solution by
filtration and re-adjusted the cadmium salt, thiourea and ammonia concentrations. It
was found subsequent usage of the recycled solution resulted in a decreasve in the

deposition rate from 9 nm min™ to 2 nm min [Hariskos et al. 2001].
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The as-deposited layers require post-deposition annealing at a maximum temperature
of 450°C to improve grain structure and to anneal out defects, improviﬂg the electrical
quality of the material. For superstrete configuration devices this is carried oﬁt before
the deposition of the absorber material. In the case of devices with substrate structure
the CdS is deposited onto the absorber after its deposition. ‘The following sections
present the experimental details, followed by the reaction mechanism of CdS and finally

the results and discussion of the investigation.

4.2.2 Experimental Procedure

- Initially the deionised water bath was heated to ~65°C using a stirrer hot plate. The
solution was agitated throughouf deposition using a Teflon magnetic follower. Table
4.5 lists the precursors used together with their respective formula 'weights and

" molarities for the experiment.

Table 4.5. Precursors used for the CBD of CdS, including the formula weight (FW) of

each chemical and the molarities used for the experiment.

Chemical Formula FwW Molarity
Cadmium Sulphe}te CdS04.8H,0 769.57 1.5mM
Ammonium Chloride NHCl | 5349 | 0IM
Ammonium Hydroxide NH;OH 17.50 1.5M
Thiourea . (NH»),CS 76.12 75mM

Initially the CdSO48H,O and NH4Cl were added to the water bath and stirred
constantly fo form a solution. The pH of the solution was adjusted to ~9-11 using ,
NH,OH. TEC-7 substrates were cleaned in iso-propanol .and rinsed in deionised water.
The pre-heated substrates were immersed in the solution immediately after the addition
of (NH,),CS. After the addition of (NH,),CS the duration of the useful part of the
- chemical reaction was ~14 minutes with this regent concentration. On removal from the
deposition bath -the layers were rinsed with deionised water and cleaned ultrasonically to
remove. loose CdS particles formed during the homogeneous reaction. The reaction -
mechanism is presented in Section 4.2.3 and  Table 4.6 lists visual observations at 2

minute time intervals after (NH,),CS was added to the solution.
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Post-deposition heat treatment was carried out in a Carbolite furnace in air
atmosphere at 450°C for 20 minutes before the substrates- were used for further
deposition of CdTe. The iayers were characterised using XRD, SEM, and optiCal
spectroscdpy. Electrical measurements were carried out on glass/FTO/CdS/Au

structures, having a contact diameter of 2 mm.

423 Cadmium Sulphide Reaction Mechanism

- The principles for the formation of ammine complexes in aqueous solution have been
studied since the 1950°s. Metal ions in the presence of aqueous ammonia form metal-
ammonia complexes or ammines. The ammine complex decomposes at a slow rate
releasing the metal ions into the solution where they can react with water forming water
insoluble metal oxides and hydroxides. The growth mechanism proceeds via two
processes; forming a suspension in the bulk of the solution known as homogeneous
precipitation and adhering to the substrate surface or heterogeneous precipitation. In
addition the paﬁicles formed via the hémogeneous process stick loosely to the surface
of the sample and can easily be rinsed away or ultrasonically removed.

The dissolution of ammonium hydroxide in aqueous solution occurs via reaction 4.1.
NH,OH - NH; +OH~ - o 4.1)

Formation of NHj3 occurs via the deprotonation reaction with water indicated by

“reaction4.2.

NH; +OH" & NH,+ H,0 42)

Few cations can form stable ammonia complexes in aqueous solutions, including cd,
due ito their relatively weak affinity with nitrogen [Mironov et al. 1992, Silver & Martin
1994]. Reaction 4.3 and 4.4 summarise the reactions between cadmium and ammonia
(forming the ammine complex) and cadmium with hydroxide respectively. The
" concentration of dissolved Cd** in solution is limited by the onset of precipitation of

Cd(OH), complexes [Ortega-Borges & Lincot 1993].
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Cd* +4NH, < [Cd(NH,), T 4.3)

Cd* +20H™ < Cd(OH), o (4.4)

In the case of CdS CBD, following the addition of a sulphur containing reageht suéh
as thiourea, sulphur is released into the solution when the conditions are favourable via

reactions 4.5 and 4.6.
(NH,),CS+OH™ - HS™ +CH,N, + H,0 - 45)
HS™ +OH™ —S8* +H,0 (4.6)

The rate of release of S> is dependent on the temperature and pH of the solution.
Increasing the temperature of the solution increases the rate of reaction. Ortega—Borges
and Lincot [1993] investigated the effect of température on the growth rate and reported
CdS formation was not observed for several hours. At 75°C the useful part of the
reaction was completed within 3 minutes. |

Increésing the concentration of ammonium hydroxide in the solution increases the

pH which promotes the release of S*. This however also encoﬁrages the simultaneous
formation of the [C'a’(NHS')“]2+ complex, reducing the ‘rate of release of cd*

subsequently reduced the rate of CdS formation and is indicated by reaction 4.7.
Cd* +S8* - CdS | : (4.7).

Additional ammonia may also be added to the solution using ammonium chloride,
‘which helps to control the rate of reaction. The deposition of CdS occurs when the
ionic product of Cd* and S* in solution exceeds the solubility product (K;) of CdS
(1.4x10%%). Cd** release is high with high pH and therefore CdS forms easily, even
with a low S content [Ortega-Borges & Lincot 1993].

The faét release of Cd*" is detrimental as the homogeneous reaction can overtake the
‘Theterogeneous CdS formation reaction. The competition between the two reactions can
be carefully controlléd by adjusting the pH and temperature to encourage the

heterogeneous reaction. NH4C1V plays a key role in controlling the reaction by
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cbmplexing Cd* without increasilllgbi the pH [Chu et al. 1991]. Figure 4.1 is the
schematic diagram of the homogeneous and heterogeneous CdS reactions [Ezema &
Osuji 2007]. A

Table 4.6 list the visual observations of the CdS gfowth at 2 minute intervals after
the addition of (NH,),CS. Ortega-Borges and Lincot [1993] have previously reported
the growth mechanism of CdS to consist of three different domains, which correspond
to the observations in Table 4.6. The initial domain referred to as the induction period
arises at short reaction times when nucleation takes place; this is denoted by the 1 to 2
minute reactionvtime (at 65°C) in Table 4.6. The second region (4 to 10 minutes in the
table) corresponds to the growth of a compact and adhered layer which deposit linearly
with time, saturaﬁng at ~100 nm. After longer reaction times (11 minutes and above)
the sudden increase in growth rate corresponds to the deposition of a porous layer due to
sticking of larger colloids which can be easily removed as described earlier [Ortega-

Borges & Lincot 1993].

Table 4.6. Experimentai observations noted during CBD of CdS over a 12 minute

growth period.
Time (niinutes) | ' Observation
2 : Slight yellow tinge at edge of base of beaker -
4 Solution turns partially cloudy, although remains transparent
6 - Solution turns lemon in colour and remains transparent
8 Opaque and lemon in colour
10 | Colloids large and clearly apparent -
12 , A Deep yellow/orange colour |
14 Useful part of reaction over
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Figure 4.9. Schematic diagram of CBD CdS growth mechanism having homogeneous
particle formation in the bulk of the solution and heterogeneous particle formation at the

substrate surface.
 4.2/4 Results and Discussion
42.4.] X-Ray Diffraction

XRD studies were carried out on as-deposited and annealed CdS layers to determine

the structural and crystallographic properties. Figure 4.11 presents the spectra obtained
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for (a) as-depositedand (b) annealed (450°C for 20 minutes) glass/FTO/CdS layers

respectively.
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Figure 4.1 1. XRD spectra of (a) as-deposited and (b) annealed CdS having cubic
phase. The FTO is identified by an asterisk (*).

Table 4.7 ’presénts the crystallographic data obtained from the XRD study of CdS,
which was idéntiﬁed as having cubic phase. The Scherrer relation (2.5) indicated in ‘
Chapter 2 was used together with fhe XRD data of the (111) peak to calculate the
crystalIite size. The grain size was calculated at 12.6 nm and did not change after
annealing. Although the grain size did not chahge after heat-treatment the
crystallographic transformation is evident from the increase in intensity of the (111),

(220) and (222) peaks.

Table 4.7. XRD data representative of both as-deposited and annealed CdS having

" cubic phase.

20 (deg.) d-Spacing (A) "Miller Indices | Compound
Standard Observed | Standard Observed (hkl)

26.48 26.56 3.366 3.356 - (111) CdS
33.84 33.76 2.644 2.656 (101) SnO,
37.84 37.80 2.357 2.380 (200) SnO;
43.92 44.10 2.061 2.048 (220) - Cds
51.68 51.60 - 1.760 1.771 (211) SnO,
54.52 54.76 1.683 1.679 (222) Cds
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The lattice parameter of the CdS was calculated using the XRD data for the (111)
peak and the cubic d-spacing equation (2.6) described in Chapter 2. The lattice
pérameter was calculated at a=5.816 A and compares well vﬁth the standard value of
a=5.830 A obtained from the online Daresbufy Chemical Ijatabase Service [Rodic et al.
1996]. The dotted lines in Figure 4.11 indicate the peak positions are at the same‘ 20.
values for as-deposited and annealed layers. The d-spacing values and lattice

parameters are therefore - the same.
42.4.2 Scanning Electron Microscopy

The surface morphology was investigated using SEM fof both as-deposited and
annealed CBD CdS as indicated by Figure 4.12 (a & b). The crystal structure of the as-
depqsitéd material (Figure 4.12a) appears to be uniform and nanocrystalline, having
crystal size of around 100 nm. This is one order of magnitude larger than predicted by
the Scherrer relation of 12 nm. This is likely to be due to the instrument capabilities as
already discussed in Section 4.1.2.2. It is clear that after annealing the crystal structure
changed, becoﬁjing less uniform with crystals of varying shape and size. The crystals
have enlarged and are between 200 to 500 nm in size with varying orientation.

-Additionally, small nodules have developed ~20 nm in size.

Figure 4.12. SEM images of (a) as-deposited CdS having crystal size of 200 nm and
. (b) annealed CdS indicating a less uniform crystal structure with varying grain size from
200 to 500 nm.

79



4243 Optical Properties

The optical absorption .spectra of as-deposited and annealed (450°C for 20 minutes)
CdS on TEC-7 are presented in Figure 4.13. It is clear that the absorption profile and
absorption edge changed after annealing. The bandgap energies were determined from
this spectra at Eg = 2.30 €V and Ep = 245 eV for annealed and as-deposited CdS
respectively. It is well known that CdO having bandgap energy of 2.30 eV forms on the
surface of the CdS duﬁng annealing [Jayakrishnan & Hodes 2003]. This is observéd by
a visible change in colour from yellow to orange before and after heat-treatment.

However no CdO peaks were observed during the XRD investigation.

________ As-deposited

(athv)® (x10"° eV em?)

—adtl

"

2.0 22 Eu 24 E2 26 2.8 3.0 3.2 34 3.6 3.8
Photon Energy (eV)

Figure 4.13. Optical absorption spectra of as-deposited and annealed CdS having
| Abandgap energies of 2.45 and 2.30 eV respectively.

The transmission spectra of as-deposited and annealed CdS are presented in Figure
4.14. The absorption edge is sharper-fdr the as-deposited material compared to the A
annealed CdS. The annealed méterial transmitted fewer photons at lower wavelengths
f:ompared to-the as-deposited CdS due to the smaller bandgap energy. The percentage

transmission of both materials is 80% at wavelengths above the absorption edge.
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Figure 4.14. Transmission spectra of CdS deposited onto TEC-7; as-deposited and

annealed at 450°C for 20 minutes.

The relationship- between transmission and deposition time was investigated by
studying the transmission spectra (Figure 4.15, a-f). The layérs were sequentially
removed from the deposition bath at 2 minute time intervals from 4 to 14 minutes. It is
clear from thé spectra that the transmission decreases as a function of deposition time
‘and the absorption edge shifts to longer wavelengths. The thickness of the CdS
increéses with deposition time and this was apparent by the colour change of the layers
from pale to dark yellow. On removal from the deposition bath after 4 minutes the layer
was extremely thin and only just visible. Contreras reported initial nucleatidn to take
place after 4 minutes and deposition of a continuous film at 6 minutes [Contreras et al.
2002]. Thus, transmission decreases with inbreasing thickness of CdS, which moves the

absorption.edge to higher wavelengths increasing the losses in low wavelength region.
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5. Transmission spectra of CdS deposited ﬁsing’CBD onto TEC-7 with a

grth time of (a) 4, (b) 6, (c) 8, (d) 10, (e) 12, and (f) 14 minutes.

4.2.4.4 Electrical Properties

Schottky

contacts were formed on annealed CdS using Au. The properties of the

material improve after annealing due to the increase in grain size as determined by SEM

and a reduction of defects is predicted.

The electrical properties of the

glass/FTO/CdS/Au were investigated under dark conditions. The Log I vs V and linear-

liriear I-V e

urves are presented in Figure 4.16 and 4.17 respectively. A rectification

factor of 2.5 orders of magnitude at ~1.0 V was determined from the difference in

forward and

was calculat

reverse bias curves of Figure 4.16. Using Figure 4.17 the series resistance

ed at 1.1 Q. Equations 2.15 and 2.16 were used to determine fhe p and o at

44x10°Qcmand 2.3 x 10°Q cm™ respect.ively.
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Figure 4.16. Log-linear curve of giass/F TO/CdS/Au qﬁder dark conditions having :
' rectification factor of 2.5 orders of magnit'ﬁde at~1.0V.
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Figure 4.17. Linear current density-voltage curve of glass/FTO/CdS/Au in the dark.
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Chapter S Electrodeposited Zinc Oxide

5.1 Introduction

The CIGS device structure includes an undoped and Al-doped ZnO layer with
glass/Mo/CIGS/CdS/i-Zn0O/Zn0:Al conﬁgura‘tion for substrate devices. Currently
sputtering is the most common techniqﬁe used to deposit ZnO for CIGS solar cells;
mainly due to controllability of layer thickness and composition but has the
disadvantage of high equipment costs. The aim of the study was to evaluate the
possibility of using electrodepositioh for all layers as a unified production process for
growth of the CIS layer and the ZnO bilayer. Electrodeposition has the advantage of
being a low-cost technique and has already been proven scalable with the production of
CIS and CdTe solar cells [Taunier ef al. 2005, Turner et al. 1994].

Sections 5.2 to 5.3 give experimental details and the results and discussion for
electrodeposited i-ZnO. Aluminium was added to the electrolyté in pérts per million
(ppm) concentratioh during a doping experiment to produce ZnO:Al; the results of
which are presented in Section 5.4. The purpose of ‘doping' ZnO with Al is to increase
the n-type electrical conductivity of the material to form an improved ohmic contact
during device fabrication. There are very few reports in the literature about the use of -
electrodeposition to deposit ZnO:Al [Kemell et al. 2003].

A comparative study of sputtered i-ZnO and ZnO:Al supplied by Pilkington Group
Ltd. and electrodeposited material was carried out. This study was undertaken to
compare the characteristics of both ZnO materials to assess the feasibility of
replacement of sputtering with electrodeposition for this application. The results ahd
discussion of the comparative study are given in Section 5.5. |

There are still reproducibility issues regarding the p-type doping of ZnO and several
suggestions behind these challenges have been made. Electrodeposition has never been
reported to be utilised for this purpose. Addition of group I (Ag) or VII elements (P and
As) to the electrolyte was carried out to attempt p-type doping ZnO. Although p-type
electrical conductivity was not observed the results are presented in Section 5.6. The

conclusions to the ZnO studies are described in Section 5.7.
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5.2 Experimental Procedure

Glass substrates coatéd with FTO (TEC-15) supplied by Pilkington Group Ltd., were
‘used as the working electrode for the electrodeposition of ZnO. Pﬁor to deposition the -
substrates were cleaned ultrasonically in iso-propanol and rinsed in deionised water.
ZnO thin films were electrodeposited potentiostatically using a conventional three-
electrode system and silver/silver chloride (Ag/AgCl) (+220 mV vs NHE). The
aqueous solution contained 0.1M zinc nitrate, Zn(NO;),.6H,O having pH'=5 and was
stirred using a magnetic stirrer throughout deposition at a témperature of 80°C (= 2°Cj.
Annealing was carried out using a Carbolite furnace operating at é temperature of
550°C for 20 minutes in an air atmosphere. ‘ .

Cyclic voltammetry was used to determine the suitable growth region. Layers with
dimensions 15x30 mm? were grown at various voltages between -0.900 and -1.050 V vs
Ag/AgCl. The thickness of ‘the i-ZnO layer was 6btained by three methods for
comparison, talysurf, SEM cross-section and the Faraday relation (2.3). The layers were

characterised using XRD, SEM, optical Spéctroscopy, PEC, I-V and C-V measurements.

5.3 Results and Discussion - Intrinsic Zinc Oxide
5.3.1 Cyclic Voltammetry

Cyclic voltammetry was carried out using glass/FTO substrates to investigate a
suitable growth voltage range. Figure 5.1 presents the voltammogram for the solution
‘confaining Zn(NO3),.6H,0 vs Ag/AgCl reference electrodevwith a sweep rate of 10 mV .
s?. The electrochemical growth mechanism of ZnO has previously- been reported by
various authors who identified the nitrate ion to be the oxygen source [Kemell et al.

2003, Yoshida et al. 2004].

85



- -3.5
~~
i
g L3
<
- 2.
E 5
\
&
O r-15
A
*g L -1
g L 0.5 2
3 .
7‘—¢ U ———— T T - T T 1
-0.20 -0.40 -0.60 -0.80 ~=1.00 -1.20

L 0.5 '
| Applied Voltage (V) vs Ag/AgCl

Figure 5.1. 'Cyclic voltammogram of 0.1M Zn(NO3),.6H,0 solution at 80°C, note the

current density plateau between -0.80 and -0.99 V vs Ag/AgCl. The arrows indicate the

direction of the voltage sweep.

According to reaction 3.6 (Chapter 3) the Zn*" ions are released from the nitrate
molecule. The initial current density onset is due to .the reductidn of the nitrate to nitrite
ions in solution via reaction 3.7. When the applied voltage is suitable the Zn** reacts
with hydroxide (OH) ions forming Zn(OH), at the cathode via reaction 3.8. This
molecule may subsequently decompose to form ZnO (reaction 3.4). The steép increase
in current between -0.99 and -1.20 V vs Ag/AgCl is due to metallic Zn deposition and
hydrogen evolutioﬁ via reaptions 5.1 and 5.2 respectively. In the reverse sweép
direction the layer is stripped back into the solution at voltages less negative than -0.350
V vs Ag/AgCl.

Zn* +2e” = Zn (5.1
2H,0+2e” — H, +20H" ‘ (5.2)

As-deposited layers grown using electrodeposition are comprised of a mixture of
compounds of both Zn(OH), and ZnO although after annealing the hydroxide

decomposes to form ZnO.
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A typical current-transient curve for ZnO deposited from the Zn(NO3),.6H,0 solution
for 1 minute is presented in Figure 5.2. A high current density was apparent
. immediately _after the voltage was applied due to nucleation at the substrate surface.
This was followed by a steep decrease in current dénsity until a plateau was reached at -
1.0 mA cm"2 after 200 seconds. The plateau is reached when equilibrium between

nucleation sites and diffusing ions is met.
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Figure 5.2. Current-transient of 0.1M Zn(NOs)».6H,0 solution at 80°C, the steep slope

indicates the initial nucleation at the substrate surface followed by the steady deposition

current density.
- 5.3.2 Thickness Measurements

The thicknesses of i-ZnO layers electrodeposited at -.0.975 V vs Ag/AgCl for
different periods of time were investigated using talysurf. The stylus was positioned to
move across the surface over a step between the FTO substrate and the ZnO layer.
These steps allow the thickness of the. ZnO to be determined as evident in Figure 5.3.
The figure presents the trace obtained for ZnO having growth times of (a) 2 and (b) 3

minutes, indicating thicknesses of 0.30 and 0.40 pm respectively.
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Figure 5.3. 'Thicknesse_s of i-ZnO measured using talysurf with growth time of (a) 2,

and (b) 3 minutes.

