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Abstract

The naturally occurring mineral of Cu2ZnSnS4 (CZTS) is a promising al-

ternative absorber layer for thin �lm based photovoltaic devices. It has the

remarkable advantage that it consists of abundant, inexpensive and non-toxic

elements compared to its crystallographically related and highly successful

counterparts: the Cu(In,Ga)(S,Se)2 (CIGSSe) and CuIn(S, Se)2 (CISSe) ma-

terial systems. Therefore, there is real commercial potential for reduced ma-

terial costs and improved device e�ciencies. A two-stage high throughput

combinatorial process for the fabrication of Cu-Zn-Sn-S thin �lm libraries is

presented, which consists of either sequentially stacking or co-depositing Cu,

Sn and Zn precursor layers by DC magnetron sputtering followed by a sul-

phurisation process. Sputtering conditions and target-substrate geometry are

developed to give compositionally graded Cu-Zn-Sn precursor layers spanning

a wide spatial region around the point of stoichiometry. Conversion into Cu-

Zn-Sn-S libraries is achieved by thermally evaporating a uniform layer of sul-

phur directly onto the metal alloy and annealing the sample at 500 °C in a

furnace.

E�ects of the precursor composition on the structural properties of the �lms

prior to the incorporation of sulphur are investigated. The sulphurised libraries

are then studied by Scanning electron microscopy (SEM), X-ray di�raction

(XRD) and Raman spectroscopy as a function of composition, to assess the

e�ects on morphology and phase formation. Observations of changes in lattice

parameters and crystallinity are clear. The opto-electronic and electrical prop-

erties of the CZTS �lm libraries are measured using photoconductivity and hot

point probe techniques, respectively. Changes in the band gap and conductiv-

ity type are studied as a function of atomic ratios. Based on high performing

compositions, devices have been fabricated with the highest achieving cell at

1.26 %. The observations are discussed in the context of the particular com-

positions and synthesis conditions, and recommendations are made for further

work.
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1 Introduction

�We are like tenant farmers chopping down the fence around our house

for fuel, when we should be using nature's inexhaustible sources of energy

- sun, wind and tide. I would put my money on the sun and solar energy.

What a source of power! I hope we don't have to wait until oil and coal

run out before we tackle that.� - Thomas Edison (1931)

With the world population having already approached seven billion inhabitants [1],

the demand for energy on a global scale has now reached unprecedented levels with

a growing belief that non-renewable fossil fuel usage is unsustainable. Utilisation of

many or all of the renewable energy resources available will help alleviate these long

term issues, with one of the most promising being the exploitation of solar energy.

Harnessing the energy from the sun by using a range of photovoltaic (PV) cell tech-

nologies has the potential to become a major and viable carbon-free energy source,

particularly when the industry approaches �grid parity�: in other words, when solar

electricity production costs are equal to or ideally less than the current price of

purchasing electricity from the grid. Approximately 1.2Ö1017 W of solar energy is

received by our planet's surface at any one point in time, which is almost 10,000

times larger than the average current annual rate of worldwide power consumption

at around 15 Ö1012 W [2, 3]. To put these �gures into context, more energy from

the sun is incident on the earth's surface in a single hour of the day than all of the

energy consumed on the planet annually, so it would seem almost inconceivable for

modern civilisation not to take advantage of this unconditionally free and abundant

source of power.

The �rst chapter of this thesis begins by presenting a brief overview of the current

commercialised solar technologies as well as the fundamental drawbacks in terms of

materials availability and device performance. The focus then moves onto new,

low-cost and sustainable thin �lm chalcogenide material systems with the potential

capability of enhanced e�ciencies and the hope of one day replacing existing and

well established technologies such as silicon. One of the many interesting materi-

als that is growing in popularity within the materials science research community
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and which stimulates the motivation behind this research, is Cu2ZnSnS4(CZTS) - a

new quarternary absorber compound that has demonstrated desirable semiconduc-

tor properties for terrestrial PV.

1.1 An overview of the PV industry

It is estimated that the average power consumption is now approaching 15 TW as

previously mentioned, and based on the current trends it is expected to increase

exorbitantly to approximately 30 TW over the next few decades. Of this �gure,

an estimated 80% of it is supplied from fossil fuels: oil (34%), coal (25%), and gas

(21%). Nuclear, biomass, hydropower, wind and solar collectively account for the

�nal 20% [4]. The use of solar power alone, therefore, still falls signi�cantly short by

some magnitude of the required �terawatt threshold� in order to meet global energy

demand. In fact, solar energy contributes to less than one percent of the world's

energy needs [3].

Despite the current �gures, the PV industry has experienced an encouraging year

of growth globally with an estimated 27.7 GW of capacity being implemented in 2011

(60% greater than the 16.6 GW installed back in 2010) bringing the worldwide total

to approximately 67.4 GW [5]. This is an outstanding achievement even during

times of economic and �nancial crisis. Since 2009, over 80% of the PV market

share was dominated by the relatively well established silicon-based technologies,

including multi-crystalline silicon (c-Si), mono c-Si, and amorphous silicon (a-Si).

The growing material systems utilising thin �lms including CdTe, CuIn(S,Se)2(CIS)

and Cu(In,Ga)(S,Se)2(CIGS) along with other niche technologies, account for the

remaining 20% of the total market [6]. The likelihood of energy demand relying

solely on PV is somewhat improbable, but in order to make solar a viable option

combined with other renewable sources, one ultimate challenge lays ahead that needs

to be resolved: the requirement for PV technology to be fully integrated in order

to utilise, store and distribute solar energy in the most e�cient and cost-e�ective

manner possible on a global scale.
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1.2 Thin �lm solar cells

Solar cell technology has gone through three main transitional phases. The �rst

stage, which is generally termed ��rst generation,� involved developing and using

c-Si based solar cells. Even today, most solar cells rely on either mono- or mul-

ticrystalline technology as it has proved to exhibit desirable electronic and struc-

tural properties. In addition, and perhaps one of the main factors for growth, is the

successful application of highly abundant silicon in the electronics industry which

has led to the economies of scale acting as a driving force to the PV industry. There

still remain, however, fundamental drawbacks to this technology as it is reliant on

substantial amounts of material to absorb incident photon energy due to its indirect

band gap. Additionally, the high cost and energy required for material extraction

and the fabrication of c-Si wafers has prompted the PV industry to seek and develop

inexpensive materials and processing techniques using thin �lm solar cell (TFSC)

technology [7]. This led to a second phase known as �second generation� which ini-

tially rose to prominence back in the 1970's when the �rst GaAs cell was realised

[8]. These technologies primarily encompass the successful absorber layers of CdTe,

CIS and CIGS, and have notably demonstrated the ability to act as potential alter-

natives to c-Si. All of these materials have direct band gaps (as opposed to silicon

which is indirect thus requiring thicker material) with high absorption coe�cients

between 104- 105 cm-1, which is advantageous in the fact that relatively less material

is required (typically 2 mm) to absorb the majority of the incident solar irradiation

[9]. Both CdTe and CIGSSe yield record-achieving laboratory-based cell e�ciencies

of 17.3% [10] recently attained by Fist Solar in 2011 and 20.1% [11], respectively,

which is close to that of c-Si cells. However, thin �lms still trail far behind with

respect to module technology as that of commercialised c-Si modules which are now

fast approaching a milestone e�ciency of 25% [12, 13]. It is also worth mentioning

the concept and direction of �third generation� device structures, with the overall

objective of substantially reducing material extraction and synthesis costs (although

this is still some way o�) while crucially improving device e�ciencies. These include

the record-breaking multi-junction cells surpassing 40% e�ciencies [14], hot carrier

collection [15], intermediate band devices [16] and organics (OPV) [17].
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1.3 Materials availability

Although TFSC technology is currently very encouraging, there is a growing demand

for alternative materials to the well-established CdTe, CIGS and Si-variants. The

abundance of indium and tellurium in the Earth's crust is estimated to be 0.05

ppm and 0.001 ppm, respectively. This is signi�cantly lower when compared to

copper, zinc and tin with respective values estimated to be 25, 71 and 5.5 ppm

[18]. Furthermore, due to toxicity issues the heavy metal cadmium has experienced

legislative action in some countries causing industries to restrict or completely refrain

from its use [19]. Thus, there is a need to search for and identify new thin �lm

material compounds and structures, which utilise more sustainable and non-toxic

elements in conjunction to excellent device performance. It is important to realise

that the latter reason is signi�cant in reinforcing the development and commercial

viability of these new technologies.

1.4 The need for new technologies and materials

With the growing need to address and meet the above criteria, extensive research has

been carried out on seeking alternative thin �lm materials to potentially substitute

current technologies. One class of multinary semiconductor compound that has

ascended to prominence and o�ers the promise across a broad range of applications

are the family of chalcogenide thin �lm materials. Chalcogenide compounds in

their simplest form are based predominantly on a combination of metal alloys with

sulphur, selenium and/or tellurium. Structural and electronic properties of these

materials are particularly suitable for sustainable thin �lm photovoltaics and have

further been used for a diverse range of technological applications such as non-

volatile phase change memory devices [20]. Many promising copper-based compound

candidates with p-type conductivity constituting of partially abundant and non-

toxic elements are being studied to act as absorber layers in PV devices. Three prime

examples include: Cu2ZnSnS(Se)4 (CZTS - kesterite) and, more recently, CuSbS2

(chalcostibite) and Cu3BiS3 (wittichenite). CZTS material is discussed in much greater

detail in the next chapter. Nair et al. �rst reported on the desirable properties of
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p-type Cu3BiS3 sulphosalts [21]. It should be noted however that bismuth is not a

common element with its abundance only being slightly higher than indium (0.05

ppm). A recent study by Colombara et al. investigated the complex thermochemical

and kinetic aspects of the chalcogenisation of electrodeposited precursor layers Cu-

Bi and Cu-Sb [22]. Photovoltaic devices incorporating CuSbS2 or Cu3BiS3 absorber

layers have not yet been fabricated to the authors knowledge but o�er much promise

for the future.

1.5 Overview of thesis structure

This thesis consists of ten chapters. Chapter 2 will next begin by describing the

suitability of the CZTS(Se) compound for PV applications and the many ways it

can be synthesised. It then focuses on giving a brief background on the underly-

ing physics behind solar cell operation, before moving onto CZTS(Se)-based device

structures and e�ciencies'. Section 2.3 and 2.4 review the compositional e�ect on

CZTS(Se) device performance and the high throughput combinatorial screening con-

cept, respectively, which very much forms the basis behind this research. This then

importantly leads onto the primary objectives of this study. The �nal section of the

chapter then discusses the ternary precursor metal system, Cu-Zn-Sn, and which

phases are expected to precipitate when deposited at low temperatures.

Chapter 3 then describes the di�erent deposition techniques that will be used

in this study, notable sputtering and thermal evaporation, before moving onto how

the materials and system geometry are calibrated in order to successfully grow com-

binatorial CZTS libraries. Chapter 4 gives a brief overview of the characterisa-

tion techniques using during this study principally foucussing on the compositional

and structural analysis of thin �lms which include: Energy-dispersive Spectroscopy

(EDS), X-ray di�raction (XRD, Raman spectroscopy and Rutherford Backscattering

spectrometry (RBS). Chapter 5 and 6 then presents compositional and structural

results based on the metallic precursor libraries for both co-sputtered and stacked

con�gurations.

Chapter's 7 and 8 predominantly address the sulphurisation process by out-

lining which extraneous composition-dependent phases are expected to be present
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alongside the kesterite phase; the di�culties in identifying the phases with X-ray

di�raction (XRD) alone, the bene�ts of using Raman as a complementary technique

before �nally moving onto the results and discussion section.