Generally high efficiency CIGS devices consist of a 50- 1‘00 nm i-ZnO and 100-1500
nm ZnO:AI layers [Kemell ef al. 2005]. The initial investigation indicated growth times
of ~2 minutes produced layers around 0.30 pm in thickness. Talysurf was used to
investigate the reproducibility of thickness with growth time ranging from 1 to.4
minutes as indicated in Table 5.1. This investigation suggests the deposition rate is
faster at the initial stagés of growth and decreases after 2 or 3 minutes which may'be
attributed to the change in sheet resistance of the cathode as a function of deposition
time. It is clear from the table the thickness of layers depositéd for 2 and 3 minutes do

not agree with the initial investigation (Figure 5.3).
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Table 5.1. Estimation of thickness as a function of growth time established using

talysurf.
Sample Number | Growth Time (minutes) | Thickness (um)
1 ' 1 A 0.145
2 1 -0.140
3 1 0.135
4 2 0.250
5 2 0.250
6 2 0.200
7 3 0.250 -
8 3 0.250
9 3 10.250
10 4 0.300
11 4 0.300
12 4 0.300

The image of the glass/FTO/ZnO cross-section taken using the SEM instniment is
presented 1n Figure 5.4. The thickness of the ZnO lziyer is 0.39 pum after 3 minutes
growth time as highlighted by the arrow which is greater than the estimation obtained
using talysurf. Faraday’s relation (2.3) was used to éstimate the thickness using the
electrodeposition data assuming the density of ZnO at 5.60 g cm™ [Lide 2005]. Table
5.2 summarises and compares the thicknesses obtained using talysurf, and Féraday’s

relation as a function of growth time.

Figure 5.4. SEM cross-section of i-ZnO indicating a thickness of 0.39 pum after a

growth time of 3 minutes.
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Table 5.2.° Suminary of thickness of ZnO determined using talysurf and Faraday’s

relation.
Growth Time | Thickness (jum) Thickness (um) -
(minutes) Talysﬁrf | Faraday Relation
1 0.135to 0.145 , 0.17
2 0.20 to 0.35 0.37
3 0.25t0 0.40 0.52
4 0.30 0.69

Tﬁe thicknesses observed by talysurf, SEM and calculated by Faraday’s relation are
inconsistent. The reasons for this may be due to either error in the deposition time or
solution conditions for example the i)H? age of the bath which affects the growth rate.
The di_fferenée in technique éapability, talysurf measured the edge of the sample which
was closest to the electrical contact dgring growth and is likely to have been exposed to
a slightly higher voltage. It is known there is a voltage drop down the substrate away
from the electrical contact affecting growth rate [Gibson et al. 2001]. Faraday’s law
over estimates the thickness of the layers as it assumes 100% deposition efficiency. The
values in Table 5.2 indicate a Faradic efficiency of between 43 and 94%.

‘ Optimisation of layer thickness is essential when considering device performance.
The reason for this is two-fold; firstly the i-ZnO layer is highly resistive and therefdre
the device performance degrades due to increased series resistance if this layer is too
thick. Secondly, to obtain a reproducible result especially when considering scale-up,
the growth time must be careﬁjlly monitored and quantified to deposit the correct
thickness each time.

It has been reported in the literature that the deposition rate of ZnO from a nitrate
precursor is ~0.15 pm min™, which agrees with this study [Izaki et al. 1996]. Most

. sources in the literature have reported the i-ZnO layér to be between 70 to 100 nm in

thickness in CIGS based devices. Therefore, when using electrodeposition to deposit

ZnO the growth time would be less than 1 minute, which is beneficial with respect to

commercialisation. In order to gain more controllability the temperature and/or

molarity-could be reduced to determine the effect on the deposition rate although these

factors were not explored in this investigation.
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5.3.3 X-Ray Diffraction

XRD studieé were carﬁed out on i-ZnO layers to determine phase and
crystallographic analysis. Figure 5.5 (a-g) presents fhe XRD spectra for as-deposited i-
ZnO electrodeposited at (a) -0.900, (b) -0.925, (c) -0.950, (d) -0.975, (e) -1.025 and (f)- -
1.050 V vs Ag/AgCl and (g) standard obtained for hexagonal, wurtzite ZnO from the
~ online Daresbury Chemical Database Service [Sowa & Ahébahs 2006]. All peaks were
identified to be from polycrystalline ZnO having hexagonal phase. '
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Figure 5.5. XRD diffractogram of as-deposited i-ZnO électrodeposited at (a) -0.900,
(b) -0.925, (c) -0.950, (d) -0.975, (e) -1.025, (£)-1.050 V vs Ag/AgCl and (g) standard.
All peaks were identified to be polycrystalline hexagonal ZnO, note the variation in

orientation.

Table 5.3 lists the data obtained from the XRD study and is typical for all spetha;

there was little or no deviation in d-spacing or 20 values and therefore tables for all

spectra have‘ not been included.
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Table 5.3. XRD data representative of all i-ZnO spectra obtained in this study,

" which were identified to be polycrystalline ZnO having hexagonal, wurtzite phase.

20 (deg.) - dSpacing (A) | Miller Indices -
Standard  Observed | Standard Observed (hkl)
31.73 31.85 2.818 . 2.810 - (100)
34.52 34.45 2.605 2.604 (002)
36.26 3628 2.479 2.479 (101)
47.60 - 47.59 1.913 1.911 (102)
56.63 56.69 1.627 1.624 - (110)
6299 6292 1478 1477 | (103)
6797 - 68.02 1380 1378 112) -
69.17 69.11 1360 1.359 (201)

Th_é spectra indicate a large change in preferential orientation with deposition voltage
and the change in deposition rate with gfowth' voltage cannot be ruled out; Layers
depoSi;[ed at -0.925 and -0.950 V vs Ag/AgCl match c]c‘)sestvto the standard spectra
shown in (g) having preferential orientation in the (101) plane. Yoshida and Izaki have
both observed ZnO deposited from Zn(NOs), to be oriehtated in the (101) plane [Izaki
& Omi 1996, Yoshida et al. 2003]. Whilst layers-deposited at -0.900, -0.975, -1.025
and -1.050 V vs Ag/AgCl are preferentially oriented in the (002) plane. The change in
preferential orientation of the grain structure is most likely to be due to a change in
composition of the layer aﬁd change in growth voltage or oxygen concentration. '

A new solution was prepared for each experiment and stirred for one hour before

~deposition. Although the layers for each experiment were depos}ited on the same day
the deposition occurred at different times after the solution was producéd. The solution
was maintained at 85°C and thus the 6xygen concentration was expected to deplete.
Attémpts to reuse the electrolyte ~2 days after preparation were unsuccessful as ZnO -
failed to deposit. Often no growth was observed and occasionally a dark grey metallic

Zn layeg grew instead due to the low pH=1-2. Yoshida suggested the oxygen

availability depends on the age of the bath as nitfate (NO;) reacts to form nitrite (NO; )

- (reaction 3.7 Section 3.1.3.2) leaving the bath unusable after 2 to 3 days time [Yoshida
et al, 1999].

The change in .preferential orientation is most likely to be due to the change in

oxygen concentration of the solution over time. Deposition at the same voltage for the
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same amount of time was found to yield various orientations as discussed later in this
section. |
Using the hexagonal lattice parameter equation 2.8 discussed in Chapter 2, the lattice
parameters a and ¢ were calculated taking the XRD data from the (100) and (002)
planes indicated in Table 5.3. The XRD data in the table is representative of all
measurements, with no deviation in d-spacing, the values calculated are valid forAall
spectra, as changes in the fourth significant figure is within experimental error. The
calculated values of a=3.244 A and c=5.209 A are close to the standard values of
a=3.253 A and ¢=5.120 A for ZnO [Pearton et al. 2005]. |
The Scherrer relation (2.5) was used to calculate the crystallite size for the layers
deposited at different growth voltages as indicated by Table 5.4. The data for the
preferential peak of each trace was used as it provides the most accurate results. It is
clear from the table there is little change in crystailite size with growth voltage, which

was calculated to be in the range of 18 to 28 nm.

Table 5.4. Crystallite size (D) calculated using the Scherrer relation for i-ZnO layers

deposited at various voltages using data from the preferential peak of the XRD spectra.

Deposition Voltage (V) 20 (deg) | (hkl) | FWHM (deg.) | D (nm)

0900 3629 | (101) | 036 23
-0.925 1 3624 | on) 0.4 18
-0.950 3626 | (101) 039 21
-0.975 3625 | (101) 0.42 20
-1.025 34.40 | (002) 0.34 24
-1.050 3442 | (002) 0.42 20

Standard -36.30 | (10D) 0.30 | 28

Figure 5.6 illustrates the change in preferential orientation of the i-ZnO layer when
deposited at the same deposition voltage of -0.975 V vs Ag/AgCl for the same length of
time (2 minutes). This is attributed to the varying oxygen concentration with bath age.
All peaks were identified to be héxagonal ZnO although the orientation changed.
Traces (a) to (c) have preferential orientation in the (101) plane and trace (d) in the

(002) plane.
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Figure 5.6. XRD spectra of as;deposited i-ZnO, all electrodeposited at -0.975 V vs
Ag/AgCl from the same solution, with growth time of 2 minutes. All peaks were

identified to be of polycrystalline hexagonal ZnO; note the variation in orientation.

The Preferential Orientation Index (POI) was palcuiated for the preferential peaks of
Figure 5.6 (a-d) and equation 5.1. The POI is indicated in Table 5.5 with the POI for
the standard spectra of Figure 5.5. Wheﬁ.the POI is greater than one the material is
preferentially oriented [Chaure et al. 2004]. POI less than one indicate the material is
polycrystalline, which agree with this XRD study. All materials have a lower POI than
the standard material indicating that the peaks-are slightly less orientated in.the (101)

direction.

, |
POI =| 4. . 5.1
I ) |

Table 5.5. POI for the spectra (a-d) of Figure 5.6 and the standard spectra for

comparison.
Spectra Preferential Peak POI1
a (101) 0.282
b (101) : 0.174
c (101) 0.159
d (002) "0.120
Standard (101) 0.326
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The rﬁost likely explanation for the variation in preferential orientation is the changes
in bath composition and pH during deposition. The énly oxygen source during these
éxperiments was from the nitrate precursor and therefore the concentration altered over
time. It was observed the pH of the bath varied with tirhe and became more acidic. This
is most likely to be either due to holding th@:' solution at 85°C or reactions occurring .
during deposition, the details of which remain unknown. According to ;che Pourbaix
diagram metallic Zn deposits preferentially under acidic conditions [Goux et al. 2005].

The effect of annealing at 550°C for 20 minutes in air atmosphere was studied for
layers deposited at -0.975 V vs Ag/AgCl. These annealing conditions were selected
with the consideration of future requirements if ZnO layers were deposited on CIS. In
this situation' the temperature used to anneal ZnO would not exceed that of CIS,
preserving this layer. Further annealing trials would have been required if CIS devices
had been prepared with electrodeposited ZnO.

Typical XRD spectra for the as-deposited and annealed films are presented iﬁ Figure
57 (a & b) respectively. No noticeable change was observed in XRD spectra for the as-
deposited and annealed layers. This indicates that structurally there are no noticeable

‘changes between as-deposited and heat-treated material. Heat-treatment is required to

improve electrical properties as discussed in Section 5.3.6.
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Figure 5.7. XRD spectra of i-ZnO deposited at -0.975 V VS Ag/AgCl (a) as-depoéited
and (b) annealed at 550°C for 20 minutes in air.l Note there is little difference in the

inténsity and FWHM of peaks before and after heat-treatment.
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The influence of additional oxygen bubbling through the Zn(NO;), solution during
deposition was briefly investigated. Oxygen (O) was bubbled through the solution for
1 hour prior to deposition and reduced to a steady rate during deposition. The XRD

spec‘rra presented in Figure 5.8 (a-d) had the same preferential orientation, (100)/(101)
consistently irrespective of the growth voltage. This contrasts the XRD spectra
presented in Figure 5.5, which altered with deposition voltage. The oxygen content in
the bath is more stable with additienal bubbling and therefore the layers were grown in

an oxygen rich environment, which may have favoured this orientation.
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Figure 5.8. XRD spectra of annealed i-ZnO electrodeposited from Zn(NOs), at (a) -
0.900, (b) -0.950, (c) -1.000 and (d) -1.050 V vs Ag/AgCl, with additional O, bubbled
through the solution. | |

5.3.4 Scanning Electron Microscopy

SEM was used to study the morphology of selected i-ZnO léyers. Figure 5.9 (a-d)
illustrates the variety of different r.norphologies obtained from the same solution when
deposited at the same deposition voltage of -0.975 V vs Ag/AgCl. The parameters

- which remained constant include the deposition time, temperature, substrate and stirring
rate. The parameter that did uncontrollably changed during the experiment was the

oxygen concentration in solution. Figure 5.9 (a & d) héve remarkably resemblance,

9 .



although the crystallite size is different at 0.5 and 2.5 pm respectively with uniform
circular shape. | '

Figure 5.9 (b) is a uniform layer with grain size ~0.25 pum exhibiting triangular
shaped crystallites. Figure 5.9 (c) is different again forming a smooth uniform layer
with flat platelet crystals around 1.0 pm in size. Figure 5.9 (e) illustrates the ZnO -
mofphology of layer (d) after annealing at 550°C for 20 minutes is composed of both
agglomerated rods and more pronounced hexagonal shaped crystals. In addition long,

. thin fibre-like cfystals in between large grains were observed. There is little apparent
variation in crystal size before and after annealing. A similar varied morphology for
ZnO has been reported by Govender et al. who noted ZnO deposited from nitrate
containing solutions produced less 'hdmogeneoué layers [Govender et al. 2004]. The
crystallite size did not change after annealing in the present study. '

 The effect of growth voltage on the morphology was investigated at vnltagés of -
1.000 and -1.025 V vs Ag/AgCl (Figure 5.10 & 5.11). The layer deposited at -1.000 V
vs Ag/AgCl has crystallite size of ~1.0 um and consisted of hexagonal shaped crystals
having varying orientation. The layer is not as uniform as those deposited at -0.975 VvV |
vs Ag/AgCl. Layers deposited at -1.025 V vs Ag/AgCl have a sméller crystal size of

‘. ~0.1to 0.25 pm and nodular morphology. '
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- Figure 5.9. SEM images of as-deposited i-ZnO (a-d) deposited at -0.975 V vs Ag/AgCl
to illustrate the variation in morphology, (e) is layer (d) after annealing at 550°C for 20

minutes.
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The variation in morphology is likely to be due to the change ih growth voltage
yielding different composition and also the variation in oxygen concentration as a
function of bath life-time. The oxygen concentration decreases to 0.75 mM at 80°C and
depletes with bath age [Goux et al. 2005]. The nitrate molecule provides the oxygen
source and therefore its availability is uncontrollable with bath age. Slight O, Variations
in the electrolyte have previously been shown to alter the nucleation and growth
mechanism [Pauporte & Lincot 2000]. - The nitrate molecules react to form nitrite
releasing oxygen ions and therefore there is little control over the availability bf oxygén.
On applicatibn of the growth voltage nitrate ions release an oxygen ion, whén the
solution has been used for several hours the decreased to pH<3, leaving the bath
unusable for ZnO deposition. This variation in available oxygen is likely to alter the

morphology of the ZnO layers.

Figure 5.10. SEM image of asteposited i-ZnO electrodeposited at -1.000 V vs
Ag/AgCl from Zn(NOs),.6H,0 solution.

b i 2 e

Figure 5.11. SEM images of i-ZnO electrodeposited at -1.025 V vs Ag/AgCl.
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535 Optical Properties

The transmission spectra of as-deposited and annealed i-ZnO are presented in Figure
5.12. The absorption edge at ~400 nm is at higher wavelength than expected for ZnO,
which has previously been identified at 380 nm [Gal er al. 2000]. The as-deposited
material had a milky appearance which is likely to be due to the coexistence of ZnO
with Zn(OH)z inclusions and surface roughness. The absorption slope of the as-
deposifed ZﬁO is gradual with highest transrhissioh of 80% at 800 nm indicative of the
samples cloudy appearance. After annealing the absorption edge shifted to ~380 nm,
which agrees with previously repdfted values in the literature [Gal et al. 2000]. The
absorption edge is much sharper and 85% of incident photons are transmitted at
wavelengths above the absorption edge. "The appearance of the layer changed post-
annealed, increasing in transparency, this being attributed to the 'decbmposition of

Zn(OH); forming ZnO as suggested by [Wang et al. 2005].
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Figure 5.12. Transmission spectra of as-deposited i-ZnO having gradual‘ absorption

edgé which steepened after annealed.

The optical absorption spectra of glass/FTO/i-ZnO deposited at -0.975 V vs Ag/AgCl
was taken to determine the bandgap energy and absorption édge of the material. Figure
5.13 presents the absorption of ZnO as a function of wavelengtﬁ indicting a sharper
. absorption edge of '380 nm for the as-deposited ZnO compared to 390 nm for the
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annealed material; differing from the transmission curve. During annealing the
Zn(OH), decomposes to ZnO via reaction 3.4 of Chapter 3 thus the difference in

composition of the material alters the absorption edge.
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Figure 5.13. Absorption spectra of as-deposited and annealed ZnO as a function of -

wavelength.

The data obtained from the absorption vs wavelength curve and equation 1.1
indicated in Chapter 1 were used to calculate the absorption edge as a function of
photon energy. Figure 5.14 presents the absorption edge as a function of photon energy
for as-deposited and annealed ZnO, indicating a bandgap energy of Eg=3.27 eV and
Eg=3.15 eV respectively. The decrease in bandgap energy after annealing indicates a

‘change in composition, most likely to be due to the decomposition of Zn(OH), forming

Zn0.

101



Annealed As-deposited

Absorption (arb. units)

’ I
T T T T T =1

, Eg Eg
3.00 3.05 3.10 315 ©. 3.20 3.25 3.30 335 . 340

Photon Energy (eV)

Figure 5.14. Absorption spectra of as-deposited and annealed ZnO having bandgap "
energy of E¢1=3.27 eV and E»=3.15 eV respectively.

- The absorption coefficient was calculated using equation 2.11 described in Chapter 2
and plotted as a function of photon energy yielding a more accurate slope for the
determination of the bandgap energy (Figure 5.15). The bandgap energy of the as-
deposited material was determined at E;=3.29 eV compared Eg2=3.27 eV for the
annealed material. As for Figure 5.14 the difference in bandgap eﬁergy was attributed

to the change in composition when Zn(OH), decomposes to form ZnO.
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Figure 5.15. Optical absorption spectra of as-deposited and annealed i-ZnO
elecfrodeposited at -0.975 V vs Ag/AgCl.

5.3.6 Electrical Properties

The I-V characteristics of glass/FTO/i-ZnO/Au structures were taken under dark
conditions to determine thé electrical pfoper__ties of the ZnO thin films. Gold is a high
work function metal (¢p = 5.10 to 5.47 eV) and was used to form the back contact with
the expectation of formation of a rectifying contact with ZnO [Lide 2005]. Log-linear
and linear-linear.curves are preserited in Figures 5.16 and 5.17. The structures indicate
- rectification properties with a rectification factor of ~10?% at 1.0 V, ideality factor of ~3.0

and barrier height >1.08 eV. The latter two parameters were taken from the automated
solar simulator used for the measurements. Since the diodes are non-ideal, accurate
barrier height cannot be estimated. The series resistance of the structure was estimated
“using the high forward biased region of the linear-ljnear I-V curvé and found to be 2.2
kQ. Equations 5.2 ‘and 5.3 were used to calculate the electrical resistivity and
conductivity of the ZnO layers. High forward bias values enable the bulk resistance of
the material to be determined under flat band conditions. Making uée of the known
contact area of 0.031 cm? énd the film thickness (300 nm), the bulk electrical resistivibty
and electrical conductivity were calculated at 6.9x10° Q cm and 1.4x107 Q cm™

respectively.
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R= -’;49 | | (5.2)

1
pP=—
log

| (5.3)
where R = Resistance (Q2), p = Electrical Resistivity (2 m), L = Thickness (m), A=

Contact area (m?) and ¢ = electrical conductivity (Q m™).
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Figure 5.16. LogI vs voltage curves measured under dark conditibn of glass/FTO/i-

Zn0O/Au Schottky contacts.
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Figure 5.17. Linear I-V curve measured under dark conditions for glass/FTO/i-

ZnO/Au structures.

Capacitance-voltage measurements of glass/FTO/ZnO/Au devices having confact
area of 0.031 cm® were taken as a function of bias voltage with a detection signal
frequency of 1 MHz as indicated by Figure 5.18. The free carrier concentration of
2.8>§1012 cm” was estimated from the gradient of Schottky-Mott curve (Figure 5.18). It
should be noted that the C-V measurements are prone to effects of defects and hence
estimated free carrier concentrations can be far from accurate values. Assuming the
above value for free carrier concentration and electrical conductivity from the I-V

measurements the mobility was calculated at 1.25 cm™ V s using equation 5.4.
o =neu . 54)

where o = Electrical Conductivity (Q m™), n = Free Carrier Concentration (m?>), e =

Electronic Charge (eV) and p = Electron Mobility (m2Vs).
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Figure 5.18. Capacitance as a function of applied DC Vo'itagé and Schottky-Mott plot
‘ for glass/F TO/i-ZnO/Au Schottky contacts.

106



5.4 Electrodeposition of Aluminium Doped Zinc Oxide

 5.4.1 Experimental Procedure

The experimental procedure followed for the electrodeposition of ZnO:Al was
similar to the i-ZnO except for the addition of AI(NO;);.9H,0 (having molar mass of
375.13 g mol™) to the solution in parts per billion (ppb)- and parts per million (ppm)
concentrations.  Selected layers were annealed at 550°C for 20 minutes in air
atmosphere and characterised using XRD, SEM and optical spectroscopy. In order to
investigate the electrical properties of the material an afray of 2 mm diameter contacts

.were evaporated using Al to form ohmic contacts forming glass/FTO/ZnO:AVAl

structure. In the following sections the results and discussion of ZnO:Al are presented.

5.4.2 Results

5.4.2.1 X-Ray Diffraction

The XRD spectra presentéd in Figure 5.21 presents annealed €)] @doped ZnO and -
(b) ZnO:Al electrodepoysitéd from Zn(NOs); solution containing AP’ jons having
concentrations .fanging from 10 to 1000 ppm as indicated. in the ﬁguré. All layers were
deposited at 0975V vs Ag/AgCl. XRD does not have the sensitivity to detect changes
in crystal structure brought about by doping. The most likely detectable change is the
lattice parameter. The presence of AI** in the solution may affect the crystallographic -
properties in other ways such as the growth mode and orientation of the crystallites.
The pH of the solution reduced as a function of addition of ‘Al(NO3)3.9H20, thus the
growth conditions were not constant throughout the experiment and this' change may
have affected the orientation of the layers.- As discussed in previous sections for i-ZnO
the oxygen concentration varies as a function of bath lifetime, which alters the growth
conditions and composition of the deposited material. The XRD has been included to
illustrate this and demonstrate the lack of Al peak observation with the highest

concentration of 1000 ppm.
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Figure 5.21. XRD spectra of annealed (a) undoped ZnO, (b) ZnO electrodeposited with
10, (c) 40, (d) 80 and (&) 320 ppb, and (f) 100, (g) 400, (h) 500 and (i) 1000 ppm AP* in
. the Zn(NO3), solution. '

It is clear from the figure that the AP** did not alter the crystallographic properties of
the layers. All spectra were identified to be polycrystalline ZnO having hexagonal,
wurtzite phase. Table 5.5 presents the typical XRD data obtained for (a) undoped ZnO
and ZnO:Al electrodepdsited from solution containing AP in the range 10 ppb to 100 ,
ppm. Table 5.6 presents the typical XRD data obtained for layers deposited from
Zn(NOs), containing AI** having concentration ranging from 400 to 1000 ppm.

Table 5.5. Typical XRD data obtained for (a) undoped, and layers deposited with (b)
10, (c) 40, (d) 80, (e) 320 ppb and (f) 100 ppm AP’ added to the Zn(NOs), solution.

20 (deg) d-Spacing (&) Miller Indices
Standard Observed | Standard Observed (hkl)
31.73 31.85 2.818 2.810 (100)
36.26 36.28 2.479 2479 (101)
4760 4759 1.913 1.911 (102)
56.63 56.69 1.627 1.624 (110)
6299 6292 1.478 1477 (103)
67.97 68.02 1.380 11378 (112)
69.17 69.11 1360 1359 (201)
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© Table 5.6. XRD data from Figure 5.21 for layers deposited with (g) 400, (h) 500 and
(1) 1000 ppm AP in the Zn(NO3), solution. All layers were identified to be of

hexagonal, wurtzite ZnO.

20 (deg.) d-Spacing (3) Miller Indices
Standard Observed | Standard Observed - (hkl)
31.73 31.85 | 2'.818 2.810 (100)
34.52 34.45 '2.605 2.604 (002)
36.26 36.28 2.479 2.479 (101)
47.60 47.59 1.913 1.911 (102)
56.63 56.69 | 1.627 1.624 | (110)
62.99 62.92 1.478 1477 (103)
67.97 68.02 1.380 1.378 (112)
69.17 69.11 1.360 1359 (201)

The Scherrer relation (2.5) was used to calculate the grain size of each layer using
the XRD data. The mean grain size was calculated at 18.5 nm with negligible éhange |
- from layer to layer as indicated by Table 5'.7; The lattice parameters were calculated
using the XRD data for the (100) and (101) peaks and equatioh (2.8) in Chapter 2, at
a=3.254 A and ¢=5.210 A, which compares well with the standard data of a=3.253 A
¢=5.120 A [Sowa & Ahsbahs 2006]. ' | '

Table 5.7. Crystallite size calculated using the Scherrer relation for the (100) peak of

ZnO layers electrodeposited from Zn(NOs), solution containing varying amounts of

AP,

Sample | FWHM (deg) | D (nm)
undoped 0.45 18

10 ppb 0.44 19

40 ppb 048 - | 17

80 ppb 0.39 21
320 ppb 0.40 20
100 ppm 0.46 18
400 ppm 0.47 1 17
500 ppm 045 . 18
1000 ppm 0.44 19
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5.4.2.2 Scanning Electron Microscopy

Figufe 5.22 (a-f) further illustrates the variation in morphology of ‘annealed ZnO
g‘rown‘using electrodeposition, as already indicated in Section 5.3.4. The layers were
deposited at -0.975 V vs Ag/AgCl and had varying amounts of AI(NOs;);.9H,0 in the
solution. The layers (a & b) deposition from the solutions containing 80 ppb and 100
ppm AI** have hexagonal shabed crystals, ~0.5 pm in size and similar orientation. The
SEM images of layers (¢ & d) deposited from solutions containing 400 and 500 ppm

AI** clearly show thin needle shaped crystals ~ 0.5 pum in size and varying orientation.
This type of morphology has been observed previously by [Wang et al. 2006].
Figure 5.22 (e & f) were both deposited from the same solution, contammg 1000

ppm AP*

and have crystallite size of 0.5 pum. The images indicate differing
morphology despite the same AI’* in the solution; the crystallites in (e) appear
triangular in shape. The same morphology has been observed fof undoped ZnO
presented in Figure 5.9 (b) of Section 5.3.4. This suggests the variation in morphology
is more likely to be due to a variation in oxygen content or solution pH thar AI** in the
solution. ‘ | |

It is clear from the images in Figure 5.22 tl_lere is a difference in morphology. The
effect of AP* on the morphology of ZnO remains unclear. The presence of AP*" in the
i eléctrolyte may cause the growth mode and orientation to change. The pH of the
electrolyte decreased on addition of AI(NO;3)3.9H,0 and below pH=3 the electrolyte was
unusable as ZnO failed to deposit. This is in accordance with the Pourbaix diagram

which states that the solubility of ZnO increases above pH=5. 5 at 90°C and is fully

soluble in acidic solutlons
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Figure 5.22. SEM images of ZnO electrodeposited from Zn(NO;), solution containing

varying concentrations of AI** as indicated. Note the variation in morphology of the

layer deposited from the solution containing the same amount of dopant.
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5.4.2.3 Optical Properties

Optical absorption was carried out to investigate thé change in absorption edge as a
function of AI** in the electrolyte. The optical absorption spectra of annealed undoped
ZnO and ZnO:Al deposited from solution containing 80 ppb, 500 ppm and 1000 ppm
AP** are presented in Figure 5.23. The uhdoped spéctra has a sharper absorption edge
compared to the layers deposited from the electrolytes containing AI(NOs);. The
absorption spectra of layers deposited from fhe solution. containing 80 ppb, 500 ppm
and 1000 ppm Al? " have a less steep absorption edge compared to the undoped layer.

| The layers deposited from the solution containing the Ai(NO3)3 were more opaque
than. the undoped ZnO which can be attributed to the formation of Zn(OH), and
possibly AI(OH);. Although the hydroxide wask expected to decompose during
annealing to form oxides it is possible the conversion was not complete or the' ZnO
remained inherently cloudy. The pH of the solution became more acidic as a function
of AI(NO3)3 addition and this change in electrolyte conditions is likely to alter the
properties of the layers. The layers were more conductive as ciiscussed in Section
5.4.2.4 and appeared darker which altered the optical properties. ’

The undoped layer has slightly higher bandgap energy of 3..29 ev. All absorption
spectra for layers deposited from the solution containing AI(INO3); have a similar shape
and bandgap energy of 3.26 eV. It is apparent the doping concentration in the solution
did not markedly alter the bandgap energy of the ZnO. |
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Figure 5.23. Optical absorption spectra for undoped ZnO and layers deposited from

Zn(NO3), solution containing 80 ppb, 500 ppm and 1000 ppm A",
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5.4.2.4 Electrical Properties

The I-V measurements: of glass/FTO/ZnO:Al/Al were taken to study the affect of
APP* addition to the electrolyte on the electrical properties of ZnO:Al. Al is a low work
function metal (¢,=4.06 eV) and is often used to form an low resistance front metal
contact for solar cells with device structure glass/Mo/CIGS/CdS/i-ZnO/ZnO;AI/AI [Sze
& Ng 2007]. It was expected the Al and n-type ZnO:Al would form‘ an ohmic contact.

Figure 5.24 presenfs the linear-linear I-V curves of glass/FTO/ZnO:Al/Al taken
under dark conditions, indicating ohmic behaviour. It was fouhd the series resistance
and electrical resistivity of the material decreased with increasing doping concentration
between undoped and 80 ppb doping. Above 80 ppb the electrical properties saturated
as illustrated in Table 5.8. This indicates increasing the doping concentration in the
solution no longer affected the electrical properties and had the negative effect of

reducing the solution pH.
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Figure 5.24. I-V curves of (a) undoped ZnO, and ZnO:Al deposited from an electrolyte |
containing (b) 80 ppb, (c) 500 and (d) 1000 ppm AL*".

It is worth noting that the series resistance and resistivity of the ZnO:Al is higher
than previously reported values. The lowest reported electrical resistivity of ZnO of
10 Q cm was deposited using r.f. sputtering [Chang & Hon 2001, Ozgur et al. 2005].

Sputtering enables a higher degree of controllability over the composition of deposited
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layers compared to electrodeposition. Low resistivity ZnO is achieved by presence of
oxygen vacancies and zinc interstitial atoms. In the case of electrodeposition of ZnO
the layers exhibit higher resistivity most likely due to higﬁ oxygen content. The
resistivity reported fn Table 5.8 indicates the electrodeposited ZnO layers are oxygen

rich.

Table 5.8. Elgctriéal properties of undoped ZnO and ZnO:Al having varying amounts
of AP*" in the electrolyte. -

AP concentration in electrolyte R (©) " p(Qcm) 6 (Q cm)?!
undoped 13000 4.0x10’ 2.5x10°
80 ppb 277 | 8.7x10° 1.1x10*

- 500 ppm 151 47x10° | 2.1x10°
1000 ppm 101 32x10° | 3.1x10°

5.4.3 Discussion

The purpose of the experiments to dope ZnO with Al was to increase the electrical -
conductivity of the material as i-ZnO is highly re‘sistive and does not form a good ohmic
contact durihg device fabrication. The characterisation was cérried out to investigate
the structural, morphological and electrical properties aimed to observe any changes in

 the material properties with addition of AI** in the electrolyte. It was not expected thét
elemental Al would be detecté_d duﬁng the XRD investigation as the deposition voltage
of AP* is -1.662 V vs NHE and therefore is unlikely to rapidly deposit at the cathode
[Lide 20.05]. It was envisaged that some Al may be either absorbed, chemisorbed or
adsorbed at the cathode. In the latter case annealing would be required to form bonds
between Al atoms and the ZnO lattice. In addition Kemell et al. suggested the Al* jons
react more easily than Zn** with hydroxide ions thus forming aluminium hydroxide
[Kemell et al. 2003]. -

Some difficulties weré encountered during the addition of | Al(N O3); to the
electrolyte. Firstly Ait was unclear how much AP’* remained in the solution after thé
deposition of each layer and therefore the actual amount of dopant in solution cannot be
discussed with a large degree of accuracy. It is most likely very little AI** was
deposited and therefore a cumulative 'concentratior'l is expected. This problem may be

overcome by the preparation of a new Zn(NOs), solution before each addition of
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Al(NOs); although this would consequently be a lengthy proéess and would create
significant chemical wastage. After the addition of several millilitres of AI(NO3); to the
electrolyte the pH drastically decreased. This uncontrollable change in deposition
parameteré results in reproducibility issues and according to the Pourbaix diagram thé
solubifity of ZnO increases below pH=5, resulting in the deposition of metallic Zn
[Goux et al. 2005]. This was frequently observed during the present investigation by
the dark appearance of the layers when the pH of the solution was low (pH<3).
Addition of an alkaline solution to the electrolyte such as sodium hydroxide (NaOH) or
ammonia hydroxide (NH4OH) to adjust the pH has the disadvantage of unwanted
impurities or formation of ammine complexes [Zn(NH3)4]2+.. v
Ideally the performance of CIS solar cells containing the électrodeposited ZnO:Al
layer would have been tested. Growth parameters would also have been optimised,
including growth time and AI* concentration in the electrolyte most suited to the
device. However due to growth issues with ZnO:Al and CIS from aqueous solution in

our laboratory this was not possible.
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55 Comparison of Spﬁttered and Electrodeposited Intrinsic Zinc

Oxide and Aluminium Doped Zinc Oxide
5.5.1 X-Ray Diffraction

Figure 5.25 compares XRD spectra of the electrodeposited i-ZnO and ZnO:Al with
sputtered material supplied by Pilkingtbn Group Ltd. Peaks from the FTO coated glass
substrate are identified by an asterisk (*). The XRD indicates the sputtered material is
polycrystalline and all peaks were identified as hexagonal ZnO. The preferred
crystallite orientation of each spectra was in the (101) plane, which compares with the
standard spectra (Figure 5.9). The grain sizes of electrodeposited and sputtered i-ZnO
and ZnO:Al were calculated using the Scherrer relation (2.5) and are compared in Table

5.9. It was shown there was a close similarity between the grain sizes for all materials.
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Figure 5.25. XRD spectra of electrodeposited and sputtered i-ZnO and ZnO:Al. All
patterns were identified as polycrystalline ZnO of the hexagonal wurtzite phase. Peaks

arising from SnO; are indicated by (*).
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Table 5.9. POI and grain size of electrodeposited and sputtered i-ZnO and ZnO:Al.

Electrodeposited | Electrodeposited Sputtered Sputtered
i-ZnO ZnO:Al - i-ZnO ZnO:Al
POI(101) 0.244 0.271 0.292 0.294
| Grain Size (nm) 18 18 2 16

Although the intensity of the three main peaks (100), (002) and (101) for the
eleetrodeposited material changed from i-ZnO to ZnO:Al this was not thought to be due
to the addition of dopant étoms. Instead, slight variation of O, concentration in the
'el.ectrolyte has been shown to alter the nucleation and growth mechanism [Pauporte &
Lincot 2000]. However the addition of Al at 2 wt% could also change the nucleation
and growth mechanism and hence cannot be completely ruled ou‘r; According to
Ingham. et al. the variation in morphology of ZnO grown using electrodeposition is still

‘not fully understood [Ingham et al. '2008].
5.5.2 Scanning Electron Microscopy

SEM images of electrodeposited and sputtered i-ZnO, ZnO:Al layers deposited on
AFTO coated glass are presented irl Figure 5.26. Both electrodeposited materials were
deposited from 0.1 M Zn(NO;),.6H,0 electrolyte at -0.975 V ‘vs Ag/AgCl, the latter
eontaining ppm concentration of AP*. The electrodeposited (a) i-ZnO is compact and
dense with apparent crystallite size of 0.16 um. Pauporte er al. reported low oxygen
concentration encourages larger crystal size due to fewer nucleation centers [Pauporte &
Lincot 2000]. The oxygen source inthis study was provided by the reduction of nitrate
ions and no additional oxygen was bubbled through the solution.

As already- discussed iﬁ Section 5.4.2.2 electrodeposition permits a lower
controllability of film composition compared to sputtering. The films have varying
orientation as confirmed by the POI estimation given in Section 5.5.1. The surface of
electrodeposited (b) ZnO:Al is comprised of rectangular shaped crystals with
dimensions 0.50 pm by 0.10 pm. The difference in morpholdgy is likely to be due to
either a change in oxygen concentration or difference in rlucleation initiated by Al, both
of which can lead to varying nucleation mechanism [Pauporte & Lincot 2000]. It has
also been reported the growth mechanism of ZnO from nitrate solution is still not fully
understood [Ingham et al. 2008, Yoshida et al. 2004].
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F iguré 5.26. SEM micrographs of (d) electrodeposited (ED) i-ZnO having crystallite
size of 0.16 pum, (b) electrodeposited ZnO:Al with crystallite dimensions of 0.50 by 0.10
pum. (c) Sputtered i-ZnO and (d) ZnO:Al both show Iagglomerated nanocrystallites of

' ’ 0.10 to 0.40 pm in size. '

The images of both (c) i-ZnO and (d) ZnO:Al deposited using sputtering are
corhprised of agglomerated nanocrystallites having formed larger granules of between
0.10 and 0.40 pm in size and the films appear highly cbmpact. The difference in
morphology is unavoidable when growing materials using different techniques due to
the varying nucleation and growth mechanisms, substrate temperature and oxygen
concentration.

It is interesting to comI;are the different grain sizes observed using XRD (11.7 to
27.6 nm) and SEM (0.10 to 0.50 pm) techniques. The one order of magnitude

difference between these estimations is attributed to the difference in technique

capability. XRD examines the reflection of the x-rays from atomic planes of |
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crystallites. The Scherrer relation uses the FWHM which provides information on the
coherence length of reflected x-rays. SEM detects the surface morphology and
~ indicates the nodule size which is of greater magnitude than the information provided

by XRD, elucidating the factor of 10 discrepancy.

5.5.3 Optical Properties

Transmission spectra of electrodeposited and sputtered i-ZnO and ZnO:Al are
presented in Figure 5.27. The sputtered material is highly transparent compared to the .
electrodeposited material Which was ‘White/opaque in appearance. Sputtered and
electrodeposited ZnO materials transmitted 95% and 85% of incident photons
re§péctive1y. The difference in transmission is attributed to thickness, surface
roughness and scattering centres. The milky appearance of electrodeposited ZnO layers
could arise due to inclusions of Zn(OH); during electrodeposition from aqueous

solution.
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Figure 5.27. Transmission spectra of electrodeposited (ED) and sputtered ZnO layers

having 85% and 95% transmission respectively.

Figure 5.28 pfesents the optical absorption spectra of electrodeposited and sputtered

i-ZnO and ZnO:Al on FTO-coated glass substrates. The bandgap energy was estimated
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by extrapolation of the plot of (ahv)’vs E at 3.29 eV and 3.27 eV for electrodeposited i-
ZnO and ZnO:Al compared to 3.39 €V and 3.45 eV for sputtered i-ZnO and ZnO:Al
materials. These values agree with previously .reported values for undoped ZnO (3.20—
3.40 eV) [Pearton et al. 2005] within experimental error. The shift in bandgap may’be
attributed to a variation in stoichiometry. The Burnstein-Moss effect also offers an
explanation for the shift in bandgap energy of sputtered ZnO:Al. The Burnstein-Moss
effect occurs in degenerate semiconductors when the Fermi level pdsition moves above
the conduction band minimum. The fundamental edge of absorption transitions shifts
fr_om E;-Ev =E, to become Er-E, >E, [Schubert 2007].