Chapter 9 discusses and analyses the opto-electronic and electrical properties

associated with the CZTS libraries by using photoconductivity and the hot point

probe method to obtain the band gap and conductivity-type, respectively. Based on

the results in this chapter, it then proceeds onto Chapter 10 which focusses on CZTS-

based device structures and e�ciencies based on selected promising compositions as

obtained from the photoconductivity results.

Finally, Chapter 11 concludes this thesis and further presents recommendations

for future work on this promising compound material.
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2 Cu2ZnSnS(Se)4 (CZTSSe) absorber thin �lms

In this section, a brief outline of the chemistry and history related to the CZTS(Se)

material is given as well justifying why this compound is an ideal alternative ab-

sorber layer. Following subsections focus on CZTS(Se) fabrication techniques, device

structures/e�ciencies' and potential limitations. Finally, the in�uence of elemental

composition is discussed and how this ultimately in�uences the quality and perfor-

mance of the material.

2.1 Introduction and history of CZTS

Among the many In-free thin �lm material systems available are the naturally occur-

ring adamantine minerals Cu2ZnSnS4(CZTS) and Cu2ZnSnSe4(CZTSSe). The ele-

ments used in the new cell are copper, zinc, tin, and sulphur (although Cu2ZnSn(S,

Se)4 is formed with the incorporation of both sulphur and selenium). The use of

all of these constituent materials bypasses the many problems inherent in the more

common components of solar cells as previously mentioned in Sections 1.2 and 1.3.

The use of highly-abundant, low-cost and non-toxic elements is a major attraction

and a dominant driving force behind the current research into CZTS (only for Se-free

compounds). It is regarded as a highly promising absorber layer and has become the

subject of much interest owing to the fact it has desirable characteristics applicable

to PV, with a reported optimal direct band gap in the range 1.45 - 1.6 eV and a

high absorption coe�cient (> 104 cm-1) [23 - 25]. CZTS(Se) is akin to the chal-

copyrite material CIS with half of the In(III) being substituted iso-electronically

by Zn(II) and the other half with Sn(IV), which are notably sustainable replace-

ments. CZTS(Se) is a quaternary material system and with the greater number

of consitituent elements, the greater the potential for a large number of crystal

structures forming which inherently makes it very di�cult to synthesize the desired

composition and/or structure. It is known that CZTS(Se) can form into one of

two main crystallographic polymorph structures classi�ed as stannite-type (space

group I42m) and kesterite-type (space group I4 ) [26] with a tetragonal structure.

The distinguishing factors are associated with how the substitution of the Zn and

7



Cu metals are arranged on the structural sites of the unit cell, as illustrated in the

two-dimensional schematic in Figure 1.

Sulphur

Copper

Indium

Zinc

Tin

chalcopyrite (I42d)

stannite (I42m)kesterite (I4)

Figure 1: A schematic representing the evolution of the kesterite and stannite-

type crystal structures from the chalcopyrite structure. Derived from reference

[26].

Attempting to di�erentiate between these two polymorphs can prove challeng-

ing. Many studies have only used the commonly employed powder X-ray di�raction

(XRD) technique, but without carrying out comprehensive single crystal structural

analysis using XRD and/or Neutron di�raction [27] the structure cannot be conclu-

sively ascertained. CZTS(Se) material has been found usually to occur in the ther-

modynamically stable kesterite phase as opposed to the stannite-type [26]. There-

fore, in this study the CZTS(Se) family of materials is referred to as only forming

into the kesterite structure.

2.2 CZTS(Se) fabrication

CZTS(Se) absorber layers and device structures can be fabricated by a wide range

of techniques and can be categorised as either vacuum or non-vacuum methods.

The majority of techniques involve a two-stage process where the metallic precursor
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elements (Cu-Zn-Sn) are initially deposited, either sequentially or simultaneously,

before undergoing an annealing process in the presence of chalcogen (S and/or Se) for

the conversion into semiconductor, known as �sulphurisation� or �selenisation.� In

the case of both sulphur and selenium being incorporated into the compound, this is

normally referred to as �sulphoselenisation.� A one-step process, in some instances,

is used where all materials are deposited and annealed simultaneously. Although

the vacuum and non-vacuum technologies available encompass a vast range, only a

few studies are reported on in the following sections which are of notable interest

and represent some milestones in the area of CZTS(Se) research.

2.2.1 Vacuum deposition

Vacuum deposition mainly encompasses variants of sputtering and evaporation tech-

niques as well as pulsed laser deposition (PLD). These are collectively known as

physical vapour deposition (PVD) methods. One of the �rst groups to work on

CZTS was Ito and Nakazawa [28] in 1988, whereby they deposited stoichiometric

CZTS �lms and devices using atomic beam sputtering. Tanaka et al. [29] deposited

elemental Cu, Zn and Sn sequentially in the presence of sulphur onto a 400 °C heated

quartz substrate to form CZTS thin �lms within one hour using a hybrid sputtering

set up. Above 450 °C, however, signi�cant Zn losses were experienced due to its

high vapour pressure. Momose et al. [30] simultaneously deposited Cu, Zn and

Sn metals onto soda lime glass substrates. Notably the fully converted CZTS �lm

involved a rapid annealing process in the presence of sulphur of only seven minutes.

Some groups have investigated the deposition of sequential layering of each element

as opposed to the co-deposition route. Fernandes et al. [31] fabricated CZTS pre-

cursor structures with stacking orders of Mo/Zn/Cu/Sn and Mo/Zn/Sn/Cu using

DC magnetron sputtering. They found that the Mo/Zn/Sn/Cu sequence facilitated

better CZTS growth and crystallinity concluding that a Cu layer on the top pre-

vents the elemental loss of Zn and Sn during sulphurisation by acting as a �capping

layer�, although there was evidence of the secondary Cu2-xS phase present in the

form of crystallites predominantly on the surface of the �lm. Araki et al. [32] stud-

ied various stacking orders of electron-beam evaporated metal layers with respect to
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the CZTS properties and device performance. Some very interesting results came

to light: the best performing solar cell consisted of a Mo/Zn/Cu/Sn stacking order

yielding a device e�ciency around 1.79 %. This is in relatively good agreement with

Fernandes et al. [31] as mentioned previously. They found that when Cu and Zn

layers were in contact larger grain sizes were induced. Furthermore, and perhaps

most importantly, when Cu was used as the bottom layer i.e. in contact with Mo,

formation of voids occurred between the Mo and CZTS interface and hence device

performance degraded dramatically.

2.2.2 Non-vacuum deposition

Non-vacuum methods o�er the possibility of reducing overall production and mate-

rial costs with an increased opportunity for scalability. They are generally referred

to as chemical vapour deposition (CVD) techniques, some of which have been used

to fabricate CZTS including spray pyrolysis [33], sol-gel [34] and screen-printing [35].

Not surprisingly, the work by Todorov and co-workers is mentioned �rst, whereby

a record performing CZTSSe cell (h ≈ 9.7 %) was prepared by a unique solution-

particle process. All constituent elements Cu, Zn, Sn and S were subjected to a �sul-

foselenide� rich atmosphere at 540 °C [36]. Some groups including Guo et al. were

the �rst to synthesise CZTS-based semiconductor nanocrystals using a hot-injection

solution method in 2009. When subjected to Se vapour at 500 °C improved �lm

quality, grain growth and device e�ciencies were experienced [37]. Electrodeposited

CZTS thin �lms were �rst reported by Scragg et al. [38] with varying elemental

metal stacking layers deposited directly onto Mo coated glass substrates. For com-

parative reasons, the �lms were fully converted within an elemental sulphur rich

atmosphere and also H2S gas at 500 °C, with the latter improving �lm crystallinity.
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2.3 CZTS(Se) device structures and e�ciencies

This section begins by describing the underlying physics behind the operation of

photovoltaic cells in general, before moving onto CZTS(Se)-based device structures

and e�ciencies.

2.3.1 The physics of photovoltaics

A photovoltaic device consists of an n-type emitter (electrons) and a p-type base

(holes) forming a p-n junction, either of the same semiconducting material (homo-

junction) or of two di�erent crystalline materials (heterojunction). The two di�erent

p-n interface con�gurations are described in detail below. A third p-i-n device con-

�guration is also brie�y introduced.

1. p-n homojunction

A homojunction is sometimes referred to as the classical model for a photovoltaic

cell. This junction is formed when a semiconductor material is doped di�erently in

two regions in order to create a p- and n-type either side both of which have equal

band gaps. Crystalline silicon is a prime example where both an n-type (donor

doped) and p-type (acceptor doped) create a single p-n junction interface. The

position of the Fermi level, EF, in the band gap indicates the main type of carrier.

For p-type, the EF has a position closer to the valence band, EV, with an abundance

of free holes. Similarly, the EF closer to the conduction band, EC, means there is a

larger number of conduction electrons. When the p-type and n-type materials are

isolated from one another, excess holes in the p-type and electrons in the n-type

cannot come into equilibrium with each other and hence the respective EF do not line

up. This is illustrated in Figure 2a. Once a p-n junction is formed, under thermal

equilibrium the EF will be continuous across the structure due to high-energy free

electrons di�using from n- to p-side and low-energy holes di�using in the opposite

direction as shown in Figure 2b.
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Figure 2: Schematic of a p-n homojunction solar device: a) Two identical semi-

conductor materials (p- and n- type) prior to contact; and, b) Band diagram

of a p-n homojunction in equilibrium.

Under continued illumination, an incident photon will pass through the device

which may be absorbed in the form of band-to-band electronic transitions between

the valence, EV, and conduction, EC, bands thus creating electron-hole pairs on

both sides of the p-n junction (in this case the single EF is split into quasi EF

for electrons and holes) provided the electron energy is greater than the band gap

hv > EG of the host semiconductor. If these generated carriers can di�use to the

depletion region before they recombine, then they are separated by the electric �eld.

Electrons migrate across the junction to a lower energy level causing a build up of

negative charge in the emitter, while holes oppose this behaviour and generate a

positive charge in the base region. Thus, the potential energy at the junction is

lowered and so charge (or current) is able to �ow through an external load. This

is essentially how the photocurrent of a solar cell is created and forms the basis for

all photovoltaic devices. Formally known as the photovoltaic e�ect, it was not until

1954 that the �rst Si solar cell capable of directly converting enough sunlight into

electricity to run electrical devices was fabricated [39]. It is important to note that
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energy in excess of the band gap is delivered as thermal energy to the solar cell

raising its temperature. Similarly, low photon energies will not induce absorption.

This of course is undesirable, therefore it is necessary to match the band gap to

the available visible light in order to minimise these e�ects by using materials with

band gap energies in the narrow range of 1 - 2 eV (governed by the solar spectrum).

A band gap of 1.4 - 1.5 eV is optimum for photovoltaic applications and hence the

highest conversion e�ciencies are expected in this region.

2. p-n heterojunction

Heterojunction devices require two dissimilar crystalline semiconductors with dif-

ferent band gaps (EG1 and EG2) to be brought into contact as illustrated in Figure

3. Heterojunction devices have an inherent advantage over homojunction devices,

which require materials that can be doped both p- and n-type. This structure is

often chosen to produce cells made of thin �lm materials that absorb light better

than silicon. An example of this type of device structure is the successful CIGSSe

cell, in which the junction is formed by contacting n-type CdS with p-type CIGSSe.

Normally, the most optimum design is for the absorber layer to have a band gap

matched to the spectrum (1.3 - 1.5 eV) and for the upper layer to have a much larger

band gap so that it does not absorb any photons or alternatively very thin so that

it also absorbs as few photons as possible (the CdS often used is rather too narrow

for this). However, although the operation is generally the same, the band diagram

in this case is more complicated than the homojunction device as there are energy

band discontinuities in the conduction band (∆EC) and the valence band ( ∆EV) at

the junction of the two materials. This is due to the change in band gap and work

functions of the two semiconductors.
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Figure 3: Schematic of a p-n heterojunction solar device: a) Two dissimilar

semiconductor materials (p- and n- type) prior to contact; and, b) Band dia-

gram of a p-n heterojunction in equilibrium.

For this study, the primary focus is on heterostructures which form the origin of

most thin �lm solar devices. It is worth mentioning, however, that typical thin �lm

solar cell structures can consist of many stacked layers each introducing multiple

interfaces such as the following: a back contact, an absorber layer, a bu�er layer, a

window layer and a front contact in either a substrate or superstrate con�guration.

The reader is referred to references [40] for further details on the physics behind

solid state theory and solar cells structures.

3. p-i-n junction

A third type of junction used typically in thin �lm amorphous silicon (a-Si) devices

is the p-i-n photodiode structure which consists of three di�erently doped layers:

an undoped (intrinsic) resistive layer located between heavily doped p- and n- type

regions. This con�guration sets up an electric �eld between the p- and n-type regions

across the middle intrinsic i-layer region. Light generates free electrons and holes in
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this intrinsic region, which are then separated by the electric �eld. In a CdTe cell,

the device structure is similar to the a-Si cell, except the order of layers is inverted

(superstrate con�guration). Typically a CdTe cell has an upper p-type cadmium

sul�de (CdS) layer, a middle intrinsic CdTe layer, and a bottom layer which is an

n-type based material.

2.3.2 CZTS(Se) devices

Ito et al. �rst reported photoelectric behaviour in 1988 [28] for the CZTS/CdSnO

heterostructure. Although device e�ciency was not well documented, a full inves-

tigation of the p-type CZTS concluded its ideality with a direct band gap of 1.45

eV. In 1997, Friedlmeier et al. [41] fabricated CZTS solar cells using a device struc-

ture CZTS/CdS/ZnO yielding conversion e�ciencies of 2.3 %. This record was soon

superseded by Katagiri's group in 1999 [24], with a cell reaching power conversion ef-

�ciencies up to 2.63 %. Further investigation and optimisation of the annealing and

conversion process by this group substantially improved AM 1.5 device e�ciencies

reaching 5.45% in 2003 [42] and then their best to date of 6.8% in 2008 [43].

With increased interest and awareness of the materials potential, many research

groups have since undertaken extensive studies into the fabrication and character-

isation of CZTS(Se) thin �lm single layers and complete device structures. There

has since been a remarkable improvement in device e�ciencies. This is covered in

depth in references [19, 44]. Interestingly, the current record by Barkhouse et al.

boasts a conversion e�ciency narrowly surpassing 10% [45]. This has now overtaken

the previous record held by Todorov et al. at 9.7% in 2010 [36] (although both

authors' are part of the IBM group). In both cases, the device structures used a

CZT(S,Se) absorber layer fabricated via a hybrid non-vacuum solution-particle ap-

proach. Also, synthesis of selenised CZTS nanocrystals via hot injection has shown

total area e�ciencies as high as 7.2% grown by Guo et al. [46]. It should be noted

that the CZTSSe compound uses the addition of selenium to engineer the band gap

closer to the PV optium range of 1.4 - 1.5 eV and as a result the highest e�ciencies

have ensued. It would be desirable, however, to fabricate pure sulphur CZTS active

layers without inclusion of the rare element of selenium (only the sulphur compound
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has highly abundant and non-toxic elements). Katagiri et al. maintain the current

record of 6.8% by fabricating Se-free CZTS solar cells via an in-line sputtering and

sulphurisation process [43]. Similarly, a single step thermal evaporation process by

Wang et al. also yielded e�ciencies up to 6.8% [47].

The current status of kesterite-type e�ciencies has shown progressive improve-

ments but still remains substantially low compared to competing thin �lm technolo-

gies as mentioned in section 1.2 and certainly the Shockley and Quessier theoretical

limit (although this is somewhat unjust as CZTS has a band gap exceeding that

of the optimum value and could never attain an e�ciency over 30 % in principle)

[48], thus requiring a concerted e�ort to fully understand and optimise material and

device parameters. Interestingly, these studies have all targeted the same stoichio-

metric ratios and notably demonstrated that the best performing CZTS(Se)-based

devices consist of Zn-rich and Cu-poor compositions, as has been well documented

within the literature, irrespective of which fabrication route is pursued. The opti-

mum compositions for the Se-free compounds were estimated to be at or close to

Zn/Sn ≈ 1.25, Cu/(Zn+Sn) ≈ 0.85 and S/metal ≈ 1.1 [43]. The greatest challenge

remains in precisely controlling the desired stoichiometry of precursor elements dur-

ing the sulphurisation process for the complete conversion of mono-phase kesterite

CZTS(Se). Incomplete conversion or elemental change/loss during sulphurisation,

as will be later explained in greater detail, will almost certainly induce the decom-

position of the pure CZTS(Se) phase and lead to the formation of detrimental bi-

nary and/or ternary metallic-chalcogen phases. A greater understanding is required

of which compositions are necessary to fabricate high performing absorber material

that in turn will facilitate improved device e�ciencies for commercialisation. In con-

junction to this, suitably re�ned low-cost and scalable methods of implementation

would be desirable. This has recently been demonstrated using an electrodeposition

route where a CZTS solar cell achieving a power conversion e�ciency of 7.3% was

fabricated [49]. Furthermore, the idea of commercialising CZTS(Se) has started to

come to fruition with the thin �lm producer Solar Frontier announcing collaboration

with IBM to take CZTSSe development further [50].

CZTS(Se) absorber layers have the added advantage of being integrated into the
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well utilised substrate con�guration as used for CIS/CIGS devices. This multi-layer

structure, as illustrated in Figure 4, typically starts with a glass base coated with a

molybdenum (Mo) electrical back contact, a p-n junction consisting of a CZTS(Se)

active absorber layer (p-type) to replace materials like CIGSSe, and a thin CdS

bu�er layer (n-type). A further i -ZnO/Al:ZnO window layer and top electrical (Al)

contacts complete the solar cell.

Glass

Mo

p-type CZTS

n –type CdS
ZnO

~ 1-3 mm

~ 1.75 µm

~ 55 nm

~ 1 µm

~ 340 nm
~ 85 nm

ZnO:Al

Al

Figure 4: Schematic cross-section of the substrate device con�guration com-

monly used for CZTS(Se)-based solar cells. Each constituent layer is indicated

with approximate thicknesses as taken from the Katagiri cell [44].

Whether this con�guration is the most suitable for CZTS(Se)-based devices has

yet to be fully investigated. Many research groups are beginning to look into using

di�erent layers, thicknesses and substrates. Rajeshmon et al. have for instance,

demonstrated low cell e�ciencies with alternate cell structures by avoiding the usual

KCN etching treatment of CZTS(Se) and further substituting the CdS bu�er layer

for In2S3 [51].

2.4 Studies on the compositional e�ect on the properties and

formation of CZTS(Se)

The well studied thin �lm absorber layers of CIS and CIGS have demonstrated that

the respective Cu/In and Cu/(In+Ga) composition ratios play a signi�cant role

in determining the absorber material properties suitable for solar cell fabrication

and increased conversion e�ciencies [52, 53]. Thus, it seems rational to investi-
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gate the elemental changes when fabricating kesterite �lms, represented using the

ratios Cu/(Zn+Sn), Zn/Sn and S/(metal), to gain an in-depth understanding of

crystal growth, phase transformation, morphology and opto-electronic properties.

The above ratios are widely recognised in CZTS(Se) literature and are used as a

gauge of how far compositions deviate away from stoichiometry. This in turn can

ultimately dictate whether a high quality and performing kesterite material can be

synthesized or not.

Some recent reports investigating the compositional in�uence on CZTS(Se) for-

mation and properties have been explored. Tanaka et al. co-evaporated complete

CZTS thin �lms onto stationary soda lime glass substrates (SLG) at a temperature

of 550 °C for 12 minutes, yielding �lms with varying Cu/(Zn+Sn) and Zn/Sn ratios

ranging from 0.95 - 1.10 and 0.82 - 1.28, respectively [54]. The overall CZTS �lm

thickness was in the region of 310 - 530 nm, which is perhaps surprisingly thin com-

pared to most studies (notably the current world record of 10.1 % uses a thickness of

up to ≈ 2.5 mm [45]). In summary, the crystallinity improved with enhanced grain

size as the Cu/(Zn+Sn) ratio increased and interestingly, the structural properties

were only a�ected by the change in Cu/(Zn+Sn) and not Zn/Sn. A further study

by Babu et al. focussed on the e�ect of changing Cu/(Zn+Sn) of CZTSe �lms using

a four-source co-evaporation set-up [55]. Films were converted in a single-step with

a substrate temperature of 350 °C. Using a constant Zn/Sn ratio, the Cu/(Zn+Sn)

ranged from 0.83 - 1.15. Of particular signi�cance in this study is the realisation

that phase pure and polycrystalline CZTSSe �lms with an optical band gap are only

evident in the 0.90 - 1.10 range, with the formation of secondary phases ZnSe and

Cu2-xS occurring at 0.85 and 1.15, respectively.

The in�uence of composition in non-vacuum environments was also explored by

Tanaka et al. using changeable sol-gel solutions [56]. The Cu/(Zn+Sn) was varied

from 0.73 - 1.00 with a constant Zn/Sn ratio held at 1.15. As the ratio decreased,

large grains began to develop with a shift in band gap towards higher energies. The

best performing solar cell with an e�ciency of 2.03% was Cu-poor (Cu/(Zn+Sn =

0.80). Kumar et al. used spray pyrolysis to investigate the concentration e�ect of

copper salt and thiourea on CZTS formation. Conversion occurred at a substrate
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temperature of 350 °C and �lm ratios of Zn/Sn = 0.92, Cu/(Zn+Sn) = 0.79 and

S/metal = 0.64 yielded a single phase kesterite structure with a band gap of 1.43 eV

[57]. However, preventing the substantial sulphur-loss remains a challenge with this

particular technique. Platzer-Bjorkman et al. have recently studied the e�ects of

precursor sulphur content on co-sputtered CZTS [58]. They interestingly compared

sulphurised precursor metals to that of sulphur-containing precursor compounds.

By sulphurising metallic precursors substantial Sn-loss was observed, with the latter

yielding higher quality �lm and improved uniformity. It was further shown that

speci�c compositions dominated the overall device e�ciencies: Zn-rich and Cu-poor

were highest, while near to stoichiometric material yielded low performances.

Although these studies o�er an interesting and useful insight into how chemical

composition e�ects the overall formation and characteristics of CZTS(Se) thin �lms,

only changes within a very narrow range are targeted. In fact, most studies generally

keep the Zn/Sn ratio constant while the Cu/(Zn+Sn) value incremently deviates

away from stoichiometry. Very few studies give a comprehensive overview of how

CZTS(Se) formation and device performance are a�ected by a large elemental change

over a wide spatial region. One of the main constraints is the vast number of

individual samples with di�erent stoichiometries required to undertake such a study,

coupled with a large investment in time, e�ort and the need for advanced and

automated analytical tools. As previously mentioned, Tanaka et al. [56] showed a

way of keeping the substrate stationary and deliberately changing the angle of the

sputter targets to obtain a graded composition in a single run. This o�ers a relatively

simple example of the high throughput combinatorial screening approach and is

introduced further in Section 2.6. A discussion is given on how careful experimental

design and adequate characterisation tools can ful�ll the requirements to explore

properties of well known and completely new materials systems, and further how

this will form the basis behind the research presented in this thesis.
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2.5 Metallic precursors

There are a wide array of new and well established methods available that are capable

of synthesising thin �lm coatings onto substrates which have become an integral part

of research within the electronics, energy and optical coatings industries. The exact

nature and properties of these �lms rely on the type, preparation and control of

these techniques before and during deposition.