ED i-ZnO ED ZnO:Al 4 Sputtered i-ZnO

v Sputtered ZnO:Al

(ahv)” (x10"% eV cm™)

- E, Eg
3.10 3.20 330 540 - 3.50 3.60 3.70

Photon Energy (eV)

Figure 5.28. Optical absorption spectra indicated electrodeposited (ED) i-ZnO and
ZnO:Al having bandgap energies of Egz=.3.29 eV and E,1=3.27 eV sputtered i-ZnO and
‘ ZnO:Al having Eg3=3.39 €V and Eg4=3.45 eV respectively..

5.5.4 Electrical Properties

Current-voltage measurements were carried out on devices having structures
glass/FTO/i-ZnO/Au and contact areas of 0.031 cm’. Figures 5.29 and 5.30 present the
Log-linear and linear-linear I-V curves for sputtered i-ZnO. The I-V curve of
electrodeposited i-ZnO may be foﬁnd in Figure 5.19 of Section 5.3.6. As already

discussed the electrodeposited ZnO:Al devices were ohmic in nature as indicated by
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‘Figure 5.24 of Section 5.4.3.4. The series resistance of the structures was determined
using the gradients of the ohmic éurves or the gradients of high forward I-V curves in
the case of rectifying devices. .

.Table 5.10 summarises' the series resistance, bulk electrical resistivity and
cbnduétiizity of both electrodeposited and sputtered ZnO layers for comparison. In this
analysis the series resistance of the structure has been assumed to arise mainly from the
bulk ZnO layer. The electrical resistivity of the electrodeposited and _sputteréd i-ZnO
was 6.9x10% and 6.2x107 Q cm respectively, This difference in bulk electrical
resistivity is 'likely to be due to different grain sizes and the variation in stoichiometry

-due to the difference in Agrowth technique. The high electrical resistivity of both
materials indicates a high oxygen content which reduced the electrical coﬁductivity.
The electrical resistivity decreased after Al doping to 3.4x10° and 2.3x10° Q cm for
electrodeposited and sputtered ZnO:Al materials indicating Al has been assimilated into
the crystal lattice as an n-type dopant. The electrical resistivity reduction is only 1-2
orders of magnitude which is much less than expected or previously reported for -

ZnO:Al; lowest reported to date is 10 Q cm [Cheng & Hon 2001].
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Figure 5.29. Log I vs V of glass/FTO/i-ZnO/Au structure forming a Schottky contact

fabricated with sputtered material under dark conditions.
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| Figure 5.30. I-V curve observed under dark conditions for glass/FTO/i-ZnO/Au ’

structure fabricated with sputtered i-ZnO.

Table 5.10. Summary of electrical properties of electrodeposited and sputtered i-ZnO

and ZnO:Al for comparison, it is clear the series resistance decreased after doping.

Material R, () p (Q cm) 6 (Q cm)™”
Electrodeposited i-ZnO 2.2x10° 6.9x10° 1.5x10”
Sputtered i-ZnO 20x10° | 62x10" | 1.6x10°
Electrodepositéd Zn0:Al 1.1x10? 3.4x10° 2.9x10°
Sputtered ZnO:Al 7.3x10! . 2.3x10° 4.4x10°®

5.6 P-type Doping of Zinc Oxide
5.6.1 Experimental Procedure

The experimental procedure used for the attempted p;type doping of ZnO was
identical to the description given in Section 5.2 for i-ZnO, except for the addition of p-
type dopant atoms in ppb and ppm concentrations to the Zn(NOs), solutioh. The three
reagents used for the doping experiments were arsenic oxide (AséOs), phosphoric acid
(H3PQ4) and silver nitrate (AgNO3) having molar masses of 229.8, 98.0 and 169.8 g

respectively. The layers were characterised using PEC to investigate the Vo of the
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layers under dark and illuminated conditions to establish the electrical conductivity
type. A liquid/solid jﬁnction was formed using 0.IM NaSO?™ and the photovoltage

curves were taken using the GillAC computerised potentiostat. A brief summary of the

findings is preSented in Section 5.6.2.
5.6.2 Results and Discussion

Although XRD and optical absorption studies were carried out on all layers during
this experiment no changes were observed compared to i-ZnO. Dopant atoms are
present in ppb and ppm level and changes in the crystallographic structure are not
detectable using XRD. In these investigations the bandgap energy was estimated by :
extrapolating the tangent to the curve to intersect the x-axis. This method of
determination of bandgap energy is an estimate and does not givé accurate enough
values to identify changes with doping. The results of XRD and optical absorption have
not been included as no significant differénces were observed in comparison to undoped
material. All XRD spectra were polycrystalline with varying orientation and no peaks
arose froﬁl dopant atoms. Figure 5.33 presehts‘ the PEC curve for undoped ZnO
indicating n-type electrical conductivity, which may be used for comparison with

Figures 5.34 to 5.36.
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Figure 5.33." Photovoltage curve of undoped ZnO indicating n-type electrical

conductivity.
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5.6.2.1 Arsenic Doped Zinc Oxide

PEC was carried out to determine the effect on the electrical conductivity type of the
layers deposited from an electrolyte containing ppm concentration of As’*. Figure 5.34
presents the photovoltage curve of the ZnO layer deposited from the electrolyte
containing 500 ppm As>*. The electrical coriductivilty type of the layer was n-type as
the illuminated voltage was more negétive than the dark. This confirms that p-type

doping of ZnO was not achieved using As™".
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Figure 5.34. Photovoltége curve of ZnO deposited with the addition of As®" to the

electrolyte, indicating n-type electrical conductivity.

5.6.2.2 Phosphorus Doped Zinc Oxide

Figure 5.35 presents the photovoltage curve of the ZnO layer deposited from the
electrolyte containing 500 ppm P>*. The electrical conductivity of the layer was n-type
as the illuminated voltage was greater than the dark. This confirms that p-type doping

of ZnO was not achieved using P°*.
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Figure 5.35. Photovoltage curve of ZnO deposited with the addition of P** to the

electrolyte, indicating n-type electrical conductivity.

5.6.2.3 Silver Doped Zinc Oxide

Figure 5.36 presents the photovoltage curve of the ZnO layer deposited from the
electrolyte containing 500 ppm Ag'. Th¢ electrical conductivity of the layer was n-type
as the illuminated voltage was more negative than in the dark. This confirms that p-

type doping of ZnO was not achieved using Ag'.
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Flgure 5.36. Photovoltage curve of ZnO deposited with the addition of Ag to the

electrolyte, indicating n-type electrical conductwlty
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5.7 Conclusions |

In conclusion i-ZnO has been electrodeposited from zinc nitrate solution at a range of
deposition voltages, vs Ag/AgCl. XRD identified the layers to be polycrystalline,
hexagonal, wurtzite ZnO although the preferential orientation varied between layers. '
The méterial was consistently n-type in electrical conductivityv and had a bandgap
energy of ~3.27 to 3.:29 eV. The electrical properties indicated the material to be highly-
 resistive haVing electrical resistiifity_ of 6.9x10° Q cm.

Certain difficulties were encountered duririg the development of ZnO that would
limit the possibility i)f scale-up at this stage. The groi)vth technique is undoubtedly
suited to scale-up as already proven in the literature for CulnSe; [Ramdani et al. 2006].
However further work is. needed to establish reprciducibility of ZnO growth from a -
nitrate preéursor. .Difﬁculties were encountered during the development of i-ZnO
particularly relating to electrolyte inconsistencies‘ in pH préventing ZnO deposition.

- This may also. be attributed to insufficient O availability from the nitrate precursor |
when the solution was 2-3 days old.

To conclude. the work on the development of ZnO:Al using electrodeposition,
polycrystalline hexagonal ZnO thin films have been prepared from Zn(NOj3), solution
containing various concentrations of AI(NO;);. The ZnO:Al doped material showed
improved electrical properties although the electrical resistivity remained relatively
high. It was not possible to deposit i-ZnO ZnO:Al onto glass/Mo/CulnSe,/CdS
structures during this research project due to reproducibility issues. To make this
method suitable for commercialisation more work would need to be carried out tb
address consistency issues mainly regarding the electrolyte conditions, including pH
and actual concentration of dopant in the solution as a function of growth time. The pH
decreased as the Al dopant solution was added to the electrolyte, below pH=5 the
solubility of ZnO is increaséd, thus inhibiting its deposition.

Comiaarison was made between properties of electrodeposited and sputtered i-ZnO
and ZnO:Al thin films. XRD patterns showed all materials to be hexagonal wurtzite
ZnO structure with similar orientation to the standard ZnO spectra. SEM showed a
considerable change in morphology; the sputtered material surface having agglomerated
nanocrystallites compared to the electrodeposited material, which had larger crystals.

The bandgap energy of all materials was between 3.27 eV and 3.45 eV.
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The mean bulk electrical resistivity of electrodgpdsited and sputtered i-ZnO was
_ 6.9x10° and 6.2x107 Q cm and decreased after Al addition to 3.4><10v5 and 2.3x10° Q cm
respectively. Although the resistivity decreased after doping for materials deposited
using both‘ techniques the lowest resistivity reborted in. the literature for sputtered.
material is considerably lower than these values.

Arsenic, phosphorus and silver were added to the ZnO electrolytes to attempt p-type
doping of ‘the material. Although XRD and dptical spectroscopy were used to
characterise the crystallographic and optical properties, it was not expected that these
techniques would demonstrate any change compared to the i-ZnO. As expected no
changes were observed and therefore the results were not included. All layers
characterised using PEC exhibited n-type electrical conductivity. It is well documented

that p-type electrical conductivity of ZnO is difficult to achieve.
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Chapter 6 Electrodeposited Copper Indium Diselenide

6.1 Introduction

The majoi'ity of literature reports the electrodeposition of CulnSe; or CulnGaSe2 -
absorber materials for solar cells from aqueous media at room temperature. The
advantages associated with the use of water include low temﬁerature deposition, low-
cost, non-toxicity of the medium and simplicity of operation. - Disadvantages include
hydrogen evolution, which may cause pin-holes, and the possibility of hydroxide
formation at the cathode. Although low temperature deposition is an advantage in terms
of cost, the crystallinity of the material is reduced, impaéting the performance of the
device. Post-deposition heat-treatment of electrodeposited layers is required before -
device fabricati'on to improve the crystallographic and electrical prdperties. The
annealing step is usually carried out in a Se atmosphere to prevent loss of Se from the -
surface of the film. The toxicity of annealing in a Se atmosphere continues to be a
drawback to the processing of CulnSe; and CulnGaSe; materials.

Use of non-aqueous media offers the possibility of alldwing higher voltages to be
appliéd without the hydrogen evolution at the cathode. Higher temperature deposition
(>85°C) is also possible, which promotes improved crystallinity of the pfe-annealed
layer. There are few reports in the literature on the use of non-aqueous media for
- electrodeposition of CulnGaSe,. Previously Bhattacharya er al. partially replaced the
water with dimethyl sulfoxide (DMSO), which is a toxic organic solvent, to overcome
this disadvantage [Bhattacharya et al. 1998]. Electrodeposition of Cu, In and Se frdm_
non-toxic ionic liquid ([BMP]T£;N) has previously been carried out by Zein El Abedin
et al. at temperatures >100°C. Little improvement in the material properties was found
despite the elevated depositioh temperature [Zein El Abedin ef al. 2007]. To the best of
my knowledge there have been no publications reporting the électrodeposition of
CulnGaSe; or CuInSez from ethylene glycol (HOCH,CH,OH) and therefore this
investigation was carried out to explore the possibility of improved structural, optical
and electrical properties of the as-deposited material. The relatively high boiling point
of 197.6°C of this medium and the relativel_y low- toxicity are deemed significant
advantages over previous publications.

Initial experiments were carried out to establish the feasibility of depositing CulnSe;
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from. ethylene glycol. For the majority of the experiments a well established molarity
often used for aqueous electrodepositioh, was implemented. Cyclic vdltammetry was
used to establish- a suitable voltage range and the structural and morphological
properties of the layers were studied using XRD and SEM respectively. XRF and EDX
analysis were used for compositional analysis of the layers. The thickness was -
measured using talysurf. In the following sections the results of growth of CulnSe;

from ethylene glycol will be presented.

6.2 Experimental Procedure
CulnSe, precursor layers were electrodeposited from an ethylene glycol solution
containing copper chloride (CuCl), indium chloride (InCls), selenium tetrachloride

* (SeCly) and lithium chloridé (LiCI). The explored molarities are presented in Table 6.1.

- Table 6.1. Precursor molarities used for eleétrodeposition of CulnSe; from ethylene

glycol. _
CuCl; (mM) | InCl; (mM) | SeCl,(mM) | LiCl (M)
Concentration 1 6.00 8.00 8.00 0.50
Concentration 2 3.00 8.00 8.00 0.50
Concentration 3 2.56 240 4.47 0
Concentration 4 2.56 2.40 447 - 0.20

The solution was maintained at 150°C (+ 2°C) throughout the deposition. Soda-lime
glass coated with FTO having sheet resistance of 7 Q/ O (supplied by Pilkington Group
Ltd.) was used as the cathode witil area 2 cm®. Prior to electrodeposition the substrates
were cleaned ultrasonically in iso-propanol, rinsed in deionised water and dried with a
- nitrogen stream. A graphite plate was used for the anode with a selenium reference
electrode (-0.40 V vs Ag/AgCl). Electrodeposition was carried out potentiostatically
using a GillAC version 4 computerised potentiostat/galvanostat.

The cyclic voltammetry study was carried out with a scan speed of 10 mV st to
investigate and optimise the growth parameters. Layers were annealed using a
Carbolite tube furnace with a central 10 cm region of guaranteed temperature. Se was
introduced into the annealing atmosphere by addition of Se pellets to the sample holding
box. The samples were loaded into the sample holding box and placed at one end of the

tube furnace. The furnace was heated to 550°C at a rate of 1°C per minute; the tube was
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evacuated and a stream of argon/5% hydrogen (Ar/5%H,) gas was passed through the
tube. - When at témperafure the sample box was positioned inside the 10 cm region for
20 minutes during which time the Se pellets evaporated. When the time elapsed the
tube was moved to position the sample box outside the region held at 550°C and left to
cool naturally. _ |

- The structural properties were investigated using XRD and SEM.‘ Compositional
analysis was carried out using EDX and XRF. The thickness was measured using a

talysurf instrument.’

6.3 Results and Discussion

6.3.1 Concentration.l

Figure 6.1 is a cyclic voltammogram of ethylene glycol at 150°C before the addition
of the pi’ecursors. The curve is featureless which suggests the electrolyte should not
present a problem during deposition in terms of any unwanted deposit. The increase in.
current density is most likely to be due to the breakdown of the eléctrolyte solution.
Any water absorbed from the atmosphere will evaporate when the solution is heated to
150°C and therefore hydrogen evolution can be eliminated.

 Figure 6.2 presents the cyclic VoltMOgram of ethylene glycol electrolyte
containing 6 mM CuCly, 8 mM InCl3;, 8 mM SeCly and 0.50 M LiCl. FTO coated glass -
substrates were connected to the cathode and the cyclic voltammogram was carried out
with a scan rate of 10 mV s™ at 150°C. _ | _

It should be notéd that electrodeposition of ternary compounds such as CulnSe; is
challenging due to the wide range of redox potentiéls of the elements. The potentials
range from +0.750 V for Se, 0.340 V for Cu and -0.34 V for In vs NHE [Lincot ef al.
2004]. |

The current density onset at 0.100 V to -0.400 V vs Se is due to the deposition of Se.
The steep increase in current density at -0.400 V vs Se is likely to be the dnset of Cu
deposition which reacts with Se to form Cu-Se;binary phases. As the depbsition voltage
becomes more negative it was expected that indium having a more negative redox
potential Will react with Cu-Se to form CulnSe; as eXplained by [Oliveira et al. 2002,
Lincdt et al. 2004]. Peak current density is reached at -0.800 V vs Se followed by a

plateau lip to -1.000 V vs Se. Another increase in current density at more negative
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\}oltages than -1.000 V vs Se is likely to be due to a similar mechanism to that already
indicated for Figure 6.1.
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Figure 6.1. Cyclic voltammogram of ethylene glycol before the precursors were added

having scan rate of 10 mV s™.
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Cathodic Voltage vs Se (V) .

Figure 6.2. Cyclic voltammogram of ethylene glycol containing 6 mM CuCl,, 8 mM
InCl3;, 8 mM SeCly and 0.5 M LiCl carried out with a scan rate of 10 mV s,
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To establish if the concentration of the precursors in the solution yield layers of
suitable composition, XRF was carried out on a series of samples deposited over the
voltage range from -0.650 to -1.100 V vs Se. Since the instrument is not calibrated, the
atomic percentages are not exact. This investigation was carried out to establish the
trend. of composition with deposition \}oltage. The XRF study of the samples deposited
from the solution containing 6 mM Cu.Clz, 8 mM InCl3, 8 mM SeCl, and 0.5 M LiCl is
presented in Figufe 6.3. The labels on the figure are used to describe the observations

after deposition, such as appearance and nature of the layers.
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Figure 6.3. XRF study of a series of CulnSe; layers deposited from ethylene glycdl
containing 6 rriM CuCl3, 8 mM InCl;, 8 mM SeCly and 0.5 M LiCl. The labels describe

the appearance and nature of the layers and the line is to indicate trend.

It was found that the Se content was almost constant for layers deposited at all
growth voltages, where-as the Cu content decreased at more negative voltages away
from the redox potential of Cu?*. The indium content Wés almost constant although it
increased at more negative deposition voltages due to the high overpotehtial. The
atomic percentages of ~10.to 12% indium are less than required for a stoichiometric
CulnSe; layer. Previous work has indicated the In content of CulnSe;, to be 20 to 30%
[Bhattacharya et al. 2005, Calixto et al. 2006].

The layers deposited at more positive deposition voltages were metallic in

appearance due to Cu richness and were highly adhered to the substrate. Usually the
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atomic percentage of Cu in the absorber layefs is around 20 to 25% as determined using
XRF [Kessler et al. 2005, Sene et al. 2008]. At more negative voltages than -0.800 V
" vs Se the layers were non-uniform, patchy and peeled on removal from the electrolyte.
When the deposition voltages were more negative than -1.000 V vs Se the layers were
powdery, non-adherent and often disintegrated after removal from the electrolyte.
Previous studies reporting working solar cell devices contained lower Cu contents than

found in this study.
6.3.2 Concentration 2

In order to reduce the | amount of Cu in the layers a second experiment was
performed, maintaining thé In and Se molarities and halving that of Cu. An XRF study
was carried out on a series of samples deposited over the voltage range.--0.6(.)0v Vo -
1.050 V vs Se and is presented in Figure 6.4. The Se content of .the' layers increased
from 60 to 70% as the Cu content decreased as a function of growth voltage. The Cu
content decreased at more negative deposiﬁon voltages from ~40 to 20% from -0.600 to
-1.050 V vs Se which is simi‘lar‘tQ the results obtained by Sene et al. [2008]. The In

‘content of the layers increased from 1 to 10% with deposition voltages of -0.600 to -
1.050 V vs Se_. Although the Cu content decreased during this investigation the In
content of the'layers was insufficient for CulnSe, absorber materials. |

As for concentration 1, similar observations were made during this study. Between - |
0.600 and -0.800 V vs Se the layers were metallic in appearance due to Cu richness and
were highly adhered to the substrate. At more negative voltages than -0.800 V vs Se the
layers were non-uniform dark and powdery and peeled on removal from the elecfrolyte.
Sene et al. previously attributed this observation to Se-rich, Cu-poor layers; indeed XRF
(Figure 6.4) indicated the Cu content decreased at more negative deposition voltages in

the present study [Sene et al. 2008].
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: Figure 6.4. XRF study of a series of CulnSe; layer deposited from ethylene glycol
containing 3 mM CuCl3, 8 mM InCl3, 8 mM SeCly and 0.5 M LiCl.