As outlined in Section 2.2, the fabrication of CZTS(Se) thin �lm samples typically

relies on several key stages which can be summarised as follows:

1. Deposition of metallic precursors: typically either co-deposited or sequentially

stacked at room or elevated temperatures;

2. Addition of elemental pure sulphur (and/or selenium) in either compound or

gaseous form: onset of metal-chalcogen formation;

3. Conversion of metallic precursors into sulphide compounds (chalcogenisation)

via thermal treatment.

Generally speaking, stages two and three normally occur simultaneously. It is,

however, possible to synthesise CZTS �lms in a single in-situ process, whereby

sulphur-containing metal alloys are deposited and annealed under vacuum. This

approach was demonstrated by Katagiri et al. [43].

However, in this study, sulphur powder is �rst thermally evaporated (essentially

creating a Cu-Zn-Sn-S multilayer structure at room temperature) prior to annealing

the �lm in a furnace. This is discussed in greater detail in the subsequent chapters.

The primary focus of this section is on stage one - the deposition of precursor

metals. An introduction to the background of the ternary Cu-Zn-Sn material system

with its constituent binary systems (Cu-Zn, Cu-Sn and Zn-Sn) is given �rst, before

moving onto the theory associated with the sputtering process used to deposit the

precursor metals.

Gaining a clear and in-depth understanding of how the Cu-Zn-Sn ternary system

behaves under speci�c synthesis conditions will give a useful insight into which

phases will form before and after crystallisation. This will play an important role in
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determining the reaction pathways for CZTS(Se) formation and ultimately in�uence

the photoactive-quality of the �lm. As will be discussed in further detail in a later

chapter, the metallic precursors are normally deposited in two ways: sequential

stacking of discrete metal layers or co-deposition of all metal constituents. For

comparative purposes, this study will investigate both fabrication routes under room

temperature conditions. The stacking order of metals will be alternated in order to

assess the e�ects on the formation and properties of CZTS(Se).

The following sections �rstly address the three important constituent binary

phase systems: Cu-Zn, Cu-Sn and Zn-Sn. It is important to note that interpreta-

tion of these binary alloy systems can be extremely complex especially at higher

temperatures. In the interest of this investigation, however, only low temperatures

will be discussed. The �nal section then moves onto the Cu-Zn-Sn ternary system

which is of greater signi�cance for this study.

2.5.1 Cu-Zn binary system

Cu-Zn metallic alloys are commonly used industrially as brasses, and for this reason

have been extensively studied [59]. The addition of Zn to Cu results in the formation

of a series of solid solutions and as a result changes the properties. Figure 5 shows

the calculated phase diagram for the metallic Cu-Zn binary system. Cu (Cu) and Zn

(Zn) are terminal solid solutions accompanied by a number of CuxZny intermediate

phases (b, b', d, Cu5Zn8(g), and e-CuZn5) which are predominantly formed at high

temperatures by peritectic, eutectic, and euctoid reactions within the composition

extremes (0 - 100 at. %).
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Figure 5: Calculated phase diagram for the Cu-Zn binary system [60].

At low Zn concentrations, the FCC structure relating to Cu is observed for a

large temperature range up to melting point (liquid form of Cu occurs at ≈ 1084

°C).

2.5.2 Cu-Sn binary system

Two terminal solution phases, Cu (Cu) and Sn (bSn), occur at the edges of the binary

Cu-Sn system with an additional seven intermediate phases forming by peritectic

or peritectoid reactions: b, g, Cu10Sn3 (z), Cu41Sn11 (d), Cu3Sn (e), and Cu6Sn5

(h). The lower temperature Cu6Sn5 (h') also occurs which is is likely to occur at

temperatures as low as room temperature. The Cu-Sn phase diagram is shown below

in Figure 6 and is widely studied as bronze materials [61].
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Figure 6: Calculated phase diagram for the Cu-Sn binary system [60].

2.5.3 Zn-Sn binary system

The phase diagram, as shown in Figure 7, of the Zn-Sn eutectic binary system is

relatively simple in comparison and well established. It has a eutectic point at 198.5

°C, the temperature at which the liquid (L) form decomposes into the two terminal

solid solutions, Zn (Zn) and Sn (bSn) at a composition of 91.2 wt. % Sn, as denoted

by the intersection.

Figure 7: Calculated phase diagram for the Zn-Sn binary system [60].
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At low temperatures, no intermediate phases precipitate and therefore no ZnxSny

phases would be expected to form during the sputtering of metals at room temper-

ature for this study.

2.5.4 Cu-Zn-Sn ternary system

Ternary phase diagrams show the relationship between three components for one

isothermal section i.e. the phase equilibrium is represented at one speci�c temper-

ature and are normally drawn graphically as a Gibb's triangle. This essentially

allows the calculation of the relative amount and composition of phases present in

the system for a �xed thermodynamic state under equilibrium. There are perhaps

surprisingly very few experimental studies on the Cu-Zn-Sn phase diagram. Knowl-

edge of the phase formation across a broad range of compositions and temperatures

is limited. One notable study by Chen et al in 2006 [62], focussed on the Cu-Zn-Sn

phase equilibria to fully understand the Sn-Zn/Cu reactions for alloy solder appli-

cations.

An isothermal section at 250 °C was studied comprehensively with compositions

covering a wide spatial region. Further studies, although in less detail, were under-

taken at di�erent temperatures and can be summarised as follows:

1. Isothermal section at 250 °C: a large range of compositions, with a liquid phase

forming tie-lines with all three Cu-Zn binary compounds (CuZn, Cu5Zn8 and

CuZn5). No ternary compounds precipitate under these conditions.

2. Isothermal section at 230 °C: fewer compositions were studied, but a liquid

+ solid Sn two-phase region was observed with tie-lines to all Cu-Zn binaries

and the higher temperature Cu6Sn5(h).

3. Isothermal section at 210 °C as shown in Figure 8 (this phase diagram is also

expected for lower temperatures): notably no liquid phase present with only

solid elemental Sn tie-lines.
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Figure 8: Ternary Cu-Zn-Sn phase diagram for the isothermal section of 210

°C, as studied by Chen et al. [62]. Intersection of the dashed lines denotes

the stoichiometric precursor ratio (Cu:Zn:Sn = 2:1:1), applicable for CZTS

formation.

If the fact that the di�usivity of Cu through Sn and the high reactivity of Zn is

considered, then the formation of Cu-Zn phases show preference to Cu-Sn phases in

this ternary system. It should also be mentioned that in order to achieve thermo-

dynamic equilibrium in any system large time scales are required (especially at low

temperatures such as room temperature). Therefore, non-equilibrium phase struc-

tures are often encountered and the Cu-Zn-Sn is no exception. Therefore, it must

be taken into account that for the study by Chen et al. [62] only fully equilibrated

bulk-form alloy material is experimented with, and not thin �lm compounds as in

the case with this study. In that light, it is important to note that thin �lm e�ects

and low deposition/anneal temperatures will play a dominant role in determining

which phases are expected to precipitate.
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2.6 High throughput combinatorial screening for materials

discovery

2.6.1 A review of the high throughput combinatorial screening approach

This section introduces the mechanism and motivation behind deploying the high

throughput screening approach for the fabrication and characterisation of mate-

rial systems. The high-throughput, or otherwise referred to as the combinatorial

screening approach, is becoming a favoured technique for the optimisation of known

material systems as well as a useful tool to aid the discovery of new materials for

a broad range of applications. Pioneered within the pharmaceutical industry for

drugs screening as far back as the 1960's [63], the methodology has since progressed

into many other multidisciplinary areas of materials research including catalysts [64]

as well as potentially new and exciting photovoltaic materials. The approach is a

useful exploratory screening tool encompassing two stages of parallel importance:

�rstly, the synthesis of a thin �lm layer, or multi-structure, is grown directly onto

a substrate with extensive compositional and structural variation creating multiple

samples within a single specimen known as a �library�. Secondly, the deployment

of a wide range of fully automated characterisation techniques to carefully investi-

gate the structural-composition-electronic properties across the complete library is

used. As a result, this tool proves to be advantageous in rapidly fabricating, iden-

tifying and comprehensively evaluating a large range of candidate material systems

within a single run, as opposed to the conventional method of single-composition

sample studies. High throughput screening combined with advances in technology

and computation would signi�cantly reduce the timeframe with a greater opportu-

nity to further enhance material systems. Pioneering work by Hanak et al. [65]

successfully executed the idea of high throughput experimentation in the 1970's,

by co-sputtering multiple target materials simultaneously. A generic development

work�ow was introduced by Hanak and follows four main stages:

1. Synthesis of multi-component materials systems;

2. Non-destructive chemical composition analysis;
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3. Materials properties scanned and obtained via analytical techniques;

4. Data acquisition and computer processing.

The modern approach has since evolved from the work done by Hanak which uses

the integration of informatics, experimental design/modelling, simulations and scale

up [66].

Generally, there are three widely recognised ways to synthesise thin �lm combina-

torial libraries:

� Discrete or continuous sequential depositions - generally used with the aid of

masking and shutter mechanisms. Studies by Xiang et al. [67], that in fact

publicised the term �combinatorial,� focussed on using the discrete technique

to evaluate the solid state BiSrCaCuO and YBaCuO superconducting material

systems.

� Composition spread co-deposition - the co-deposition of metallic elements

and/or compounds with the use of masks and/or tailored target-source geom-

etry to create lateral composition di�erences across a single substrate. This

second approach was demonstrated by Kennedy et al. [68], where in this in-

stance the 760 °C isothermal section of the Cr-Fe-Ni ternary phase diagram

via co-deposition was mapped.

� Composition-gradient atomic epitaxy - perhaps the most complex, this tech-

nique is primarily achieved via PVD methods that intricately grow �lms layer-

by-layer, with precisely controlled compositions and crystal structure.

2.6.2 The combinatorial application to PV

Many research groups have recently adopted the technique using one or a combina-

tion of the above methods to focus on photovoltaic and solid state electronic mate-

rials. Studies on transparent conducting oxides (TCO's) have been comprehensively

investigated including the ternary Zn-Al-O and Zn-Sn-O thin �lm systems [69]. T.

Kuykendall et al. studied the growth of the composition-related tunability of the

energy band gap for single-crystalline InxGaN1-x nanowires via a CVD technique

27



[70]. Interest has also followed suit for device optimisation in the area of organics

PV (OPV) [71]. Furthermore, Haber et al. have focused their research e�orts into

optimising and discovering new chalcogenide-based thin �lm absorber layers such as

Cu3BiS3 [72]. Teeter et al. based at NREL, have notably begun studying the CZTS

compound using combinatorial approaches by co-sputtering precursor metals before

undergoing a sulphurisation/annealing process [73]. Although the approach within

the PV industry remains in its infancy, it is beginning to prove to be a very useful

exploratory tool particularly in the area of new oxide and chalcogenide materials.

As many of these material systems contain multiple elements all dependant on one

another, it is of paramount importance to be able to �ne tune and optimise their

properties with precision.

2.7 Primary objectives of this research

Recent studies, as mentioned in Sections 2.3 and 2.4, have shown that record device

e�ciencies favour a non-stoichiometric CZTS(Se) compound. More precisely, a mod-

erately Cu-de�cient and Zn-rich �lm is desirable. It is therefore not surprising that

an in-depth knowledge is required of how compositional variation directly a�ects

and in�uences the reaction pathway of the kesterite structure as well as the crys-

tallographic, morphological and opto-electronic properties. There are relatively few

in-depth studies on such in�uences thus stimulating the motivation for this research.

The primary objective of this study is to investigate how the compositional vari-

ation of the ternary precursor metallic system (Cu-Zn-Sn) in�uences the overall

complex thermodynamic behaviour of Se-free CZTS and subsequently its e�ect on

the structural, morphological and opto-electronic properties. For this study, we

adopt the continuous composition spread approach as described in Section 2.6.1 to

fully investigate the CZTS compound. The use of DC magnetron sputtering with a

tailored system geometry has the added advantage of producing a compositionally

graded library without the use of masking mechanisms. It is important to realise

that this technique is relatively limited for cases of more than three or more compo-

nents, and will not yield a full composition-phase diagram in a single run. In fact, it

is not of interest to develop the full phase diagram but only to explore a relatively
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large region around the point of stoichiometry. In short, a dual high throughput

combinatorial screening approach is adopted for the fabrication and characterisa-

tion of CZTS thin �lm libraries. Firstly, the synthesis route involves a two-stage

deposition reaction process: i) sputtering (co-deposition and sequential stacking are

both investigated) of laterally graded metallic precursor libraries at room tempra-

ture, and, ii) semiconductor conversion via annealing at 500 °C in the presence of

evaporated chalcogen (sulphur). Secondly, a broad range of fully automated char-

acterisation tools are utilised to rapidly interrogate and explore material properties

of mulitple compositions constrained within a single library.
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3 Thin Film deposition

This chapter will outline the thin �lm deposition techniques used in this study. The

�rst section will focus on the theory and mechanisms behind the sputter process used

for precursor fabrication. The second part will then progress onto the calibration

of each metallic element in preparation for the design of compositionally graded

libraries. Finally, a brief overview on the emission characteristics associated with

evaporation is given and how this knowledge can be applied to the combinatorial

set up in the next chapter.

3.1 Sputtering of metal precursor layers

3.1.1 Theory and methodology of the vacuum sputtering process

Sputtering is a well established PVD vacuum coating technique o�ering the versatil-

ity to fabricate a wide range of desired metallic and alloy thin �lm material systems.

The sputtering process can be divided up into four main types: DC, AC (or ra-

dio frequency, RF), reactive, and magnetron. There are, however, many variants

within each category or even hybrid set-ups such as reactive magnetron. For this

investigation, DC magnetron sputtering is used for the deposition of pure metals.

Being such a broad subject area, focus is only given to the basic mechanisms of this

type of sputtering and therefore the reader is referred to reference [74] for further

information.

Magnetron sputtering is the most widely used variant of DC sputtering with

several advantages over basic DC set-ups: i) deposition rates are increased due to

a lower operating voltage, and ii) a stable discharge is easily attainable at lower

pressures required for most industrial applications. A prerequisite for the DC-set

up is the use of conducting materials such as metals or doped semiconductors. No

current would be drawn if a non-conducting target is bombarded with positive ions,

as surface charging builds up acting as a shield to the electrical �eld. Radio frequency

sputtering, therefore, is normally used to deposit non-conducting materials such as

oxide compounds for TCO's [75].

The DC-sputtering system setup, as illustrated in Figure 9, consists of a pair of

30



electrodes separated by a pre-determined distance: an anode where the substrate

is located and the corresponding cathode(s) known as the target(s). Deposition

of material takes place inside a high vacuum chamber, typically in the order of ≈

1 x 10-6 mbar. Usually argon (Ar) inert sputtering gas is fed into the chamber

with a pressure range between 0.5 - 12 mbar to facilitate the ignition of a plasma.

This works when a negative potential is applied to the target. Below the target,

a ring magnet is used where the electrons in its �eld are trapped and circulate in

the vicinity of the target surface. This electron agglomeration within the gas causes

a higher ionisation probability over time, thus creating a plasma at these working

pressures. As a result, the Ar+ ions are accelerated towards the target and break

up or �sputter� the material free which then condenses on the substrate.
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Figure 9: Schematic illustrating a two-electrode DC magnetron sputtering set-

up (three targets), as used in this study.

3.1.2 Process and parameters selection

In general, there are two di�erent methods of sputtering metallic alloys. The �rst ap-

proach uses alloy targets with the correct stoichiomety, whereas the second method

deals with indirect deposition of alloys by using multiple targets of single metals.

For this study, the latter approach for the synthesis of Cu-Zn-Sn ternary layers is

adopted (as in Figure 9).

Although thickness variation across the substrate area is often unavoidable within
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a few percent, di�erences in target incident angles can also cause compositional

deviations. In fact, this change in elemental concentration is fundamental for this

study, as the geometry will be intentionally arranged to favour compositionally non-

uniform �lms as will be later addressed.

In practice, it is important to consider and take into account that each material

has its own characteristic sputter yield which is dependent on several key factors:

the target metal itself; glow discharge e�ects (essentially the e�ects of the mass of

the incoming ion and the voltage through which the ion is accelerated); the applied

sputtering power; sputter gas pressure; target-substrate distance and target angle

of incidence with respect to the substrate normal. In addition, sputtered material

is also likely to be signi�cantly scattered by collisions with Ar gas molecules. Some

of these parameters are described in greater detail as follows:

i) Target-substrate distance

Due to geometric constraints within the sputtering chamber, perpendicular target-

to-substrate distances of 50 mm and 100 mm have only been evaluated for this

study. Of course, reducing this distance is a simple and e�ective method to in-

crease deposition rate which would be particularly desirable for saving time on a

large-scale industrial level, but it is important to consider that a shorter distance

will a�ect the thickness uniformity, �lm quality and further introduce unnecessary

internal compressive stresses during crystal growth. Furthermore, �lm properties

could signi�cantly change if subjected to temperature gradients i.e. if in the vicinity

of a heated substrate. However, shorter distances can have bene�cial e�ects too:

tensile stress may be reduced and �lm adhesion may improve due to the higher

energy of arriving atoms. Generally, it can be assumed that the sputtered material

leaves the target in a cosine distribution pattern and the sputter rate varies as the

inverse square of the total target-substrate distance. In this instance, by halving a

total distance of 100 mm to 50 mm, the material arrival rate essentially increases

by a factor of four at the substrate. At a longer distance, the number of thermal-

ising collisions increases between sputtered metal atoms and Ar gas molecules and

as a consequence, the deposition behaviour no longer obeys the cosine distribution
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leading to a relatively uniform and thinner layer.

For the combinatorial approach, graded compositions of each metal are required

which is governed by the inclination of each target towards the centre of the sub-

strate. It is highly important, however, to maintain a uniform �lm in terms of

thickness when all three elements are sputtered. This is discussed in further detail

in Section 3.3.

ii) Sputter gas pressure

In this study, a diverse range of operating gas pressures (denoted as P1) from 1 x

10-3 mbar to 1.1 x 10-2 mbar have been used to assess the e�ects on the sputter

rate of each metal. In general, deposition rates are gradually increased by lowering

the sputter gas pressure. This can be accounted for principally by the fact that

sputtered atoms ejected from the target will undergo fewer thermalising collisions,

thus a larger proportion will deposit on the substrate. One potential downside,

however, of lowering the gas pressure too much is a change in �lm uniformity, mainly

due to a reduction in the number of thermalising collisions.

iii) Sputtering powers

Selecting the optimum power for each material is essential and needs careful consid-

eration, not only to ensure the correct amount of material is being sputtered from

the target, but also to limit any damage that may be caused to the target and system

itself. The power supplied to the gun dissipates into the system, with the majority

used to heat the cooling water. Given the target/interface thermal limitations, such

damage can be reduced or eliminated by using an appropriate maximum power,

which are normally very conservative values. In this instance, the maximum powers

associated with the three target metals used in this study are: Cu (250 - 300 W),

Zn (100 W) and Sn (50 W).
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3.2 System and materials calibration

It is important to understand the sputtering behaviour of each metal and how they

will react when deposited individually as layers before progressing onto co-deposition

or stacking of all elements. The �rst aim was to establish the optimal processing

conditions for each of the three targets - copper, zinc and tin. Calibration data

was recorded with respect to di�erent target-substrate distances, as well as varying

operating chamber and working argon gas pressures (P1 and Pargon, respectively,

as measured using independant gauges). Furthermore, the power supplied to each

target was varied incrementally up to its threshold at a �xed pressure. A quartz

crystal microbalance monitor with data acquired via software (In�con, Q-POD), was

placed next to the glass substrate in an arrangement such that the sputter target is

aligned perpendicular to the source.

3.2.1 Quartz crystal monitor (QCM)

In order to measure the sputter rate and �lm thickness at normal incidence, a QCM

transducer was used in situ. The crystal monitor is positioned in the deposition

chamber to intercept a fraction of the vapour �ux from the target material. When

a deposited mass of material (thin �lm) adheres to the surface of the crystal, the

natural resonant frequency which is highly sensitive to density, pressure and elastic

moduli is lowered as the properties of the mechanically oscillating plates are e�ec-

tively altered [76]. For this study, the AT-cut crystals used composed of an alloy

coated electrode (In�con) with a resonance frequency of 6 MHz (± 0.002 %) when

unloaded, and a stability value of ± 2ppm (in the temperature range of 0 - 200 °C

ideally suited to room temperature deposition). The use of an alloy composition

is favoured over the commonly employed silver or gold crystals. This is predomi-

nantly due to the fact that although silver and gold both perform well with PVD

techniques and have high lifetimes, there is a tendency to react to moisture, �uoride

and sulphide compounds which is not ideal for this study. There are a couple of

important factors to take into account when attempting to make precise thickness

measurements as follows:
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1) Tooling Factor

During deposition, the QCM is never normally arranged such that it occupies the

same position as the substrate. Therefore, a minor o�set to the incident normal

means the crystal will measure a di�erent deposition rate, albeit very small in most

instances. The tooling factor corrects this geometric constraint and is normally de-

termined by system calibration. This involves directly measuring the deposited layer

either mechanically or optically, and comparing it to the thickness as monitored by

the QCM. The tooling factor Tfactor is de�ned as the ratio between sample thickness

and the thickness as monitored by the sensor given by:

Tfactor =
tmeasured

tmonitored
(1)

where tmeasured is the directly measured �lm thickness and tmonitored is the thick-

ness as measured by the QCM. A tooling factor of 1.00 signi�es that both the sample

and sensor receive the same thickness of �lm. A tooling factor > 1.00 implies that

the sample receives a thicker deposit than the sensor. In this case, we assume Tfactor

≈ 1 due to close the proximity of the sensor to the substrate (several mm) and the

appreciable magnitude of the target-substrate spacing.

2) Acoustic Impedance

The acoustic impedance of a material, often denoted as a �Z-ratio,� is a signal

correction factor and is calculated by taking into account the density of the material

and the velocity of sound, compared to that of quartz. The accuracy of the mass

load and �lm thickness calculation on the QCM is often limited by how well the

Z-ratio and density of the material are known (typically very close to bulk values).

For this setup, Z-values are selected from a materials database [77] and input via

the software.