6.3.3 Concéntration 3 and 4

The fundamental difﬁculties associated with the deposition of uniform, consistent
and well adhered layers from electrolytes using concentrations 1 and 2 lead to the use of
an established precursor concentration often usedlfor aqueous electrodeposition [Calixto
et al. 2006]. An additional study was also carried out using this recipe to establish the
effect of LiCl on the composition of the layers. Concentrations 3 contains LiCl and

concentration 4 is without LiCl; the results are presented below.
6.3.3.1 Electrodeposition

Figure 6.5 presents the cyclic voltammogram of ethylene glycol electrolyte
containing 2.56 mM CuCl,, 4.80 mM InCls, 4.47 mM SeCls and 0.20 M LiCl obtained
usingvtwo different reference electrodes. FTO coated glass substrates were attached to
the cathode with a scan rafe of 10 mV s? at 25°C. The reason for this choice of
temperature was three-fold,; thé Ag/AgCl reference electrode cannot be used above
80°C and_ at elevated temperature the rate of reaction is increased causing features on

the cyclic voltammogram to deteriorate. When carried out at room temperature an
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accurate comparison with the cyclic voltammogram obtained from an aqueous solution
containing the same precursors could be made. The cyclic voltanimograms were carried-
out with respect to (a) Ag/AgCl +0.220 V vs NHE and (b) Se feference (-0.400 V vs
Ag/AgCl) electrodes as indicated in Figure 6.5. There is a voltage shift of
approximately 0.400 V between the cyclic voltammogram curves obtained using the
Ag/AgCl and Se reference electrodes. Figure 6.6 presents a cyclic voltammogram from

an aqueous system for comparison.
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Figure 6.5. Cyclic Voltammogrém curves with scan rate 10 mV s™ of (a) Ag/AgCl and
| (b) Se reference electrodes at 25°C. The cyclic voltammogram shows a shift in voltage
~ of the main peaks by 0.40 V vs Se compared to those vs Ag/AgCl reference electrode

- (arrows show direction of sweep).

The current onset of the non-aqueous system (Figure 6.5) begins at 0.10 V reaching a
peak current at 0.30 V vs Ag/AgCl cathodic voltage. Regions labelled A and C between
0.30 to 0.35 V vs Ag/AgCl and 0.75 to 0.80 V vs Se are likely to be due to the
formation of Cu-Se binary phases due to the relatively positive voltage. The prominent
increase in cathodic current density from 0.35 to 0.40 V vs Ag/AgCl (region B) and
0.80 to 0.85 V vs Se (region D) is again likely to be due to the formation Cu-Se binary
phases. According to Kemell ef al. and Kessler et al. the compositioﬁ of the layers is

controlled by the Se**/Cu?* ratio arriving at the electrode surface. However it is not
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possible to deduce from this study which partiéular Cu-Se binary phases were formed as

described in more detail in the Section 6.3.3.2 [Kemell ez al. 2005, Kessler et al. 2005].
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Figure 6.6. Cyclic voltammogram of aqueoué_ solution containing same precursor

concentrations as the ethylene glycol system for comparison.

The cyclic voltammogram from the aqueous system has a higher current density
cbmparéd to the non-aciueous system. The literature clearly describes the reaction
mechanism at regions labelled 1 to 3 in Figure 6.6 for growth from aqueous media.. The
region labelled 1 is due to the formation of CusSe; émd region‘ 2 is the reduction of
CusSe; forming Cu,Se; region 3 is due to the formation of CulnSe, with varying
composition as established by [Mishra & Rajeshwar 1989, Calixto et al. 2005]. The
cyclic voltammogram from the non-aqueous electrolyte is similar to the one obtained
from the aqueous system containing the same precursor concentration, although region
1 of Figure 6.6 is less prominent than region A in Figure 6.5.

Figure 6.7 shows the effect of temperature on the cyclic voltammogram of ethylene
glycol containing 2.56 mM CuCl,, 4.80 mM InCl;, 4.47 mM SeCl; and 0.20 M LiCl vs
Se reference electrode. The cyclic voltanimogram carried out at 25°C is the same as
Figure 6.5 and has the lowest current density. The deposition current density increases
with increasing bath temperature as indicated by the cyclic voltammogram carried out at

- 100°C and 150°C. The cyclic voltammogram at elevated temperature has fewer visible
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features due to an increase in the rate of reaction mechanism. All layers characterised in
the following sections were deposited at 150°C as this temperature gave the fastest
deposition rate due to thé'highest current density. The aim of this work was to improve
the grain size of the as-depdsited material and explore the advaﬁtages of high

temperature deposition.

150°C

-1.5 4 Cathodic Voltage vs Se (V)

Figure 6.7. Effect of temperature on the cyclic voltammogram of ethylene glycol
containing 2.56 mM CuCl,, 4.80 mM InCls, 4.47 mM SeCly and 0.20 M LiCl vs Se
' reference electrode at 25°C, 100°C and 150°C. |

Flgure 6.8 shows a typlcal thickness proﬁle obtained for CulnSe; using.a talysurf
technique, scanning over a distance of 3.5 mm. The maximum film thickness is ~1.0
* um after a deposition time of 60 minutes. .Using the Faraday relation (2.3) described in
Chapter 2 the theoretical film thickness was calculated at ~1.1 um, indicating over 90%
Faradaic efficiency for non-aqueous electrodeposition of CuInSez. An SEM cross-
section was taken for a CulnSe, layer deposited for 120 minutes and is presented in
Figure 6.9. The thickness was determined at ~2.0 pm which suggests the deposition

rate did not decrease significantly with time.
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Figure 6.8. Thickness measurement of CulnSe; using talysurf showing the film to be

~1.0 pm after deposition for 60 minutes.’

Figure 6.9. SEM cross-section of a CulnSe; layer deposited for 120 minutes, having a

thickness of 2.0 pm.
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6.3.3.2 X-Ray Diffraction as a Function of Growth Conditions

.The XRD spectra presented in Figure 6.10 are for layers deposited from ethylene
glycol containing 2.56 mM CuCl,, 4.80 mM InCl; and 4.47 mM SeCly without LiCl.
The layers were deposited at (a) -0.850, (b) -0.900, (c) -0.925, (d) -0.950 and (e) -1.000
V vs Se. The spectra clearly indicates all materials are polycrystalline and appear
similar. It is interesting to note that all peaks were identified to be tetragonal copper

selenide (Cu3Se;) when deposited from the above solution in the absence of LiCl,

regardless of the deposition voltage.
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Figure 6.10. XRD spectra of layers electrodeposited at (a) -0.850, (.b) -0.900, (c) 0.925,
(d) -0.950 and (e) -1.000 V vs Se from 2.56 mM CuCl,, 4.80 mM InCl; and 4.47 mM

SeCl, without LiCl; all spectra were identified to be tetragonal CuzSe;. -

Table 6.2 presents the XRD data compared to the standard data for tetragonal CuzSe;
obtained from the online Daresbufy Chemical Database Service [Milman 2002]. Peaks
arising from the FTO coated substrate are indicated by an asterisk (*). The average
grain size was calculated using the Scherrer relation (2.5) at 22 nm. The lattice
parameters were calculated for tetragonal Cu;Se; using the tetragonal d-spacing
equation 2.7 in Chapter 2, at a=6.425 A and c=4.334 A, which are clos¢ to the standard
values of a=6.402 A and c=4.279 A [Milman 2002]. The difference in parameters may
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be due to lattice strain or due to the experimental error in standard and observed d-

spacing.

Table 6.2. XRD data representative of all XRD spectra presented in Figure 6.10.
Layers were deposited from ethylene glycol containing 2.56 mM CuCl,, 4.80 mM InCl;
and 4.47 mM SeCly without LiCl and were identified to be from tetragonal CusSe;.

20 (deg.) d-Spacing () Miller Indices | Compound
. Standard  Observed | Standard Observed (hkD) _

27.84 27.97 3.212 - 3.190 (200) | Cu;Se;
28.67 29.04 3.115 3.075 (111) Cu;Se;
3791 - 37091 2374 2373 (200) Sn0O,

46.94 46.44 1.936 1.956 (112) Cu;Se;
47.58 . 47.84 1.911 1.902 (301) CusSe;
51.96 51.59 1.760  1.772 @11 SnO,

55.09 55.29 1.662 1662 _ (136)> Cu;Se;
5596 55.86 1.642 1.648 (321) CusSe;

- XRD of the layers deposited from the electrolyte containing 0.2 M LiCl, indicated in
Figure 6.11, show a different story to Figure 6.10. All layers indicated in Figures 6.10
and 6.11 are as-depositéd. The layers were electrodeposited at (a) -0.850, (b) -0.900, (c)
-0.925, (d) -0.950 and (e) -1.000 V vs Se. '
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Figure 6.11. XRD épectra of material electrodeposited at (a) -0.850, (b)' -0.900, (c) -
0.925, (d) -0.950 and (e) -1000 V vs Se reference electrode, with the addition of 0.2 M
LiCl to the solution. All peaks were identified to match closest to tetragonal CulnSe,.

Table 6.3. XRD data representative of all XRD spectra presented in Figure 6.1 1,
obtained from the XRD study of layefs electrodeposited from ethylene glycol solution
. containing 2.56 mM CuCl,, 4.80 mM InCls, 4.47 mM SeCly and 0.2 M LiCl. All peaks

were identified to match closest to tetragonal CulnSe;.

20 (deg.) d-Spacing (4) Miller Indices
Standard Observed | Standard - Observed (hkl)
26.65 26.65 3.349 3.352 (112)
44.28 44.48 2.041 2.037 (220)
5243 5241 1748 1746 | (12)

There is little apparent variation in the XRD spectra asa function of growth voltage.
It is clear the addition of LiCl signiﬁcantly altered the compound formed at the cathode.
This confirms the function of LiCl as a supporting electrolyte to aid the availability of
free In** and deposition of CulnSe,. Without LiCl in the electrolyte indium did not
deposit as indicated by Figure 6.10. When LiCl was present in the solution indium
deposited and CulnSe; formed (Figure 6.11). It is known that LiCl is effective in aiding

" CulnSe; electrodeposition the exact mechanism remains unknown.

141



Table 6.3 indicates all peaks were identified to match closest to the tetragonal
CulnSe; phase, compared to the standard data obtained from the Daresbury Chemical
Database Service [Schorr & Geandier 2006]. The average grain sizé for CulnSe; was
calculated at 5.0 nm using the Scherrer relation (2..5), which is one order of magnitude
less than the value calculated for CusSe;. The ﬁanocrystalline nature of the layers is
unexpected considering the elevated solution temperature of 150°C. The broad width 6f
the peaks suggests that the material is comprised of a mixture of compounds including
CulnSe; and secondary Cu-Se binary phases [Mullan CA 1997, Lincot et al. 2004,
Kessler et al. 2005,]. , | ' |

It should be noted that the XRD peaks match with numerous standard data files
which overlap for CulnSe; and several Cu-Se binary phases. The broadness of the XRD
peaks indicates low crystallinity and a mixtﬁre of compounds of CulnSe; and other Cu- .
Se binary phases. This is a drawback of the XRD techniqué for anafysis of single
compounds. Chassaing ef al. also observed the XRD analysis was not .straightforward
reporting a variation in composition with deposition voltage [Chassaing et al. 2008].
Figure 6.12 and 6.13 illustrates the similarity in peak position of CulnSe, and Cu-Se

‘ binéry phases from standard data files making identification of single phases difficult.

- The laftice parameters for CulnSe; were calculated using the tetragonal d-spacing
equation describ¢d in Chapter 2 '(2.7). The values of a=5.795 A and c=11.655 A are
close to the standard values of =5.851 A and ¢=11.726 A obtained from the Daresbury
Chemical Database Service [Schorr & Geandier 2006]. Table 6.4 presents the standard
XRD data corresponding to Figure 6.12, which has been expanded between 26=24-29°
to produce.Figure 6.13.
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Figure 6.12. Standard XRD data for CulnSe; and Cu-Se binary phases.
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Figure 6.13. Expansion of standard XRD spectra presented in Figure 6.12 for CulnSe,

and Cu-Se binary phases indicating the similarity in peak position of each compound.
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Table 6.4. Standard XRD data of CulnSe; and Cu-Se binary compounds indicating the

similarity in the peak position.

20 (deg.) | d-spacing (A) | (hkl) | Compound Reference
26.36 3.380 (112) CulnSe, Schorr & Geandier (2006)
26.83 . 3.322 (111) .| CuysSe Skomorokhov et al. (2006)
26.54 3.358 (11D Cu,Se Machado et al. (2004)
26.73 3.334 (111) | CusSe Machado et al. (2004)
26.81 3.325 (111) Cu;g3Se” Bikkulova et al. (2003)
26.55 3.357 (101) CuSe Milman (2002)
25.03 3.557 (101) Cu;Se, Milman (2002)
27.87 3.201 (200) Cu;Se, Milman (2002)
28.70 3.114 (11D CusSe, Milman (2002)

6.3.3.3 Xéray Diffraction as a Function of Annealing Temperatures

_The effect of annealing on the XRD spectra of CuInSéz has been investigated to
assess the change in crystallégraphic properties. Figure 6.14 demonstrates the changev
in XRD spectra of a layer deposited at -0.900 V vs Se for (a) as-deposited and (b)
annealed CulnSe, with annéaling conditions of 450°C for 20 minutes in'a Se
atmosphere. Table 6.5 presents the XRD data representative of both spectra. The
broader peaks of the as-deposited XRD indicate a mixturé of compounds are likely to be
present in the layer which cannot be distinguished as discussed in Section 6.3.3.2. The
increase in intensity of the peaks iridicates the material has become more ordered and
preferentially orientated in the (112) plane. The reduction of the FWHM corresponds fo
an increase in grain size which increased by a factor of 4, as confirmed by the Scherrer

relation as presented in Table 6.6.
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Figure 6.14. XRD spectra of (a) as-deposited and (b) annealed CulnSe;
electrodeposited at -0.900V vs Se.

Table 6.5. XRD data of as-deposited and annealed CulnSe, électrodeposited at -0.900

V vs Se.
20 (deg.) d-Spacing () | Miller Indices Co;npound.

Standard Observed | Standard Observed (hkl)

. 26.65 26.72 3.342 3.337 (112 CulnSe,
37.84 38.13 2.357 2.360 (200) SnO,
4428 . 4433 2.044 2.044 (220) CulnSe,
52.43 5248 | 1.744 1.744 (116) CulnSe,
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Table 6.6. Variation of grain size before and after annealing for CulnSe;, determined
‘ using the Scherrer relation. | |
Material FWHM (deg.) | Grain Size (nm)

As-deposited | . 2.14 4.0
Annealed -0.51 16

The effect of the annealing temperature on the CulnSe; XRD spectra was
investigated. Figure 6.15 indicates the peak intensity increased sequentially for layers
annealed at (a) 350, (b) 450, (c) 550 and (d) 650°C for 20 minutes in a Se atmosphere.
It ié clear from the XRD spectra the peak intensities increased as a function of annealing
temperature, indicating improved crystallinity of the material. The annealing stage is an
essential step to improve the material properties. When the grain size increases the-
number of grain boundaries decreases, reducing the defect density. As indicated in
Figure 6.13 it is difficult to distinguish between CulnSe; and CuSe. It is likely the
peaké in Figure 6.15 are reflections from both CulnSey and Cu-Se binary phases; the

peak arising from the SnO, substrate is labelled with an asterisk
*). B
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Figure 6.15. XRD diffractogram of CulnSe; or Cu-Se binary phases electrodeposited at
-0.900 V vs Se and annealed for 20 minutes at (a) 350, (b) 450, (¢) 550 and (d) 650°C,

indicating improved crystallinity.
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Table 6.7 pfeSents the XRD data obtained frorﬁ this study. TheFWHM decreased
with increasing' anneaiing temperature with a concomitant increase 1n graih size as
* demonstrated by Table 6.8. Although the highest annealing temperature of 650°C
produces the most crystalline material it was often observed the material did not
‘withstand the highest temperatures and deteriorated, a loss of material was apparent by
disintegration and peeling. It was concluded that 450°C improved the crystallinity and
did not deteriorate the material as severely, therefore this temperature was chosen for

subsequent annealing of the layers.

Table 6.7. XRD data representative of tetragonal CulnSe; electrodeposited at-0.900 V
vs Se and annealed for 20 minutes at different temperatures as indicated by Figure 6.15,

- data representative of all spectra.

20 (d.veg.) ‘ d-Spacing (A) Miller Indices |  Compound
Standard Observed | Standard Observed (hkl)
2665 26.54 3.342 3.359 - (112) CulnSe; or Cu-Se
3791  37.84 2.357 2.378 - (200) SnO,
44.28 4421 2.044 2.049 (220) CulnSe, or Cu-Se
52.43 5237 | 1744 1.747 (312) CulnSe; or Cu-Sé

Table 6.8. Variation of FWHM and grain size of CulnSe; as a function of annealing

temperature for a duration of 20 minutes.

.Annealing Temperature (°C) | FWHM (deg.) | Grain Size (nm)
350 : - 0.71 ‘ 11 -
450 052 | 16
550 042 19
650 - 0.40 20

Complexities encountered during annealing made the processing “of the CIS
extremely difficult. The sequence of sample loading, heating and gas introduction
caused a large temperature gradient on the furnace tube and cracking. Often adequate
tube sealing was not established which prevented the vacuum production. Although the .
sample box was positioned outside the 10 cm temperature region heating of the sample
during ramp up and ramp down was unavoidable, causing an over aggressive conditions
and film sublimation. A more rapid ramp-up rate cau_sed thermal shock to the tube due

to the temperature gradient. A longer tube would have meant the sample could have
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rémainéd at room temperature until the furnace had reached 550°C although this was
logistically impossible as the furnace needed to be under extraction and would not -have
fitted in the fume hood and again the tube would have suffered from thennal shock.
Theée factors often resulted in partial or total sublimation of the layérs and Se leakage

from the furnace on cool down.
6.3.3.4 X—ray Fluorescence as a Function of Growth Conditions

An XRF study was cérrie& out on a series of samples deposited from ethylene glycol
containing 2.56 mM CuCl,, 4.80 mM InCl; and 4.47 mM SeCl, both with and without
0.2 M LiCl. The variation in composition with and without LiCl is demonstrated in

- Figure 6.16. ‘ There is little variation in composition as a function of growth voltage as
the trend is relatively uniform. It is clear from the ﬁgnre there is a distinct change in the
compoéition of the layers'when LiCl was added fb the electrolyte. The amount of
indium and copper in the layers increases with the addition of LiCl. Indium increased
from 2 to 7% with LiCl, although this remains inadequate as 20-30% In is required for
working devices. The percentage of Se present in the layefs decreased when LiCl was
present in the electrolyte from 72 to 68%. The use of LiCl is well established in
electrochemistry and is used as a supporting electrolyte, although the exact mechanism

remains unclear [Calixto et al. 2006].
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Figure 6.16. XRF of a series of layers deposited from ethylene glycol containing 2.56
mM CuCl,, 4.80 mM InCl; and 4.47 mM SeCl, both with and without 0.2 M LiCl.

6.3.3.5 Energy Dispersive X-ray Analysis

EDX analysis was used to determine the bulk cofnposition of the CulnSe; layers.
The EDX analysis of the layer deposited at -0.800 V vs Se, presented iﬁ Figure 6.17 (a),
identified the characteristic peaks of Cu and Se with a small In peak. The EDX of .
' leyers deposited at both -0.950 and -1.000 V vs Se were the same indicating Cu, In and
Se to be present in the bulk as presented in Figure 6.17 (b). The Sn, O and Si peaks

arise from the SnO,-coated glass substrate.
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Figure 6.17. EDX analysis of layers deposited at 150°C at (a) -0.800 V vs Se indicating
the presence of Cu In and Se in the bulk of the layer, (b) more In is incorporated into the

layer with more negative deposition voltages of -0.950 and -1.000 V.