Three values are required to ensure accurate measurements of deposition rate and

�lm thickness: the density, tooling factor and Z-ratio. These values are dependant

on the material and the lifetime of the crystals. Table 1 summaries the values used

in this study.
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Material Deposition technique Density (gcm-3) Z-ratio

Cu DC sputter 8.94 0.437

Zn DC sputter 7.14 0.514

Sn DC sputter 7.37 0.724

S Evaporation 2.07 2.29

Table 1: A summary of the required QCM parameters. Tfactor ≈ 1 [83].

Figure 10 shows the change in crystal frequency as a function of deposition time.

When deposition begins, it is clear as expected that the value gradually decreases

over time as the �lm deposit condenses on the crystal surface.

Figure 10: QCM frequency as a function of deposition time. Dotted lines

represent both the onset (shutter opened) and termination (shutter closed) of

�lm deposition.

Once the shutter is closed, deposition terminates and hence the crystal frequency

stabilises. An important point regarding QCM set ups is the inaccuracy in �lm

thickness measurements when muliple elements and/or compounds are deposited

simultaneously. This is due to the thickness as measured by the QCM being material

dependent i.e. on the Z calibration which in turn depends on the relative thicknesses

deposited of each material. In order to minimise this e�ect, frequent crystal changes

are required. Crystals should be replaced when the lifetime falls below 50% to obtain

accurate and meaningful data.
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3.2.2 Copper, zinc and tin deposition

The experimental emission characteristics of the Cu, Zn and Sn sputter targets are

shown in Figures 11, 12 and 13, respectively. Measurements are taken from two �xed

target-substrate distances at 50 mm and 100 mm. All �gures show the strong linear

correlation between sputter power, P, and the deposition rate, R, for both distances.

As expected the rate is increased near four-fold when the target-substrate spacing

is halved. Furthermore, as P1 decreases higher sputter rates can be observed. This

also holds true for low Pargon values. The maximum sputter powers are set to 250

W (Cu), 100 W (Zn) and 50 W (Sn).
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Figure 11: Calibration data for the Cu sputter target: a) operating chamber

pressure P1 against sputter rate; b) correlation between operating pressure P1

and argon working gas Pargon; and, c) Sputter power, P versus sputter rate, R.
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Figure 12: Calibration data for the Zn sputter target: a) operating chamber

pressure P1 against sputter rate; b) correlation between operating pressure P1

and argon working gas Pargon; and, c) Sputter power, P versus sputter rate, R.
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Figure 13: Calibration data for the Sn sputter target: a) operating chamber

pressure P1 against sputter rate; b) correlation between operating pressure

P1and argon working gas Pargon; and, c) Sputter power, P versus sputter rate,

R.

40



The line equation derived from Figures 11c, 12c and 13c showing the relationship

between sputter powers, P, and deposition rate, R, for Cu, Zn and Sn, respectively,

can be given by equation (2):

R(x) = a(x)P (x) + b(x) (2)

where a represents the gradient of the line and b is the y-intercept. These values

are listed in Table 2. The notation x denotes the element of interest i.e. Cu, Zn or

Sn.

50 mm 100 mm

Element a Error b Error a Error b Error

Cu 0.2395 ±0.0065 0.0974 ±0.0141 0.0572 ±0.0006 0.2267 ±0.0811

Zn 0.7947 ±0.0311 -2.9200 ±0.0163 0.1339 ±0.0005 0.3151 ±0.0322

Sn 0.4749 ±0.0044 2.2510 ±0.0146 0.1259 ±0.0008 0.5590 ±0.0278

Table 2: Fitting parameters as calculated from the sputter power, P, vs rate,

R, line graphs for distances set at 50 mm and 100 mm. The values a and b

represent the gradient and intercept, respectively.

With the acquired calibration data for each metal using a perpendicular set-up,

the focus now turns to using this data in order to calculate the desired stoichiome-

tries. Therefore, target composition values must �rst be considered. Based on

high performing devices as described in the literature in Section 2.3, it would seem

sensible to aim for a Zn-rich and Cu-poor stoichiometry towards the centre of the

substrate. Thus, an inital calculation is made on the following near-stoichiometric

ratios: Zn/Sn = 1 and Cu/(Zn+Sn) = 0.8. As this does not substantially deviate

away from the stoichiometric �lm (Zn/Sn = 1 and Cu/(Zn+Sn) = 1), the stoichio-

metric region will also occur near the centre of the library. Careful attention should

be paid to the fact that three elements are involved and are highly dependent on one

another which adds a level of complexity to the calculation. Therefore, the sputter

powers will need to be balanced accordingly. It is important to note that these

initial calibration calculations are under the assumption that all targets are directed

towards the substrate in a perpendicular fashion. Based on the calibration data, the

pre-selected conditions for sputtering are as follows: an operating gas pressure of ≈
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5 x 10-3 mbar and argon gas pressure close to 0.5 mbar over the two target-substrate

distances of 50 mm and 100 mm.

3.3 Design of combinatorial precursor libraries

As previously mentioned, the power ratings for each target need to be balanced in

order to yield a targeted �lm stoichiometry. This is achieved in two steps: �rstly,

the atomic ratio Zn/Sn is set to one (Zn/Sn = 1) and secondly the other atomic

ratio Cu/(Zn+Sn) is set to 0.8 (Cu/(Zn+Sn) = 0.8). These two ratios will best

describe the overall metallic concentration of the �lm.

Table 3 summarises the key parameters required for the following sputtering

calculations used to deposit precursor metallic layers.

Element Density, ρ [gcm-3] Atomic weight, W [gmol-1] Max. power, P (W)

Cu 8.94 63.55 250

Zn 7.14 65.38 100

Sn 7.37 118.71 50

Table 3: Elemental parameters required for calculating sputtering ratios for the

deposition of precursor metals.

3.3.1 Zn/Sn sputter power calculation

In order for the atomic ratio of Zn/Sn to be equal to unity, the powers of both Zn and

Sn need to be compensated for such that the �nal �lm composition is stoichiometric

i.e. Zn:Sn = 1:1.

The molar densities, F (molcm-3), of both Zn and Sn are initially calculated

using the density, r, and atomic weight, W, values as listed in Table 3. These are

given by the following:

ΦSn =
ρSn
WSn

(3)

and,
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ΦZn =
ρZn

WZn
(4)

The values obtained from equations (3) and (4) are used to calculate the Zn/Sn

ratio for a range of di�erent powers given by the following formula:

Zn

Sn
=

[(ΦZn(Pi(Zn)a(Zn) + b(Zn))]

[(ΦSn(Pi(Sn)a(Sn) + b(Sn))]
(5)

where Pi is the selected power value for the range 0 ≥ i ≥ 50. Equation (5) is

calculated for a wide range of target powers up to the maximum permissible level

for each target. In this case it is 50 W, governed by the maximum Sn power rating.

At this stage, it is important to realise that the Zn/Sn ratio will vary signi�cantly

over a wide range of power values. Only a select few will satisfy the ration Zn/Sn

= 1.

A linear relationship as derived from equation (5) between the two elements Zn

and Sn is illustrated in Figure 14.

Figure 14: Plots of sputtering powers for the ratio Zn/Sn = 1 for two distances,

50mm and 100mm. Dashed lines indicate maximum possible sputter power

thresholds for each element.
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3.3.2 Cu/(Zn+Sn) sputter power calculation

Thus far, only the ratio Zn/Sn = 1 has now been considered. The more complicated

three-component ratio Cu/(Zn+Sn) will now need to be accounted for in a separate

calculation. The targeted ratio relates to a near-stoichiometric (marginally Cu-

de�cient) �lm: Cu/(Zn+Sn) = 0.8. As the overall power settings are governed

by the maximum allowed value of Sn, the power calculation of Sn versus Cu can

be considered. In this instance, the ratio can be simpli�ed by only taking a two-

component system. Arbitrary but equal values can be substituted for Zn and Sn in

order to satisfy the ratio Zn/Sn = 1. Now, if the values of Zn and Sn are both equal

to 1 for example, the value of Cu in the ratio Cu/(Zn+Sn) = 0.8 would be equal to

1.6. Thus, by rearranging this equation such that Cu/Sn = 1.6, the ratio Cu/Sn is

calculated for a range of di�erent powers as follows in equation (6):

Cu

Sn
=

[(ΦCu(Pi(Cu)a(Cu) + b(Cu))]

[(ΦSn(Pi(Sn)a(Sn) + b(Sn))]
(6)

where Pi is the selected power value for the range 0 ≥ i ≥ 50 as before. The linear

relationship of sputtering powers for the two elements is illustrated in Figure 15.

Figure 15: Plots of sputter powers for the ratio Cu/Sn = 1.6 for two distances,

50mm and 100mm. Dashed lines indicate maximum sputter power thresholds

for each element.
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3.4 Thermal evaporation

In this study, CZTS �lms are grown by sulphurising metal alloy layers. This is

achieved by initially evaporating a thin sulphur layer onto the alloy followed by heat

treatment. This section introduces the phenomena of thermal evaporation, and

although sulphurisation is not discussed until Chapters 6 and 7, it is worth mention-

ing how the technique is a�ected by changes in emission angles and target-substrate

distances and ultimately what e�ect this can have on thickness and compositional

uniformity.

The process of evaporation in its simplest form consists of the vaporisation (or

sublimation) and condensation of a speci�c element or compound onto a substrate

under high vacuum. Figure 16 illustrates the assembly used for evaporating sulphur

in this study.
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Glass 
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to high current 
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Figure 16: Experimental set-up of the thermal evaporation system used to

deposit uniform layers of sulphur.

Evaporation from a point source is the simplest scenario to understand the pro-

cess. In this instance, particles are evaporated from an in�nitesimally sized spherical

source, (dAe), with a de�ned surface area, Ae [74]. Assuming that the evaporation
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rate of the mass material, Pe, is uniform, the total evaporated mass, M, over time,

t, is given by the double integral:

M =

tˆ

0

ˆ

Ae

ΠedAedt (7)

Of course only a small fraction of the mass will directly fall onto the substrate,

dMsub, with an area of dAsub. The following relationship can then derived as shown

in equation (8):
dMsub

dAsub
=

M cos θ

4πr2
(8)

where θ is the angle between the point source and the substrate normal and r

denotes the radius of the sphere. The deposition is governed by the orientation of the

substrate and the inverse square law of the target-substrate distance, h. Substrates

aligned in a fashion that is tangent to the spherical surface surrounding the point

source at any point would theoretically receive a uniform coating (since θ = 0 and

cosθ = 1).

The second model, which perhaps best predicts practical scenarios more accu-

rately, is the analogy of a surface or Knudsen e�usion cell acting as an evaporation

source (or multiple point sources as opposed to a single point source in equation (8).

A very small opening upon which evaporant material exits, obeys a cosine emission

law which is now dependant on two angles: the evaporant emission angle ϕ and the

deposition angle θ. The mass deposited per unit area, therefore, is given by the

following equation:

dMsub

dAsub
=

M cosϕ cos θ

πr2
(9)

Wide crucibles or �laments containing material in powder or pellet form can be

approximated as a surface source. Equation (9) can be further corrected for the

angular distribution of �lm thickness. A cosnϕ evaporation law has experimentally

been shown to be more realistic in many cases such that:
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dMsub

dAsub
=

M(n+ 1) cosn ϕ cos θ

2πr2
(10)

where n is the number that determines the geometry and angular distribution of

the vapour �ux. When n is large in value, the vapour �ux is highly directed.