6.3.3.6 Scanning Electron Miéroscopy

SEM was carried out on selected layers in order to investigaté the surface
morphology. Figure 6.18 (a) presents the surface of the annealed layer deposited at -
0.800 V vs Se is compfised o‘f cauliflower shaped aggiomcrates around 1.0 um in size
with individual crystallites ~10 to 20 nm in size as indicated by the inset (Figure 6.18a).
Similar morphology has previously been observed by [Oliveira et al. 2002, Calixto et
al. 2006, Kois et al. 2006, Ihlal er al. 2007, Chassing et al. 2008]. According to EDX
these structures contain Cu, In and Se elements insinuating CulnSe; formation although

XRF suggests the presence of only 7% In at this growth voltage.
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SEM of the layer deposited at -0.950 V vs Se is presented in F iguré 6.18 (b) showing
a different IInorphology. compared to the film deposited at -0.800 V vs Se. The
formation of larger crystallites is apparent with smoother appearance which may
suggest a change in composition. The épparent crystallité size is around 0.5 to 1.0 pm.
Figure 6.18 (c) presents the SEM image of the layer deposited at -1.000 V vs Se which
has crystallite size of 0.2 to 0.5 pm with additional surface objects around 1.0 um in

size. Figure 6.18 (d) presented the enlarged SEM image of the layer shown in 6.18 (c).

Figure 6.18. SEM Ihicrographs of the layers electrodeposited from ethyléne glycol at
150°C at voltages of (a)v-0.800, (b) -0.950, (c) and (d) -1.000 V vs Se.

6.4  Discussion

This investigation was carried out to -evaluate the possibility of producing CﬁInSez
precursor layers with improved crystallinity and properties compared to those grown at
room temperature. Advantages include the possibility of reduced post-deposition
processing such as lower temperature Heat treatment and/or time. Various fundamental
difficulties were encountered during the investigation leading to limited success of the
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electrodepdsition of CulnSe; from this medium. Although more than one precursor
molarity was investigated this had little effect on the quality of the deposited material.

The initial reagent concentration 1 produced layers with excessive.Cu as identified
by XRF. The concentration of CuCl, reagent was halved and the XRF confirmed a
concomitant reduction of Cu at% in the layers. Difficulties were encountered to obtain
reproducible layers using concentrations 1 and 2. Layers deposited at relatively positive
voltages between -0.600 and -0.800 V vs Se were metallic in appearance. XRF
confirmed this material to be mainly comprised of Cu and Se, with 1<In<10 at%. At
more negative deposition voltages between -0.800 V and -1.000 V vs Se the deposits
were powdery/sludgy and rarely adhered to the substrate. .

Concentration 3 and 4 were invéstigated, concentration 4 has previously been used
for deposition of CulnSe; from aqueous medium producing device efficiencies of 6.2%
[Calixto et al. 2006]. Layers were deposited from the solution both with (concentration
4) and without the presence of LiCl (concentration 3). Comparing the XRD and XRF
investigations of the layers with and without LiCl indicated a significant change in the
material pr.o'pertievs. Both XRD and XRF indicated a much lower content of In in the
layer deposited in the absence of LiCL. The XRD of layers deposited from solution
containiﬂg LiCl indicated the formation of a different compound, matching closely to
CulnSe, with secondary Cu-Se binary phases present. The In content in the layers
remained insufficient for device fabrication after LiCl was added to the solution EDX
agreed with the XRF investigation identifying the presence of In in the layers dep031ted
at -0.800, -0.950 and 1.000 V vs Se.

Difficulties were encountered when identifying the XRD peaks as numerous standard -
files have d-spacing which overlap making identification of single phases challenging.
Broad peaks indicate a low 4degree if crystallinity and small grain size and it was
envisaged that a mixture of compound of CulnSe; and secondary Cu-Se binary phases
existed in the layers. - After anneaiing the peak intensity increased and FWHM
decreased indicating én increased degree of crystallinity and largef grain size.

Other difficulties were encountered during the annealing stage. A range of annealing
temperatures was e).cplored between 300 and 650°C. The annealing"temperature was
optimised at 450°C, above which the material often disintegrated and | partiélly
sublimed. Previous reports in the literature have suggested 450 to 550°C to be required

for the recrystallisation of CulnSe; to occur [Lincot et al. 2004].
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Further work would be needed to produce material of suitable quality for device
fabrication from ethylene glycol. Dilring this invéstigation no noticeable improvements
~ were obseﬁed compared to layers deposited from aqueous solution in ouf laboratory. 1
would not recommend the use of this medium for further investigations and do not
Aenvisage that the non-aqueous growth route has a large amount of potential for the
future dévelopment of CIS. Growth at 150°C did not improve the properties of the
material. Due to the time-scale and deadlines stipulated by the funding body this work
was .suspended in favour of development of CdTe absorber materials. Being a binary
semiconductor it is well known the electrodeposition of CdTe is simpler to form and a
suitable material for device fabrication compared to ternary compouhds such as CulnSe;

[Lincot et al. 2004].

6.5 Conclusions

In conclﬁsion ethylene glycol was used to electrodeposit CulnSe; with additional Cu-
Se binary p.hases.' The as-deposited material exhibited low-crystallinity as identified by
: XRD despite the elevated growth temperature of 150°C and thus required heat-
treatment. The broad nature of the XRD peaks before and after annealing indicated the
layers were comprised of multiple phases. It was confirmed that LiCl was required to
aid the déposition of In as indicated by the XRF study, which identified the In content to
increase at more negative deposition voltages. The quantity of In remained insufficient -
despite the presence of LiCl. The layers deposited at more positive deposition voltages
were metallic and mainly Cu-Se binary phases. At more negative deposition voltages |
the formation of CulnSe, was confirmed although above -1.000 V vs Se the layers were
often powdery and disintegrated on removal from the electrolyte. ’ ‘There were no
noticeable improvements in the CulnSe, layers deposited from ethyleﬁe, glycol
compared to reports from aqueous media; which is less toxic and lower cost, therefore

electrodeposition from aqueous solution is preferable.
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Chapter 7 Electrodeprosited Cadmium Telluride

7.1 Introduction |

The majority of literature reports the electrodeposition of CdTe from aqueous media
at elevated temperatures of between 60 to 85°C. Aqueous solution provides a low-cost
medium for growth although the disadvantage is the low solubility of tellurium dioxide
(TeO,) which is known to control the rate of CdTe deposition. Use of CdTe absorber
materials for solar cell devices is already proven technology with the production of 0.90
m? 10.4% efficient solar panelsbby BP Solar Ltd. [Cunningham 2002].

The development of CdTe absorber materials in this project. was carried out with the
aim of producing a working solar cell device. - Cyclic voltammetry was used to establish -
a suitable growth region and layers were characterised using XRD, SEM, optical
spectroscopy and PEC. Devices were produced and tested using I-V measurements.
* The results of CdTe thin film characterisation and device measurements are presented in

the following sections. .

7.2 Experiinental Procedure

Cadmium sulphide substrates deposited using CBD onto FTO were annealed in air
for 20 minutes at 450°C. The surfaces were etched in glacial acetic acid for 3 minutes
to remove su;'face oxides and rinsed in deionised water. Cyclic voltammetry and film
growth were carried out using a GillAC computerised - potentiostat/galvanostat
instrument. Deposition was carried out potentiostatically'in'a three-electrode cell with a
graphite plate counter electrode and saturated calomel reference electrode (SCE), with
~ cadmium chloride (CdCly) solution instead of potassiufn chloride (KCI) solution.

The 150 ml of electrolyte contained 0.8 M cadmium sulphate (3CdS04.8H,0), 600
ppm CdCl; and <50 ppm TeO,. The pH of solution was adjusted to pH~2.00 using
sulphuric acid (HZSlO4). The electrolyte was purified at -0.600 V for 100 hours before
film deposition. Although the salts used were 99.999% pure this purification stage was
used to remove contaminants by applying a more positive deposition voltage than used
to deposit CdTe. The temperature was maintained at 85°C throughout the experiments
unless otherwise st-ated. A magnetic stirrer follower was used to enhance the deposition -
of Te, which is controlled by mass transport. All CdTe layers having area 2x3 cm? were
deposited from the. same Cd solution and Te was replenished as required. The Te was
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added using a célibrated pipette from a solution containing 50 ppm TeO, when the
current density dropped below 150 pA cm™. '

Layers were annealed in a Carbolite furnace ih air atmosphere at 'vario.us
temperatures as indicated in Section 7.3.2. The layers were annealed in air atmosphere
for 20 minutes at 450°C before etching in a diluted potassium dichromate (K2Cr207)
solution, for 10 seconds to oxidise the surface, followed by reducing etch of 0.1M
NaOH and 0.1IM Nazszbg;SHZO, for 2 minutes to remove excess oxide from the surface
[Dharmadasa 1989, FSAobiesierski 1988]. An array of electrical contacts was evaporated
through a mask using Cuw/Au with area 0.031 cm? (2 mm diameter contacts). The layers
were studied using XRD, SEM,. optical spectroscopy and I-V measurements were madé

of devices using a fully automated system. .

7.3 Results and Discussion - Materials‘Prboperties

7.3.1 Electrodeposition

The cyclic voltammetry of the aqueous solution containing 0.8M of 3CdS0O4.8H,O

" and 600 ppm CdCl, was carried out to determine the effect of the applied voltage on the
' depésition of Cd**. The cyclic voltammetry investigation was carried out uéihg a CdS
substrate at 85°C with scan rate 10 mV s™'. The cyclic voltammetry presented in Figure

7.1 is featureless in the forward sweep direction. It was éXpeéted the current density

would remain low and constant until the deposition voltage of Cd** was reached (-0.643

V vs SCE). The current density remained constant at <0.05 mA cm? a small increase

in current density was observed bétween 0.600 to 0.750 V vs SCE cathodic voltage,

attributed to the deposition of elemental Cd. The steep increase in current density

between 0.750 and 1.000 V \}s. SCE cathodic voltage was attributed to hydrogen

evolution at the cathode and metallic Cd deposition. The large anodic peak between

0.400 and 0.650 V vs SCE is due to the stripping of elemental Cd deposited in the

forward direction.
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Figure 7.1. Cyclic voltammogram of aqueous solution Containing 0.8M 3CdS048H,0
and 600 ppm CdCl,. The arrows indicate the direction of the voltage sweep with scan

rate 10 mV s\,

The cyclic voltammetry taken after the addition of TeO, to the aqueous solution
containing 0.8M 3CdSO4.8H20 and 600 ppm CdCl, ispresented in Figure 7.2. When
-added to the electrolyte it is known that TeO, reacts with water to produce HTeO,
[Meulenkainp & Peter 1996]. On'ap-plication of 0.296 V vs SCE, Te is released from
HTeO, and deposits' at the cathode via reaction 3.9, described in Chapter 3. It was
envisaged the cyclic voltammetry of this solution would present more features
compared to Figure 7.1, due to the reaction of Te with Cd forming CdTe.

The current density onset at -0.10 V reéching a peak at 0.080 V vs SCE cathodic
voltage is due to the reaction of HTeO, Vforming Te. The current density increases
between 0.150 V reaching another peak centred at 0.200 V vs SCE attributed to the
underpotential deposition of Cd** which gains the free energy released from Te
deposition forming CdTe + Te. The plateau reached between 0.250 and 0.500 V vs
SCE is diffusion controlled deposition associated with the reaction of Te and hence
formation of CdTe + Te. In this voltage region, applying a more negative growth
voltage has no effect on the current density. 'Between 0.500 and 0.600 V vs SCE the
doublet peak was expected to be due to the formation of CdTe as the voltage is closer to

elemental Cd deposition. It was verified by XRD' this material was Te-rich CdTe
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denoted by the presence of a Te peak. The plateau reached between 0.600 and 0.690 V
vs SCE was attributed to CdTe formation as established and described in the material

characterisation and device fabrication sections.

| Current Density (mA cm'z)

".0.8 -~ Cathodic Voltage (V) vs SCE

Figure 7.2.- Cyclic voltammogram of aqueous solution containing 0.8M 3CdS04.8H,0,
600 ppm CdCl; and <50 ppm TeO,. The arrows indicate the direction of the voltage

sweep.

The solubility of TeO, is dependent on the solution pH and according to Duffy et al.
~has a sblubility of 6.5x10™ mol d'm'3 at pH=1.4 and 85°C [Duffy et al. 2000].
According to Barker et al. the Te content in the electrolyte was 50 ppm during |
deposition of CdTe for the BP solar Apollo project. During the present investigation 50
ppm TeO, was added to 50 ml of the electrolyte and the pH adjusted to 2.33. Initially 5
ml of this solution was added to the electrolyte to form a background level of TeO,.
The current dénsity was monitored during growth of each layer and 1 ml of the TeO, -
solution added if the current dehsity decreased below 150 mA cm™. Barker ef al. noted
 the current density at 150 mA cm™ and the formation a 2 um thick layer after 8 hours of .
growth [Barker ef al. 1995]. '

The pH of the solution was monitored throughout this investigation and is plotted
against growth voltage (Figure 7.3) identifying the pH of the solution for each sample.
It should also be noted the layers were deposited sequentially with increasing voltage.

" The irend_ of the curve indicates the solution did not alter significantly over time.
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Figure 7.3. pH of the electrolyte at the beginning of growth of each CdTe léyer,

deposited sequentially from less to more negative voltage.

An SEM cross-section was taken for a CdTe layer deposited for 8 hours to estimate
the thickness and is presented in Figure 7.4. The thicknes§ was determined at 1.0 pm as
indicated in the figure, which suggestsb the deposition rate was not as rapid as expected
or as reported by Barker ef al. [1995]. The Faraday relation was used to estimate the
layer thickness using the electrodeposition data. The thickness was determined at 1.3
pm after growth for 8 hours and assuming the density of CdTe at 5.80 g cm™ [Lide
2005]. This indicates a Faradaic’ efficiency of 0.76. |

Figure 7.4. SEM cross-section of CdTe deposited for 8 hours indicating é thickness of

1.0 pm.
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7.3.2 Optirﬁisation of Heat-Treatment

A key processing step for glass/FTO/CdS/CdTe is the heat-treatment stage to

improve the crystallographic and electrical propei'ties of the CdTe. Heat-treatment
increases the grain size, reduces grain boundaries and the deféct density which in turn
increases the device parameters. The annealing stage for CdTe was carried out using a
Carbolite furnace in air atmosphere. This was a much simpler method compared to the
procedure required for annealing CIS. As already discussed in Section 6.4 difficulties
associated with the annealing procedure for CIS were not solved during this research.
One difficulty associated with ann¢a1ing glass/FTO/CdS/CdTe structures is the need to -
maintain the temperature at or below 450°C to prevent CdS from being destroyed.
" . Numerous heat-treatment experiments were carried out before an optimﬁm process
was established for annealing CdTe. Table 7.1 to 7.10 summarises the range of
experiments that were conducted, exploring different temperatures and time periods for
heat-treatment. The initial gnnealing trials were carried out on CdTe plates 10x10 cm?
suppiied by Ionotec Ltd. These 'samplés were chosen for these experiments as they
could be cut into several pieces for direct comparison of the annealing conditions. The
general method used for all annealing trials was to first heat the furnace to the required
temperature beforé placing the layers inside. When the time period had elapsed the
layers were removed from the furnace and left to cool down naturally.

Table 7.1 presents the initial annealing experiment carried out on CdTe layers
supplied by Ionotec Ltd. A strip 2x1 cm® was cut from a 10x10 cm? plate (deposited at
-0.650 vs SCE), cut into six and heat-t_réated at one of the temperatures indicated in the
Table 7.1 for 15 minutes in an air atmosphere. During this initial experiment the CdTe
completely sublimed either as the temperature was too high or time period too lengthy.
Another factor to consider is the quality of the material. If the material has a strongly
bonded CdTe crystal structure and is highly adhered to_the substrate it should withstand
these temperatures and time as reported several times in the literature [Barker et al. _

11995, Lapiller ef al. 2000].
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Table 7.1. Temperatures used for heat-treatment of CdTe layers taken from a strip
cut from a 10x10 cm? plate and cut into six pieces. The layers were annealed for 15

minutes, (experiment 1 Ionotec samples).

Temperature (°C) Comment
- 350 Layers Destroyed
370 Layers Destroyed
390 | Layers Destroyed
410 Layers Destroyed
430 Layers Destroyed
450 Layers Destroyed

The lowest temperature in the first annealing experiment was 350°C which destroyed
the layer. The temperature range was reduced for the second experiment between 300
and 410°C as indicated in Table 7.2 and the time remained consfant at 15 minutes. As
for experiment 1, a strip 2x1 cm® was cut from a different 10x10 cm? CdTe plate
supplied by Ionotec Ltd., deposited at -0.650 V vs SCE. All layers survived the heat-
treatment and were etched before evaporation of metal contacts. The I-V characteristics
of all layers were measured and are presented ih Table 7.2 together with the annealing

temperatures of each layer.

Table 7.2. Temperatures used for heat-treatment of CdTe layers taken from a strip cut
from a 10x10 cm? plate and cut into six pieces. The annealing time was 15 minutes,

(experiment 2, Ionotec samples).

Temperature (°C) Voo (mV) Jsc (MA cm'z) FF
300 , 200 032 0.28
320 300 0.32 0.29
340 200 0.32 0.28
360 | 300 0.32 0.29
380 150 . 0.32 0.26
410 ohmic - -

All devices excepf the one annealed at 410°C had similar V,. between 150 to 300
mV and the same current density of 0.32 mA c¢m™. The ohmic behaviour of the device
heat-treated at 410°C was attributed to excessive temperature or annealing time, or non-
uniformity over the plate. Some anhealiﬁg temperatures in experiment 1 and 2 overlap

and indicate contradictory results. This irregularity may be attributed to varying
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material quality; the layers annealed in the second experiment were likely to have
~ stronger adhesion to the substrate. ' '

Several annealing ekperiments Weré subsequently conducted varying either the
annealing temperature or time period as indicated by Table 7.3 to 7.7. For annealing
; expei*iments three to seven layers with areas of 3x4 cm?, were cut into several pieces to
ensure comparative results. The layers were deposited with growth voltége between -
0.610 to -0.635 V vs SCE. Each set of heat-treatment results was considered before the
-next annealing experiment was planned to optimise the outcome.

-The layers used for all subsequent annealingvtrials were deposited in the laboratory at
_Sheffield Hallam University (SHU), at different voItages. Experiment 3 used material
deposited at -0.620 V vs SCE, Table 7.3 indicates .the materials did not withstand
| temperétures above 370°C and were either destroyed or the devices were ohmic. A
. similar situation was observed for layers deposited at -0.635 V vs SCE and annealed .
| With conditions described for experiment 4 in Table 7.4. = At higher temperatures of

360°C and above the devices were ohmic or the layers were destroyed.

Table 7.3. Temperatures used for heat-treatment of CdTe layers for 15 minutes,

(expériment 3 SHU samples).

Temp (°C) | V,. (mV) | J. (mA cm?) FF
350 400 7.0 0.30
370 ohmic - -
390 destroyed - -

(experiment 4, SHU samples).

Table 7.4. Temperatures used for heat-treatment of CdTe layers for 15 minutes,

_Temp (°C) | Vo (mV) | Ji (mA cm?) FF
- 320 100 32 0.25
340 180 3.2 0.26

360 ohmic - -

380 ‘destroyed - -

Layers destroyed during annealing had either partially or completely sublimed from
The ohmic

behaviour of devices indicates the metal contact covered a pin-hole and shorted or the

the substrate, indicating either poor adhesion or weak crystallinity.

material wasn’t semiconducting either due to the growth conditions or  partial

sublimation during heat-treatment.
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The time period used during annealing was vari'ed’ and results are presented in Tables
7.5 and 7.6. Table 7.5 indicates the variation in device parameters with increasing
annealing time at atempérature of 390°C. The layers for experiment 5 were deposi_tedv ‘
~ at -0.650 V vs SCE.'V All layers were destroyed during the heat-treatment and therefore
metal contacts could nbt be made. Sublimation of the material may be due to over
exposure or high temperature. |

For experiment 6 the layers were annealed at 340°C and time range was reduced.
'The layers were deposited at -0.635 V vs SCE for experiment 6. After annealing for 35
minutes the la}?er had sublimed indicating the heat-treatment was too long. Layers
annealed for 15 and 25 minutes survived the annealing and metal contacts were made.
The device parameters are indicated in the Table 7.6 from which it is clear the shorter
annealing period yielded improved results. The annealing time period for experiment
- five and six overlap and the latter produced working devices. This discrepancy is likely |
to be due to improved materiai properties which withstood the heat-treatment. Factors
influencing the material properties of the layers were expected to be the growth voltage,
which influences the composition of the material and the Te concentration in the

solution.

Table 7.5. Annealing times used for heat-treatment of CdTe layers at 390°C,
(experiment 5, SHU samples).

Time (mins) | Comment
15 Layers
20 pin-holed
30 for all
45 . annealing
50 A times
60

Table 7.6. Annealing temperatures used for heat-treatment of CdTe layers at 340°C,
(experiment 6, SHU samples).

Time (mins) | V.. (mV) | J.(mA cm?) FF
15 400 2.9 030
25 100 | 2.4 0.26
35 Destroyed - -

Experiment 6 indicated annealing for a shorter period of time improved the device .

performance. According to [McGregor 1999] the optimum annealing time for CdTe

162



was 12 minutes. Taking this into consideration together with the- poor adhesion and
apparent crystallographic weakness (sublimation’ occurred for most annealing
experiments) the minimum annealing time period was reduced. ‘Table 7.7 indicates the
annealing times for experiment 7 carried out at 390°C. A marked improvelhent in the
device parameters was observed with annealing times of 5, 6, and 7 minutes. The
current density was highest for the shorter times of 5 and 6 minutes although the open

circuit voltages were similar.

Table 7.7. Times used‘for heat-treatment at 390°C of CdTe layers deposited at -0.620 '
'V vs SCE, (experiment 7, SHU samples). - '

Time (mins) | V.. (mV) J.. (mA cm) FF
5 350 8.0 0.36
6 400 80 - 038
7 400 4.8 0.35

To test the reproducibility of the anneéling time periods indicated in Table 7.7
several experiments were carried out. The device parameters of these experiments are
presented ianables 7.8 to 7.10. The annealing tempefature was maintained at 3.90°C
for experiments 8 to 10. It is clear from Tables 7.8 to 7.10 that annealing for shorter
- periods of time prevents the sublimation of the CdTe from the substrate. The layers
annealed during experiment 8 were deposited at -0.620 V vs SCE and produced the
highest current density of J,=10 mA cm™ after annealing for 6 minutes.

The layers annealed during experiment 9 were deposited at -0.640 V' vs SCE and
indicated the highest device parameters after an annéalfng time period of 6 minutes, in
agreement with experiment 8. The high J;. indicates a reduction in the defect density of
the material compared to the other layers. A reduction in the Jsc.was observed for layers
annealed for 10 minutes, which is attributed to the degradation of the material.

Layers deposited at -0.650 V vs SCE were annealed during experiment 10 at 390°C
for differing time periods as indicated in Table 7.10. The device parameters varied
depending on the annealing time, the biggest improvement was after annealing for 6
~minutes. From the annealing experiments 1 to 10 it was confirmed that annealing at
390°C for 6 ﬁlinutes produced devices with the highest V. and Js.. These conditions
were used for all subsequent annealing experiments. 4

‘When the temperature was too high or the annealing time period teo long

sublimation of the layers was observed. It should be noted that the optimised annealing
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conditions are dependent on the stability of the material and adhesion to the substrate.
CdTe electrodeposited in a different way or using another growth technique may
perform differently during annealing and may withstand higher temperatures or longer

* time periods.

Table 7.8. Times used for heat-treatment at 390°C of CdTe layers deposited at —0.630
~ V vs Se, (experiment 8 SHU samples). '

Time (mins) | V.. (mV) J.. (mA cm?) FF
5 420 5.0 0.43
6 400 10.0 0.46
7 400 . 8.0 0.39

Table 7.9. Times used for heat-treatment at 390°C of CdTe layers deposited at —0.640

V vs Se, (experiment 9, SHU samples).

Time (mins) V. (mV) Jic (mA em™) _FF
5 500 | 6.6 0.41
6 550 19.1 0.46
10 400 3.2 0.32

V vs Se, (experiment 10, SHU samples).

Table 7.10. Times used for heat-treatment at 390°C of CdTe .layerskdeposited at —0.650

Time (mins) Voo (mV) J.. (mA cm™) FF
5 200 10.0 0.31

6 350 10.0 0.47

7 400 438 - 034

9 300 3.2 0.35

7.3.3 X-Ray Diffraction

XRD was carried out on as-deposited CdTe layers electrodeposited at various growth
voltages from -0.600 to -0.690 V vs SCE as indicated in Figure 7.5, to investigate the
crystallographic properties. It was found that all growth voltages produced CdTe layers
with preferential orientation in the (111) plane agreeing with the literature [Duffy ef al.
2000]. The intensity of the preferent‘ial peak varied and was at a maximum for the layer -
deposited at -0.620 V vs SCE, indicating the largest crystal size. The crystallography of

~ the as-deposited layers is most likely to be influenced by the composition of the
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material as a consequence of the. growth voltage. Another factor ihﬂuencing the
compositiori‘ of the layer is the amount of dissolved TeO; in the electrolyte. The high

molarity of the Cd in the electrolyte ensures its constant composition.

o
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Figure 7.5. XRD spectra of CdTe as-deposited at (a) -0.600, (b) -0.610, (c) -0.620, (d)
-0.630, (e) -0.640, () -0.650, (g) -0.660, (h) -0.670, (i) -0.680 and (j) -0.690 V vs SCE.

Table 7.11 presents the FWHM and gréin size of CdTe layers as ﬁmétion'of growth
voltage indicating a small variation. The layer déposited at -0.620 V vs SCE exhibited
the largest grain size and smallest FWHM. The layers investigated using XRD were all
deposited for a constant time period to keep the thickness of the layers constant. The
variation in the (111) peak intensity indicates the difference in the crystallographic

properties of the CdTe layers.

Table 7.11. Grain size and FWHM as a function of growth voltage of CdTé.

Growth Voltage (V) | FWHM (deg.) | Grain Size (nm)

~-0.600 0.46 18
-0.610 . 0.42 19
-0.620 0.30 27
-0.630 0.34 24
-0.640 0.38 21
-0.650 0.34 24
-0.660 0.40 20
-0.670 0.38 21
-0.680 0.40 20 .
-0.690 0.38 21
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Figure 7.6 presents the variation in intensity of the (111) peak as a function of
growth voltage for as-deposited and annealed layers. The least intense peaks were from

the layers deposited at -0.600, -0.610, -0.615, -0.680 and -0.690 V vs SCE indicating
reduced crystallinity. '

As-deposited

Intensity (arb. units)

- Annealed

U T T T T T T T 1

-0.600 -0.610 -0.620 -0.630 -0.640 -0.650 -0.660 -0.670 -0.680  -0.690

Growth Voltage (V)

Figure 7.6. Variation of (111) peak intensity of as-deposited and annealed CdTe layers
“as a function of growth voltage. '

Figures 7.7 and 7.8 present the FWHM. and grain size as a function of growth
voltage. The annealing éonditions were 390°C for 6 minutes in air atmosphére. The
variation in intensity, FWHM and grain size is most likely to be due to the change in
composition of ﬁhe CdTe layers, which is influenced by the growth voitage and the Te

content of the solution.
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Figure 7.7. Variation of FWHM of as-deposited and annealed CdTe layers as-a |
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Figure 7.8. Variation of FWHM of as-deposited and annealed CdTe layers as a

function of growth voltage.
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Figure 7.9 presents theAXRD spectra of as-deposited and annealed CdTe layers.
Annéaling was carried out at 390°C for 6 minutes. There was no variation in the
FWHM and grain size of the layers which remained at 0.38° and 21 nm, although the
intensity decreased slightly. The decrease in the peak intensity suggests some of the

material sublimed during annealing.
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Figure 7.9. XRD spectra of CdTe (a) as-deposited and (b) annealed at 390°C for 6

minutes.

Table' 7.12 presents the XRD data for as-deposited and annealed CdTe layers
compared to standard data obtained'frofn the online Daresbury Chemical Database
Service [Rabadanov- et dl. 2001]. The layefs were identified as cubic and the lattice
parameters were calculated using the d-spacihg equation (2.6) described in Chapter 2

and the XRD data, at a=6.560 A compared to the standard value of a=6.483 A.

168



Table 7.12. XRD data representing all XRD spectra for CdTe layers deposited at

various voltages.

20 (deg.) d-Spacing (4) Miller Indices Compound
Standard Observed | Standard Observed (hkl) e
- 23.77 23.46 3.743 3.794 (111) CdTe

26.74 26.42 3.335 3.374 (110) SnO,
34.00 33.18 2.649 2.660 (101) Sn0O,
37.91 37.66 2.368 2.389 (200) SnO,

" 3931 39.18 2.292 2.300 (220) CdTe
46.46 46.22 1.955 1.964 - 311 " CdTe
51.73 51.40 1.768 1.778 211) ' SnO,

- 54.80 54.68 1.675 - - 1.679 (220) - SnO,
61.92 61.52 1.502 1.499 . .(310) ~ Sn0;
6593 6548 1.415 1425 | (301) SnO,
7126  70.80 - 1.323 1.331 - (422) CdTe

7.3.4 Oiatical Prbperties

Transmission spectra of CdTe layers depqsited at different growth voltages was
carried out to determine fhé variation in absorption edge and transmission. Figure 7.10
presents the transmi’ssion' spectra for glass/FTO/CdS/CdTe for CdTe deposited at - -
0.600, -0.620, ‘-0.640, 20.660 and -0.680 V vs SCE. The absorption edge of the layer
deposited at -0.600 V vs SCE is at 730 nm and shifts to 750 nm for the other layers.
" The absorption edge gradually reached maximum transmission above 825 nm. The
maximum transmission is greatest for the CdTe deposited at -0.600 V at 85% and
decreases to ~80% for layers deposited at -0.660 and -0.680 V and 65% for layers
deposited at -0.640 and -0.620 V vs SCE. The reason for the change in transmission is
unclear as the alteration is not sequential With deposition voltage. It is possible the
variation in percentage transmission is due to a change in composition of the la&er or

different thicknesses due to material loss during annéaling.
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Figure 7.10. Transmission spectra of annealed CdTe deposited at various growth

voltages.
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Figure 7.11. Absorption spectra as a function of wavelength of CdTe deposited at
different growth voltages.

- The optical absorption. experiments were carried out on annealed CdTe layers to
determine the absorption edge and bandgap energy. The plot of absorption as a function
of wavelength is presented in Figure 7.11 for CdTe layers grown at different voltages.

It is clear the absorption edge shifts to lower wavelength for layers deposited at more |
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negative deposition voltages. The change in absorption edge from 850 nm for layers

deposited at -0.600 and -0.620 V to 800 nm for layers grown at -0.640, -0.660 and -

0.680 V vs SCE is most likely to be due to the changing compbsition as a function of
| growth voltage. -

The data obtained frorﬁ the absorption vs wavelength curve and équation (1.1)
described  in Chapter 1 were used fo' calculate the absorption edge of
glass/FTO/CdS/CdTe as a function of photon enefgy. Figure 7.12 indicates the -
vaﬁation in absorption spectra as a function of photon energy for CdTe layers deposited
at different growth voltages as indicated in the figure. = The bandgap energy was
estirﬁated at 1.45 eV for layers deposited at -0.600 and -0.620 V and 1.50 eV for -laye.rs
grown at -0.640 to -0.680 V vs SCE. The change in bandgap energy is an indication of

change in borhposition as a function of growth voltage.
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Figure 7.12. Absorption spectra as a function of photon energy of CdTe deposited at
different growth voltages. L

The absorption coefficient was calculated using equation (2.11) described in Chapter
2 and plotted as a function of photon energy yielding a more accurate slope for the
detenninatiqn of the bandgap energy (Figure 7.13). The bahdgap energy of the CdTe
deposited at -0.600 V was determined at 1.52 eV compared to 1.54 eV for layers
deposited at -0.620 to -0.680 V vs SCE which agrees with values reported in the
literature [Meulekamp & Peter 1996]. The difference in bandgap energy may be

attributed to a change in composition due to the change in deposition voltage. More
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positive growth voltages are closer to the redox potential of Te and it is therefore

expected that these layers are Te-rich.
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Figure 7.13. Optical absorption spectra‘ of CdTe deposited at various growth voltages.

7.3.5 Scanning Electron Microscopy

SEM was used to study.the morphology of the CdTe layers. Figure 7.14 (a & b)
illustrates the morphology of the as-deposited and annealed CdTe deposited at -0.630 V
vs SCE. The as-deposited material appears uniform with nodular clusters around 0.1
pm in size. After annealing the CdTe in air atmosphere for 6 minutes at 390°C a
chahge in mdrphology was apparent. The crystallites appeared to have agglomerated
forming larger clusters around 0.4 um in size although some smaller grains (0.1 um)
remain visible. Thjs suggests that although the annealing conditions were optimised for
this material the heat-treatment was not_sufﬁcient to produce uniformly distributed grain
growth. In order to produce a more uniform layer the heat-treatment temperature or
time should be increased. As already confirmed in the heat-treatment investigation such

conditions are not suitable for this material and degradation was observed.
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Figure 7.14. ‘SEM images of (a) és-depositéd and (b) annealed CdTe deposited at -
0.630 V vs SCE. ‘

~ Figure ‘7.15 (ato g) illustfates the.morphology of CdTe depbsited at (a) -0.620, (b) -
0.640, (c) -0.650, (d) -0.660, (e) -0.670, (f) -0.680, and (g)' -0.690 V vs SCE and
annealed for 6 minutes at 390°C in air atmosphere. All layers appear to have uniform
morphology and crystallite size with nodular s'haped cfyst_al_s. The layer deposited at -
0.620 V vs SCE has the smallest crystallite size of 0.05 pm. The crystallite size
increased to 0.5 pm for the layer deposited at -0.640 V vs SCE. The crystallite size was
around 0.25 pm for layers deposited at -0.650 to -0.680 V vs SCE, with all layers -
having similar appearance. The layer deposited at -0.690 V vs SCE had the least
uniform morphology with crystallite size between 0.2 to 0.4 um. This layer was
deposited at the most negative voltage, which may be a reason for the difference in
uniformity, as the layer may deposit more rapidly in a less ordered fashion.

Overall the layers appear smooth and have similar orientation, agreeing with the
XRD study, which indicated preferential orientation in the (11 1) plane. Although thé
layer is polycrystalline the high degree of preferential orientation aids the device
performaﬁce as crystallites are predominantly oriented in the same direction which may
alleviate resistance to current flow. Increasing the grain size ;eduqes grain boundaries
reducing thé defect density of the layer. This reduces recombination centres at gfain
boundaries and in the bulk of the materal. |

The occasional Void in the layers (c to g) is most likely to be due to loss of material
during the annealing stage. Sublimation of Te, during annealing leaves behind pin-

holes in the layer which act as shunt paths. Conversely annealing may alleviate pin-
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holes if crystallites agglomerate forming larger grains. Sublimation also gives rise to a
change in stoichiometry of the layer, if the layer is Te-rich, loss of this element would
improve the material. Oxidation méy also take place forming n'ative‘ oxides, which are
detrimental for CdTe devices and are removed during etching before device fabrication.

There is a large difference in the crystallite size of the layers according to XRD (~20 .
nm) and SEM (0.2 to 0.5 um). ‘The Scherrer relation uses the FWHM that provides
information on the coherence length of reflected x-rays. SEM detects the surface
morphology and indigates the nodule size which is of greater magnitude than the

information provided by XRD. -
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' Figure 7.15. SEM images of annealed CdTe deposited at (a) -0.620, (b) -0.640, (c) -
0.650, (d) -0.660, (¢) -0.670, (f) -0.680 and (g) -0.690 V vs SCE. |
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7.3.6 Photoelectrochemical Cell Studies

A liquid/solid junction was formed between sodium sulphite. (Na,SO; and
- CdTe/FTO/glass to carry out PEC studies and determine the electrical conductivity type
of the material. This technique measures the open circuit voltage produced by the
liquid-solid junctioh. The photovoltage respohse to repeated periods of illumination is
. presented in Figure 7.16. Both as-deposited and annealed layers exhibited '_p-type
electrical conductivity as the dark voltage was more negative than the illuminated. The
" as-deposited material indicated a larger PEC signal compared to the annealed, which

showed an immediate photoresponse.
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Figure 7.16." Typical PEC signal for glass/FTO/CdTe for (a) as-deposited and (b)

annealed material, indicating p-type electrical conductivity.

Figure 7.17 presents the electrical conductivity type of various as-deposited and
annealed CdTe layers as a function of growth voltage. The annealed layers followed a
similar trend to the as-deposited although the PEC signal decreased after heat-treatment.

This may be attributed to the change in doping concentration of the material during
heat-treatment which alters the barrier formation et the liquid/solid junction. Both n and
p-type electrical conductivity was expected to be observed as it has pfeviously been

reported Te-rich layers deposited at more positive voltages are p-type and Cd-rich layers
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deposited at more negative voltages are n-type. It is possible this may have been

observed if the voltage range had been expanded.
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Figure 7.17. PEC signal as a function of growth voltage of as-deposited and annealed
glass/FTO/CdTe structures. All material was found to exhibit p-type electrical

conductivity.
7.4 Device Fabrication

Prior to metallisation the CdTe layers deposited on glass/FTO/CdS were anneéled at
390°C for 6 minutes before being chemically etched. Metal contacts, 2 mm in diameter
were evaporated onto the superstrate glass/FTO/CdS/CdTe structures using Cu-Au. Au
is a high work function metal forming an ohmic contact to p-type semiconductors or a
rectifying contact to n-type material. The presence of Cu in the metal contact ensures
the position of the Fermi level close to the valence band due to the p-type doping of the
surface layer. Current-voltage measurements were made for glass/FTO/CdS/CdTe/Cu-
Au devices to assess the variation of performance as a function of CdTe growth voltage.

A typical log-linear curve taken of glass/FTO/CdS/CdTe/Cu-Au structures under
dark conditions is presented in Figure 7.18 for CdTe deposited at -0.620 V vs SCE.
These structures indicate rectifying properties with a rectification factor of ~10° at 1.0

V. The ideality factor was n=2.7 and barrier height >1.14 eV taken from the automated
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“solar simulator. Since the diodes are non-ideal, accurate barrier heights cannot be

‘estimated.
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Figure 7.18. Log-linear I-V characteristics of glass/FTO/CdS/CdTe/Cu-Au under
illumination; the CdTe was deposited at -0.620 V vs SCE.

The linear I-V curve under dark conditions is presented in Figure 7.19 for the CdTe
deposited at -0.620 V vs SCE. The high forward bias region of the linear I-V curve was
used to estimate the R; of the structure. Making use of the known con;taCt area of 0.031
cm? and estimated film thickness of 1 pm, the bulk electrical resistivity and electrical
conductivity of CdTe were determined using equations 5.2 and 5.3 in Chapter 5. Since
the CdTé has the largest thickness (~1000 nm) compared to the negligible thickness of-
CdS (~80 nm), ﬂlé, total resistance observed was assumed to be created by the CdTe,
despite this being the combined effect in reality. |

Table 7.13 presents the R, p and o as a function of CdTe growth voltage. It is clear
the series resistance fluctuates as a function of growth voltage, which is likely to be due
to a change inAcomposition of the layers. No pattern emerged to indicate the layers
became more conducting when deposited at a more negative deposition voltage closer to.

the redox potential of Cd*".
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Figure 7.19. Linear I-V characteristics of glass/FTO/CdS/CdTe/Cu-Au under dark
conditions; the CdTe was deposited at -0.620 V vs SCE.

Table 7.13. Series resistance, bulk electrical resistivity and electrical conductivity of

glass/FTO/CdS/CdTe/Cu-Au, the CdTe layers were deposited at various voltages.