For many thin �lm applications, such as optical coatings, thickness uniformity

is an important parameter to be able to control reliably. In order to achieve ideal

thickness uniformity, which is desirable when thermally evaporating sulphur in our

case, both the source and the substrate are required to be located on the surface of

a sphere with radius r. This eliminates the e�ect of the angle of incidence, θ. The

geometry of this setup is illustrated in Figure 17.

l

r

h

θ

φ

Substrate

Crucible

Figure 17: Schematic illustrating the evaporation geometry (relating to equa-

tions 9 - 11). Material is evaporated from the crucible (point or surface source)

onto a parallel plane substrate located above.

In the case of a surface source, cosθ = cosϕ = h/r, and so the �lm thickness can

be approximated to be:

dfilm =
M cosϕ cos θ

πρr2
=

Mh2

πρ(h2 + l2)2
(11)

where r is the density of the �lm. A further in depth explanation is given in

reference [74].

47



3.5 Combinatorial sputter system geometry

In the previous sections, sputtered material normal to the substrate plane was only

considered. A requirement for the growth of combinatorially graded Cu-Zn-Sn pre-

cursor libraries is for the target-substrate geometry to be deliberately arranged so

that all targets are directed towards the centre of the substrate. It is therefore

important to mention the relationship between the sputter yield as a function of

incident �ux angle. This section begins by outlining the theory associated with how

the angle of incidence in�uences the sputtered material before progressing onto how

this knowledge can be utilised to arrange the geometry of the sputter system in

order to synthesise combinatorial precursor libraries.

3.5.1 Magnetron sputtering

Although similar characteristics can be observed for sputtering to that of evapora-

tion, as outlined in Section 3.4, there are di�erences that should be accounted for.

Experimental studies have shown that the variation of the sputtering yield, Y, as

a function of the incident sputtering angle, θ, (de�ned as the angle with respect to

the substrate normal) shows an inverse cosine (cosθ)-1 relationship given by:

Y (θ) =
Y (0)

cosθf
(12)

where the exponent f is calculated analytically. It can be approximated to take

a value of 5
3
for most applications. This was theorised by Sigmund et al. [78] in 1969

using a Boltzmann model. As θ increases from zero, the penetration depth in the

target material decreases. The reason for this is that the atoms close to the surface

are excited by the impact and more easily ejected (hence increasing the sputter

yield). As the angle is increased further to beyond 45°, the sputter yield ultimately

reaches a maximum value between 50° and 80° then starts to decrease rapidly at

larger values (> 80°). This is due to a scattering e�ect, caused by the ine�ective

transfer of energy from the incident ions to the target surface atoms.

The model does however su�er from a number of limitations. One in particular

is the fact that Equation (12) is unable to predict the subsequent drop o� in the
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sputter yield at elevated angles above 45°, as surface e�ects are not fully accounted

for. Monte Carlo simulations have since been utilised to model and predict sputter

yields with greater accuracy [79, 80].

Taking into account the sputter yield dependency on the angle of incidence, the

arrangement of the sputtering apparatus used for this study is such that all three

Torus targets (Cu, Zn and Sn) are equidistantly separated from one another and are

angled at approximately 60° with respect to the centre of the substrate as illustrated

in Figure 18.

substrate

Three equidistant targets

PVD 
chamber

AXBYCZ

A

B

C

A
B

C
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b)

Stationary 
glass substrate

Ternary metallic 
alloy AXBYCZ

Figure 18: Schematic of sputter chamber geometry: a) Plan view of target

coverage across the glass substrate and, b) Side view of target-substrate ar-

rangement inside the PVD chamber. Target-to-substrate distance is �xed at

100 mm.
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4 Thin �lm characterisation techniques

In order to fully evaluate and understand the fabricated library, it is important to

interrogate each specimen with a wide range of analytical techniques ensuring each

point of interest is �married up.� Careful consideration was taken to design well

suited mapping protocols for each technique. The raster line grid used was a 14 x 4

point matrix (points were scanned every 2 mm giving a total of 56 points per slide

- 168 points per library). The follwoing section outlines and discusses the general

theory of the analytical techniques used for this study to characterise both precursor

and sulphurised libraries.

4.1 Energy-dispersive X-ray Spectroscopy (EDS)

4.1.1 Principles of the technique

Energy-dispersive X-ray Spectroscopy (EDS) is a commonly used non-destructive

analytical technique that can obtain the chemical composition of a sample material.

A focussed high-energy electron beam like the one in a scanning electron microscope

(SEM) is used to strike the surface of the sample, where electrons are ejected from the

constituent material atoms. The resulting electron vacancies are �lled by electrons

from a higher state, and an emitted X-ray (of which the energy is signature to the

element from which it was released) balances the energy di�erence between the two

electron states forming a peak(s) in the spectrum.

4.1.2 Accuracy and sensitivity

An EDS spectrum can be acquired which shows the elemental content and distribu-

tion across the sample with the x -axis representing X-ray energy (measured in eV)

and the y-axis representing the number of counts per channel. The overall accuracy

is governed by statistical error and generally a relative precision (de�ned as 2sv) of

approximately ± 1 - 2% can be attained for heavier elements. Furthermore, this

spectrum can be a�ected by the fact that many individual elements will almost cer-

tainly have multiple and/or overlapping peaks (e.g., the peaks associated with Mo

La and S Ka, which is a prime example when investigating CZTSSe-based devices
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deposited onto Mo coated glass substrates). This can generally be (although not

always possible) minimised with longer counting times and/or an increase in the

beam current. For lighter elements and/or low elemental concentrations (such as

dopants or impurities), statistical errors and uncertainties in background corrections

become increasingly dominant which limits the capability of distinguishing the peaks

thus greater sensitivity (detection limits are typically about 0.1%, although this can

be improved with some SSD detectors) is sometimes required. A further comment

should also be made about the optimum choice of accelerating voltage (in keV)

which is ultimately determined by the elements present in the sample. Typically,

the voltage value is taken to be approximately twice that of the highest excitation

energy of any element present in a compound. In this sudy, Cu and Zn have the

highest excitation energies (K-lines 8.99 keV and 9.67 keV, respectively), hence the

accelerating voltage should be at least 20 - 25 kV (Sn L-line excitation energy is

used at 4.47 keV). It should be noted that line intensities increase with accelerating

voltage, but as a result so does electron penetration causing the spatial resolution

to deteriorate substantially. The reader is referred to references [81, 82] for further

information on the EDS technique.

4.2 X-ray di�raction (XRD)

4.2.1 Principles of the technique

The X-ray di�raction (XRD) technique is normally used to identify the crystal phase

structures that form in material systems. In brief, the XRD technique can be de-

scribed as the interrogation of a material using a monochromatic X-ray beam that

passes through the matter and interacts with the electrons causing the X-ray radi-

ation to scatter. Most crystal structures can have many sets of planes pass through

their atoms with each set having a speci�c lattice or interplanar spacing that will

give rise to a characteristic angle of di�racted X-rays, provided the lattice spacing

is of comparable magnitude to the wavelength of the X-rays. Depending on the

orientation of these planes, the re�ected rays either constructively or destructively

interfere. Although these rays cancel one another out in most directions (destructive
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interference), they do add constructively in a few speci�c directions. In this case,

if the incoming wavelength is known and the angle is measured with a di�ractome-

ter, then the interplanar distance, d, can be calculated from the Bragg equation as

follows:

nλ = 2dsinθ (13)

where θ is the incident angle, n the order and is any integer (which in this case is

equal to one), and l is the wavelength of the beam. Reference [83] gives a compre-

hensive overview of the XRD technique.

4.3 Raman spectroscopy

4.3.1 Principles of the technique

Raman spectroscopy is widely used to study the composition and crystal structure

of solid, liquid and gaseous samples. An incident beam of radiation with a single

frequency, typically a laser, is used to irradiate a material sample. The molecules or

phonon's in a crystal are excited to an unstable �virtual� electronic state (as governed

by the frequency of the light source) and immediately fall back to their original state

by releasing a photon which is detected. When photons are scattered with negligible

frequency shifts elastic Rayleigh scattering occurs (scattered photon energy is equal

to that of the incoming light and as a result there is no energy change). If, on the

contrary, inelastic Raman scattering occurs the scattered photons have a di�erent

energy value to that of the incoming radiation (energy shift). However, this is a

weak process and the Rayleigh scattering is the most dominant.

During Raman scattering, a molecule may fall back from an excited electronic

state to an energy state that is higher (Stokes) or lower (anti-Stokes) than the orig-

inal state. The di�erent vibrational modes of a molecule can therefore be identi�ed

by recognising Raman shifts in the inelastically scattered light spectrum. Strictly

speaking, the peaks associated with Raman scattering should be expressed as a

shift in energy with respect to the exciting radiation i.e. a change in energy but for
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simplicity the literature generally expresses it simply as cm-1.

In this study, however, Raman analysis on crystalline solids rather than on molec-

ular compounds is more of interest. It is only �Raman-active� phonons that give a

signal (standing wave optical phonons due to crystal vibrations and not the molec-

ular vibrations that occur at certain bond energies as they are not �Raman-active�).

For this study a tuneable laser is used. It should be noted that there is always

broad-band random emission over the whole tuning range thus lasers cannot be con-

sidered as ideal monochromatic light sources. Two ways to avoid this is to either

block the spontaneous emission prior to reaching the sample by passing the laser

beam through a spatial �lter or; to use a monochromator which acts as a �lter for

the laser beam before it reaches the sample (however this can cause about 50% of

the laser power to dissipate). Spatial resolutions of around 10-6 m can be achieved,

depending on the particular optical system used. References [84, 85] contains a very

useful introductory chapter on the subject of Raman scattering.

4.4 Rutherford Backscattering spectrometry (RBS)

4.4.1 Principles of the technique

Rutherford Backscattering spectrometry (RBS) is a non-destructive ion scattering

technique used for compositional thin �lm analysis and is ideal that it allows quan-

ti�cation without the use of reference standards. Helium ions typically in the 0.5 -

4 MeV range bombard a sample and are elastically backscattered by the nuclei of a

specimen. The energy associated with the backscattered particles are a function of

the mass of the sample and can provide a quantitative elemental depth pro�le of up

to a few microns i .e. depth information is gained via the energy loss of the ions on

their way through the material. Multi-elemental and/or multi-layered samples can

be analysed and is well suited to measuring the absolute thickness of thin �lm coat-

ings, surface and/or interfacial layers (units in atoms/cm2); interdi�usion kinetics

of thin �lms, and elemental composition of complex materials such as oxides and

compound semiconductors. All elements from Be to U can be detected normally

using a silicon solid state detector. Detection limits depend on the sample composi-
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tion and are orders of magnitude better for heavy elements than for light elements

such as oxygen [86]. Typically, the composition and thickness of thin layers can be

determined with an accuracy of < 1%. For bulk materials the accuracy is 3 - 4 %.

The drawback of RBS is the low sensitivity for lighter elements, which often requires

the combination of other nuclear based methods such as nuclear reaction analysis

(NRA).

4.4.2 Data �tting and simulation

Data evaluation of RBS spectra can be carried out using conputer spectrum sim-

ulator programs such as SIMNRA. This code has the capability of calculating and

modelling spectra with non-Rutherford backscattering cross-sections for a given tar-

get structure and allows �tting of target compositions to measured spectra. The

reader is referred to reference [86] for an in-depth overview of the underlying physics

and simulation parameters used for this study. In brief, the material sample which

is referred to as the target is subdivided into individual sublayers. Each simulated

spectrum consists of isotope contributions of each sublayer of the corresponding

sample target. The incident particles lose energy once they penetrate a sublayer

and the beam energy is spread (this is due to what is known as straggling). The

SIMNRA program essentially calculates the energy of backscattered particles from

the front and the backside of the sublayer, and the energy of these particles when

reaching the detector.