Growth Voltage (V) | R, (Q) | p(Qcm) | o (Qcm)!
-0.610 125 39x10° | 2.6x10°
0615 364 | 114x10° | 8.7x10°
-0.620 1333 | 419x10° | 2.4x10°
-0.625 120 38x10° | 2.7x10°
-0.630 606 | 190x10° | 5.3 x10°
-0.635 200 | 63x10° | 1.6x10°
-0.640- 200 63x10° | 1.6x10°
-0.650 1000 | 314x10° | 3.2x10°
-0.660 800 | 251x10° | 4.0x10°
-0.670 | 2222 | 698x10° | 1.4x10°
-0.680 667 | 209x10° | 4.8x10%
-0.690 1000 | 314x10° | 3.2x10°

A typical linear-linear I-V curve for glass/FTO/CdS/CdTe/Cu-Au under illlumination
is presented in Figure 7.20; the CdTe was electrodeposited at -0.620 V vs SCE. The I-V
curve was used to deterfnine the solar cell parameters of Vo.=500 mV, J;:=15 mA cm’
and FF=0.40. The shunt resistance was determined as Rs,=0.1 Q. Since the light source

was not calibrated accurately, device efficiency cannot be calculated.
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Figure 7.21 illustrates the device performance for layers deposited at -0.680 V vs

SCE. More negative growth voltages than -0.670 V vs SCE produced poor PV devices

- with high electrical conduction, most likely to be due to Cd-richness. Figure 7.22 is a

enlarged version of Figure 7.21 to illustrate the 'shape of the curve more clearly,
indicating a Vo of 100 mV. The shunt resistance was determined at R4=0.01 Q from

the reverse bias region.
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Figure 7.20. Linear I-V characteristics of glass/F TO/CdS/CdTe/Cu-Au under
illumination; the CdTe was deposited at -0.620 V vs SCE. A
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Figure 7.21. Linear I-V characteristics of glass/FTO/CdS/CdTe/Cu-Au under
illumination; the CdTe was deposited at -0.680 V vs SCE
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Figure 7.22. Enlarged linear I-V characteristics of the curve presented in Figure 7.21.

Table 7.14 presents average device parameters for glass/FTO/CdS/CdTe/Cu-Au as a
function of CdTe growth voltage. The efficiency is .only approxiinate as'the light source
was not calibrated. This set of device parameters were obtained for the optimised
ann‘ealing conditions discussed in Section 7.3.2. The V., Jsc and FF were ploﬁed as a
function of growth voltage and are presented in Figures 7.23 to. 7.25 respeétively. Itis
clear the Vo fluctuates and reduces for more negative growth voltages between -0.660
to -0.690 V vs SCE. The decrease in Vo, may be attributed to the change in
composition with growth voltage. It is expected the layers are more Cd-rich at more

.negative growth voltages which are closer to the redox potential of Cd**. The layers
deposited at -0.615, -0.625 and -0.635 V vs SCE were deposited after all other layers to
optimise the growth voltage in the regioﬂ with highest device parameters. The
fluctuation in Vo .is expected to be due to the change in composition of the layers as a

function of growth voltage and the Te concentration in solution.

181



Table 7.14. Device parameters of glass/FTO/CdS/CdTe/Cu-Au as a function of the

~ deposition voltage of CdTe, note the efficiency is approximate as the light source was

not calibrated.

‘ : . Efficiency
Vo) | Voe(mV) | Vi mV) | I mA em?) | Iy (mAem™) | FF (%)
-0.610 350 195 3.4 2.0 0.33 0.4
- -0.615 300 195 6.8 4.5 043 0.9
-0.620 525 295 15.0 10.0 0.40 3.0
-0.625 300 175 3.1. 2.0 0.38 0.4
-0.630 500 290 10.0 8.0 0.46 2.0
-0.635 420 200 4.5 3.5 0.48 0.9
-0.640 540 295 6.1 5.0 0.45 L5
-0.650 450 250 32 2.5 043 | 06
- -0.660 - 380 230 8.0 5.0 10.38 1.0
-0.670 410 200 9.1 6.5 0.35 1.0
-0.680 120 75 10.0 5.0 0.31 0.4
-0.690 300 150 10.0 7.5 0.39 1.0
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Figure 7.23. Open circuit voltage of glass/FTO/CdS/CdTe/Cu-Au devices as a function

of CdTe growth voltage.

The J;. fluctuated and was maximum for layers deposited at -0.620 and -0.630 V vs

SCE. The J is dependent on the grain structure and improves for material with lower

defect density; a parameter that is dependent on the annealing stage. Annealing the

layers increases the grain size and decreases grain boundaries, which improves the Js. as
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there are fewer charge carrier traps. The FF was calculated using equation (1.2)
presented in Chapter_ 1 and was found to fluctuate as a functian‘ of growth voltage. The
fluctuation in device parameters suggests a change in bath composition over timé. The
high molarity of Cd prevents significant change in the availability of this element as a
function of time. On the contrary,‘ Te has a low solubility in aqueous solution and
_ ﬂpctuated during the growth. Te is kﬁown to control the rate of growth thus a reduction
in growth current indicated the decrease~ of available Te [Meulenkamp & Peter 1996].
The current dens‘ity was monitored during the growth of each layer although some

fluctuations were unavoidable. The composition was also expected to vary as a

function of growth voltage.
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‘Figure 7.24. Short circuit current of .glass/F TO/CdS/CdTe/Cu-Au devices as a function
of CdTe growth voltage. '
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Figure 7.25. - Fill factor of glass/FTO/CdS/CdTe/Cu-Au devices as a funcf[ion of the
'CdTe growth voltage.

All metallised layers were tesfed for reproducibility by measuring the I-V parameters
of each device as illustrated by Figure 7.26. Several working devices from the arra:y
were observed although the parameters varied Bet_ween devices. This suggests non-
uniformity of composition of the CdTe layer and in the case of ohmic behaviour the
metal contact may be covering a pin-hole. The range of device parameters observed for
a layer deppsited at -0.640 V vs SCE is presented in Table 7.15. The metallisedvlayers
~ were ~2 cm’, containing an array of 2 mm diameter metal contacts (A¥0.031 cm?).
Further optimisation must be considered to attempt improved uniformity over the layer.
This may include surface treatment of the CdS prior to CdTe deposition or modified
electrical contact during growth for improved voltage distribution.
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Figure 7.26. Diagtam of glass/FTO/CdS/CdTe/Cu-Au illustrating the spread of devices

on a single layer.
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Table 7.15. Device paraineters of glass/FTO/CdS/CdTe/Cu-Au for CdTe deposited at - -

0.640 V vs SCE illustrating uniformity for various tested devices.

Vo (mV) Jic (mA cm™) ~ FF
500 6.6 - 0.37
520 6.6 0.32
480 6.6 035
540 9.6 0.36
500 . 6.6 0.37
500 '15.9 1 034
300 . 159 0.32
540 6.1 0.45
300 . 12.0 " 038
500 19.1 0.34

7.5 Discussion

CdTe layers have been deposited at a fange of deposition voltages from -0.600 to -
0.690 V vs SCE. The main difficulty encountered during this investigation was the
controllability of the TeO; in the solution. The low solubility of this compound means
the amount dissolved in the solution at any time remains unknown and inconsistent.
AIthdugh the current density was monitored throughout the growth of each layer and Te
added to the solution when this parameter reduced, -this method is inadequate for
reproducibility purposes. The availability of Te is the main factor for depositing
reproducible layers, an issue which is essential when' considering scale-up. The
question of improving controllability was not-addressed ‘during this investigation. A
possibility for future work would be to use @ pumping system that enaBles a éontrolled
amount of Te to be fed into the solution, maintaining a consistent background
concentration. . . | -

XRD ihdicated the layers to be similar having preferéntial orientation in the (111)
plane at all deposition voltages although_the intensity of the peak varied as a function of
growth voltage. The variation in peak intensity was attributed to the change in degree
of crystallinity of the layers. The composition and crystallinity were expected to vary
with growth voltage and Te concentration in the solution. Annealing the layers did not
indicate significant improvement in the XRD spectra with little increase in the height of

the (111) peak.  Recrystallisation of the CdTe layers was not observed
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which has previously been attributed to Te-richness in the literature. This lack of
| significant change in the structure during heat-treatment and strong nature of the (111)
peak suggests the non-uniform crystallographic properties with deposition voltage.
Annealing for long periods of time (15 to 60 minutes) and high temperauires (400 to
~ 450°C) destroyed the layers due to oxidation and sublimation. The sublimation may be.
due to poor adhesion to the suBstrate and the lack of stoichiometry within the material
layer. | |

The bandgap energy was estimafed to be between 1.52 and 1.54 eV which -is in
| agreement 'wi.th the values reported in the literature for CdTe [Meulekamp & Peter
1996]. The PEC investigation indicated all layers to have p-type electrical conductivity
when deposned at growth voltages 0f -0.500 to -0.690 V vs SCE. It was expected that
both electrical conductivity types would be observed as both n and p-type CdTe has
been reported in the literature. P-type behaviour is usually assomated with Te-rich
material and Cd-rich layers yields n-type material [Kampmann et al. 1995, Cowache et
al. 1989, Basol 1988]. Te-richness is achieved by deposition at a relatively positive
growth voltage compared to Cd-richness. If the deposition voltage range had been
extended, both n and p-type material may be have been established. Further work
would need to be carried out to establish CdTe with n-type electrical conductis}ity and
verify the composition of the layers at each growth voltage. It is possible that a p-type
dopant such as Cu exists in the solution from the electrical terminals and therefore the
material exhibited only p-type electrical conductivity, irrespective of the deposition
voltage. One way to address the issue of unwanted Cu would be to replace the electrical
terminals with an alternative metal such as Al. |

The heat-treatment was optimised at 390°C for 6 minutés producing devices with
highest parameters. When heat-treated for longer or at a higher temperature the device
performance deteriorated, where the layer totally or partially sublimed. Higher
temperatures and longer annealing times may be used for CdTe with a higher degree of
stability and adhesion to the substrate. Longer annealing times and higher temperatures
are known to increase the grain size further,‘ decreasing the defect density and
improving the device performance. These issues were not addressed in this
inVestigation. |

SEM indicated the morphology was similar for all deposition voltages investigated
between -0.620 fo -0.690 V vs SCE. Crystal growth was observed for annealed layers |

compared to the as-deposited material, which is an important factor for device
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performance as grain Boundaries and the defect density decreases. The crystal size of
annealed layers was between 0210 0.5 pm. |

'Working solar cell devices were consistently produced during this investigation
irrespective of the growth voltage of the CdTé, although some voltages produced
improved device parameters. The growth voltage region between -0.630 and -0.650 A"
vs SCE was found to produce devices with the highest parameters. Growth voltages
more negative then -0.670 V vs SCE inhibited the device quality. Ways to further
improve .the device performance would be to prepare CdTe layers .which could
withstand higher annealing temperatures and times expecting increased grain size and
reduced defect density, improving the Js.. The etching stage was not varied and this
could be addressed in future work to optimise the etching time including cbnsideration
of different etchants which may improve the device perfbrmance. Other parameters that
" could be optimised for improved device performance are the pH of the solution during

growth, solution temperature and substrate surface cleaning.
7.6 Conclusions

In conclusion CdTe has been electrodeposited from aqueous medium at a range of
deposition voltages to assess the most suitable growth region. It was determined the
highest quality devices were depositéd in the range of -0.630 to -0.650 V vs SCE. The
heat-treatment stage was thimised at 390°C for 6 minutes for this material. All
materials exhibited p-type electrical conductivity. Little improvement in XRD spectra
was observed for annealed layers compared to the as-deposited material which exhibited
(111) preferential orientation. The bandgap energy was between 1.52 and. 1.54 eV for
all CdTe layers. SEM indicated crystal growth after annealing with maximum
crystallite size of 0.5 pm. All devices fabricated using CdTe grown at -0.610 t0 -0.690
V vs SCE indicated photovoltaic activity although layers deposited between -0.630 and
-0.650 V vs SCE indicated the ﬁighest performance, with device parameters of
Voc=420-540 mV, J;c=3.2-19.1 mA cm™ and FF=0.48 with approximate efficiency of
5%. Further work must be carried out to improve the contréllability of TeO; in the

solution and ensure reproducibility.
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Chapter 8 ’R'ecommendations for Future Work

‘ The recommendations for future work in continuation of this research will be
discussed separately for CulnSe; and CdTe based solar cells. Some predictions for the

future expectations of this research field will also be briefly described.
8.1 CIS Based Solar Cells

The electrodeposition of CulnSe, from ethylene glycol was found to produce
material with no noticeable improvefn'ent compared to that from aqueous solution,
despite the elevated growth temperature of 150°C. One of the main difficulties
associated with CIS deposition was the annealing‘ stage which proved difficult.
Annealing CIS layers without cracking or partial or complete sublimation was
challenging. Other complexities preventing the development of CIS were the device
processing and fabrication stages. Furthermore the material was of inferior quality'
indicating substantial work would need to be carried out in the future if this material
was to contribute to the PV field. The recommendation on this front is to focus efforts
on the growth of CdTe using electrodepositibn r‘éther' than vCuInS.ez. The
electrodeposition of binary semiconductors such as CdTe is relatively simple compared
to growth of ternary or quaternary éompounds. _

Zn0 was electrodeposited from aqueous éolution with the aim of development for '
use in the CulnSe;, device structure. Although ZnO was deposited there were certain
difficulties encountered which limited the overall success of this material for fulfilment
of the initial objectives. Reproducibility issues of ZnO film growth related to the
electrolyte life-time and controllability of oxygen content. The reduction in pH of the
solution after heating to 80°C and growth of a few layers left.the bath unusable as ZnO
is soluble below ~ pH=3. The gradual reduction of oxygen content in the solution and
reduction in pH resulted in the deposition of dark metallic Zn layers. The as-deposited
and annealed layers did not have a high dégree of transparenby due to Zn(OH); clusters.
.This cloudiness is not favourable for use in the CulnSe; device structure as the inherent
benefit of using ZnO would be lost.

It is therefore suggested that the use of Zn(NO3); as a reagent for ZnO deposition has
limitations especially if considering scale-up. Other alternatives may be considered

such as ZnCl; although in this case oxygen must be bubbled through the solution. The
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ZnO layers deposited in this work were not suitable for use in the CulnSe; solar cell
" device structure. At this stage it is suggested that growth of ZnO using
electrodeposition onto substre{te configuration devices is not feasible. Development of
ZnO using electrodeposition for devices having the superstrate configuration is an area
that may be considered in the future.

" In addition to the bath life time issues encountered for Zn0, a rapid decrease in pH
was observed on addition of the Al dopant for ZnO:Al electrodeposition. A limited
degree of improvement in electrical conductivity was observed for the ZnO:Al
compared to i-ZnO. It was concluded that this was related to the high negative redox
potential of Al compared to ZnO and A] doping if any was due to the absorption, .
- adoption or chemisorption of Al at the cathode rather than the electrodeposition. Thus
 little control is available ‘.on the doping of ZnO with Al and therefore this growth route

is not advised for this material in the future.
8.2 (CdTe Based Solar Cells

At the end of this research program the growtﬁ procedure for CdTe based solar cells
had been .established and devices were performing with reasonable cell parameters.
Working devices were fabricated over a range of growth voltages with superior
performance being observed for materials deposited between -0.630 to -0.650 V vs
SCE. Furthermore high uniformity over a2 cmi area completed with an array of 2 mm
diameter confacts was observed for devices deposited in this growth voltage range.

Areas that may be addressed in the future are precise optimisation of the growth
. voltage, in the raﬂge already mentioned, for consistent deposition. Gradual scale-up of
devices from 4 mm diameter contacts to larger 0.5 cm? solar cells may then be
considered. This procedure is dependent on the elimination of pin-holes which would"
cause device shorting and failure. However one majof factor influencing pin-holes is
the quality of the substrate (glass/FTO/CdS) which according to Pilkington for FTO and
ob‘sefved results is of sufficient quality. The fabrication of devices on other substrates
such as glass/FTO/n-ZnO may be considered to observe the effect on device parameters.

Difficulties that may be addressed in the future would be to establish tighter control
over the tellurium content in the deposition solution by adopting a more accurate way of

adding tellurium to the bath. This may be achieved by means of a calibrated pumping
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~ system or a dosing pump. Another alternative would be to use a different reagent for
the source of Te. The only possibility being telluric acid (H,TeOs2H,0) which is
soluble in aqueous solution allowing a larger degree of controllability for teliurium.

Further considerations for the development of the device for improved efficiency are
to carryout controlled doping experiments. Very few experiments of this nature have
been conducted for CdTe to date, although the benefits of iodine doping have already
been realised for CdTe devices [Chaure et al. 2003]. Other group VII halogens that
may be considered for replacement‘ of Te atoms are ﬂubrine (F), chlorine (Cl) or
bromine (Br). Similarly group III elements such as boron (B), aluminium (Al), gallium
(Ga) or indium (In) may be used to replace Cd atoms with the aim of increasing the
electrical conductivity of the material. The doping concentraiton would need to be
-carefully controlled to optimise the charge carrier concentration to establish ideal
dbping levels of between 10 to 10'7 cm™.

Formation of CdTe graded bandgap structures having p-i-n electrical conductivity
may be investigated by exploring the suitable .growth voltage for production of such
material. PEC may be used to monitér the electrical conductivity type of deposited
layers. Predictions for the future of CdTe based devices is the improved efficiency and
lower cost due to innovative breakthroughs as a result of the better understanding of
solar cell device physics, coupled with the advantage of lower cost growth using
electrodeposition.. In addition the radical thinking which has come into the public
domain in recent years [Dharmadasa et al. 2002, 2003, 2005, Chaure et al. 2003] will
tackle the fundamental issues that have caused stagnation of the CdTe solar cell at

16.5% efficiency [Wu ef al. 2001].
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Table of Abbreviations

Abbreviation Definition
A .Wavelength
o Absorption Coefficient
p Electrical Resistivity
c’ Electrical Conductivity
& Relative Permittivity
€0 Permittivity of Free Space
€s Relative Permittivity x Permittivity of Free Space
T Mobility ’
k '| Boltzmann Constant
A Area V
A’ Richardson Constant
Abs Absorbance '
Ag/AgCl Silver/Silver Chloride
Al-N/Al Aluminium-Nitride, Aluminium
AM 1.5 Air Mass 1.5
BP British Petroleum
c Speed of Light
C Capacitance
CBD Chemical Bath Deposition
Cd; Cadmium Interstitial
CdS Cadmium Sulphide
CdTe Cadmium Telluride
CulnSe; or CIS Copper Indium Diselenide
CulInGaSe; or CIGS Copper Indium Gallium Diselenide ,
CulnGa(SeS), or CIGSS | Copper Indium Gallium Sulphur Selenide
C-V Capacitance-Voltage
- d d-Spacing
D Grain Size
DC Direct Current
DMSO Dimethyl Sulfoxide
e Electronic Charge
Ec Conduction Band
EDX Energy Dispersive X-Ray Analysis
Er Fermi Level .
E, Bandgap Energy
E, Photon Energy
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Ev

FF
FTO

FWHM

(hkl)

Io
I

IR

I;

Isc
I-v
i-ZnO

JCPDS
s

LBIC

MIS
MOCVD
MS

- Ngor N,
- NHE
NREL

ODC

- PEC
Pin
POI
PV
PVD

Valence Band

Fill Factor .
Fluorine Doped Tin Oxide
Full Width Half Maximum

| Miller Indices

Planck's Constant
High Vacuum

Light Intensity

Intensity of the Incident Radiation
Forward Bias

Maximum Current

Infra-Red ‘

Reverse Bias

Short Circuit Current
Current-Voltage

Intrinsic Zinc Oxide

Joint Committee on Power Diffraction Standards .
Short Circuit Current Density

‘Laser Beam Induced Current

Molar Mass

Metal-Insulator-Semiconductor

Metal Organic Chemical Vapour Deposition -
Metal-Semiconductor | '

Ideality Factor

Doping Concentration
Normal Hydrogen Electrode
National Renewable Energy Laboratory

Orderered Defect Compound

Photoelectrochemical Cell
Input Power

Point Orientation Index
Photovoltaic

Physical Vapour Deposition

Radio Frequency
Resistance
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Rs
Rsh
RTA

SCE
SEM

TCO
Tei

Ve
Vdark
oy

Viight

Vo

VOC
Vr
V‘Te

XRD
: Zni -

Zn0O
- Zn(OH),

Series Resistance
Shunt Resistance
Rapid Thermal Annealing

Saturated Calomel Electrode
Scanning Electron Microscopy

Temperature (K)
Transparent Conductive Oxide.
Tellurium Interstitial

"Ultra High Vacuum
'| Ultra violet:

Cadmium Vacancy

Voltage in the Dark
Forward Bias

Voltage Under Illumination
Maximum Voltage

Oxygen Vacancy

Open Circuit Voltage

| Reverse Bias

Tellurium Vacancy
Depletion Width
X-Ray Diffraction

Zinc Intérstitial
Zinc Oxide
Zinc Hydroxide
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