5 Experimental procedures

5.1 Substrate preparation

Soda-lime glass (SLG) substrates with dimensions 75 x 25 x 1 mm2 (three slides used

in one deposition run giving a total substrate area of 75 x 75 mm2) were used for this

study and underwent a thorough multi-stage cleaning procedure as follows: sequen-

tial ultrasonic cleaning in decon-90 detergent/deionised water solution, ethanol and

isopropanol each with a duration of �ve minutes. The slides were then subsequently
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dried with N2 gas �ux. Prior to any deposition within the sputtering chamber, the

substrates were subjected to electrical glow discharge (plasma created via the pas-

sage of current through the argon working gas) at an operating vacuum around 1

x 10-2 mbar for ten minutes at room temperature to help with the outgassing of

material and further eliminate any surface organic contaminants. Care was taken

not to subject the substrate to high energies or extended glow times that would in

any way cause surface damage and/or preferential sputtering.

5.2 Deposition and characterisation of precursor metal li-

braries

The preparation and calibration of metal precursors was comprehensively described

in Section 3.2. Deposition was achieved under high vacuum within an Ar atmosphere

at an operating pressure of ≈ 5Ö10-3 mbar using three Torus two inch targets (Kurt

J. Lesker). The target-substrate distance was �xed at 100 mm. Two very di�erent

approaches for the deposition of Cu-Zn-Sn metallic precursors were explored at room

temperature via DC magnetron sputtering (Kurt J. Lesker chamber) onto stationary

75 x 75 mm2 soda-lime glass (SLG) substrates: i) co-deposition and, ii) sequential

stacking of each element. This consisted of depositing each element alternately and

repeating four times giving a total of 12 discrete layers to promote intimate mixing.

The elements were further arranged in di�erent stacking orders to investigate the

e�ect of how each metal reacts with di�erent neighbouring elements and how this

ultimately a�ects the complex crystallisation process of CZTS. The assembly of the

two di�ferent con�gurations are illustrated in Figure 19.
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Substrate Substrate

a)  Co-deposition b)  Stacked layers

Total layer 
thickness    
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Metal precursors alternately 
stacked e.g. glass/Zn/Cu/Sn

A single alloy layer of CuxZnySnz

deposited via co-sputtering

Sn

Zn

Cu

Figure 19: Two di�erent precursor deposition con�gurations a) co-deposited

metals and, b) sequentially stacked layers of each metal.

To summarise, the total number of metal precursor libraries that were fabricated

are as follows:

1. Co-deposited Cu-Zn-Sn metal alloy onto glass, and;

2. Sequential stacking onto glass with di�erent metal orders: Cu/Zn/Sn; Cu/Sn/Zn;

Zn/Cu/Sn; Zn/Sn/Cu; Sn/Zn/Cu; Sn/Cu/Zn.

From the calculations in Section 3.2, Sn was selected as the common element due

to power constraints. A value of 40 W was selected for Sn, thus power values

for Cu and Zn could be calculated accordingly. Tables 4 and 5 summarise the

experimental conditions for both a co-deposited and stacked library, respectively.

The total precursor layer thickness was estimated at 500 nm based on the QCM

values during calibration. It is important to note that for the stacked con�guration,

each discrete layer was approximately 42 nm in thickness (thus 12 layers in total

would yield an approximate thickness of 500 nm). Furthermore, the deposition rate

R, has now been converted to nms-1.
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Element Power, P (W) Rate, R (nms-1) Thickness, d (nm) Time, t (s)

Cu 65 0.4 - -

Zn 22 0.32 - -

Sn 40 0.56 - -

Total 1.8 1 layer = 500 278

Table 4: Deposition parameters for each element used to fabricate a co-

deposited library with a total layer thickness of 500 nm.

Element Power, P (W) Rate, R (nms-1) Thickness, d (nm) Time, t (s)

Cu 65 0.4 42 300

Zn 22 0.32 42 272

Sn 40 0.56 42 472

Total 1.8 12 layers = 500 1044

Table 5: Deposition parameters for each element used to fabricate a stacked

precursor library. Note that four layers of each element are deposited three

times (total of 12 layers) to yield a �nal �lm thickness of 500 nm.

Elemental analysis was obtained using EDS rastor scan measurements (25 kV

accelerating voltage). The phase structures and crystallinity were identi�ed by

correlating the same points using XRD measurements made on a Bruker D8 mi-

crodi�ractometer with a Cu Ka radiation source (l = 1.5406 Å) and GADDS area

detector (spot size ≈ 500 mm). The RBS analysis of the samples was to verify �lm

composition at the centre of the library (region of near-stoichiometry) using a 2

MeV (He ions) Van de Graa� accelerator. A surface barrier detector with 20 keV

of FWHM-energy resolution was positioned at an angle of 165°. The RBS spectra

were analyzed using the SIMNRA code [87].
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6 Results and Discussion

This chapter begins by focussing on the analysis of the co-sputtered and stacked

precursor metal libraries deposited at room temperature, prior to any sulphurisa-

tion/annealing treatment. Due to this low ambient temperature, very similar results

for each con�guration in terms of composition and phase formation can be assumed

to occur. Thus, the focus is on only two of the precursor deposition con�gurations:

co-sputtered and a stacked library with a sequential ordering of glass/Sn/Cu/Zn.

All results for the other libraries with varying stacking orders can be reviewed in

the Appendix section.

6.1 Compositional and crystalinity results on co-deposited

metal precursor thin �lms

6.1.1 Compositional analysis

Elemental composition was quantitatively determined by sequentially mapping across

the libraries using EDS and contour plots are shown in Figure 20 for the co-sputtered

metallic precursors as a function of distance across the substrate, prior to the in-

corporation of sulphur. The orientation of each metal pattern is in accordance with

the setup as illustrated in Figure 18. It is clear from the plots that there is an incre-

mental change in elemental concentration as illustrated by the �band-like� changes

laterally across the substrate. This is approximately the same for Zn and Sn (within

the range 5 - 55 at. %). The concentration range for Cu is substantially higher

(25 - 85 at. %) as desired. Towards the centre of the library the region of near-

stoichiometry is obtained i.e. Cu/(Zn+Sn) ≈ 1 (Cu ≈ 50 at.% with Zn and Sn both

equal to ≈ 25 at. %).
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Figure 20: Elemental contour plots obtained from EDS measurements illus-

trating the total composition of each constituent element for the co-sputtered

precursor library: a) (% at.) Cu; b) (% at.) of Zn; and c) (% at.) of Sn.

Raster scanned EDS-measurements were obtained to derive elemental contour

plots for the precursor library represented by the two ratios Zn/Sn and Cu/(Zn+Sn),

as depicted in Figure 21 (a and b), respectively. This best illustrates the change

in composition of the three elements and shows the targeted stoichiometric region

(Zn/Sn = 1 and Cu/(Zn+Sn) = 1) forming a distinct central band (this region is

located on or close to the boundary of the two central light red bands in Figure

21a and b), for which the possible formation of phase-pure kesterite is expected to

occur when the precursor material undergoes chalcogenisation. Either side there is

a moderately large spatial deviation spanning the approximate range from near-zero

to 4.5 across the composition-spread library.
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Figure 21: Elemental ratio contour plots as determined from EDS measurements

for co-deposited precursor metals as a function of position: a) Zn/Sn and, b)

Cu/(Zn+Sn).

The thickness and surface roughness values as well as the veri�cation of the

composition of the grown single precursor layer were obtained from the analysis of

the RBS spectra as shown in Figure 22 and summarised in Table 6.
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Figure 22: RBS spectrum of a near-stoichiometric co-sputtered CuxZnySnz sin-

gle precursor layer onto glass (positioned in the centre of the library). The

sample structure, the thickness and the surface roughness of the layer (in

atoms/cm2 ) are summarised in Table 6. Note: substrate elemental infor-

mation which occurs at lower energies is excluded.

Concen. (at. %) t, (1015 atoms/cm2)

Layer Cu Zn Sn CuZnSn

1 55 21 26 2220

Total Cu55Zn21Sn26 2220

RS, (1015 atoms/cm2) 150

Table 6: Summary of RBS parameters obtained from the SIMNRA simula-

tion model: elemental atomic concentration (at. %); layer thickness, t (1015

atoms/cm2); and surface roughness, RS (1015 atoms/cm2).
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Phase Structure Lattice parameters (Å) Source PDF no.

CuZn cubic a = 2.959 [89] 65-9061

Cu5Zn8 cubic a = 8.878 [90] 71-397

CuSn hexagonal a = 4.198; c = 5.096 [91] 65-3434

Cu6Sn5 monoclinic a = 11.022; b =7.282; c = 9.827; β = 98.84° [92] 65-2303

Sn tetragonal a = 5.8316; c = 3.181 [93] 86-2265

Table 7: A list of the XRD standards (Search-Match Crystallographica) used

in this study for the Cu-Zn-Sn ternary system at low temperature.

The composition as expected and as veri�ed by EDS measurements shows a

near-stoichiometric region in the centre of the library. In fact, the very centre of the

library is moderately Cu-rich and Zn-de�cient (slightly Sn-rich). The spectrum in

Figure 22 suggests the interdi�usion of all three elements, even at room temperature,

yielding a very smooth thin �lm. It is important to note that RBS, as well as all

other ion beam techniques, provides quantitative results for the amount of atoms

per unit area in each layer. A �lm thickness and surface roughness measurement

value in other units, such as nanometres or angstroms, can only be obtained if the

atomic density of the layers is known. In this case, with three di�erent metallic

elements being deposited simultaneously, this would prove to be very di�cult to

obtain and so the units, atoms/cm2, are used. Although this unit of measurement

cannot be a direct comparison to nanometres of which this study uses, it will give a

clear indication in terms of thickness and roughness changes between the di�erent

con�gurations.

6.1.2 Phase analysis and crystal structure

Table 7 shows a list of the standards used in this study to identify the precursor peaks

present. Sn further has a crystal diamond structure [88] and is in fact semiconducting

although has been excluded from this study.

Figure 23 shows the composition dependence of di�ractograms for selected re-

gions within a 2θ range from 21° to 55° for the co-sputtered Cu-Zn-Sn precursor

library. The di�erent compositions a) - d) are summarised in Table 8.

The observed peaks are attributable to the co-existence of multi-phase alloys.

The point of near-stoichiometry (Zn/Sn ≈ 1.01; Cu/(Zn+Sn) ≈ 1.02) is included as
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Figure 23: Di�ractograms of co-sputtered precursor metals at room temper-

ature indicating the evolution in crystalline phases with respect to selected

composition ratios, Cu/(Zn+Sn) and Zn/Sn, across the library.

a reference to clearly show and identify phase transformations and peak shifts with

respect to compositional change. Although not all compositions are shown, these

di�ractograms best represent the most abrupt changes in crystal structure observed

across the library.

Composition ratios

Region Cu/(Zn+Sn) Zn/Sn
a) 0.55 0.46
b) 0.69 0.67
c) 1.01 1.00
d) 2.24 1.83

Table 8: Summary of composition ratios corresponding to the selected di�rac-

tograms a) - d) in Figure 23.

Characterisation of the speci�c precursor phases are necessary, since these phases

determine the reaction pathway leading to CZTS and additional sulphide compounds

that form post-annealing. The observed values of the Bragg d -spacings are compared
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with standard d -spacings for the precursor compounds found, as summarised in

Table 9, and are shown to be in very good agreement. Multiple copper-metallic

binary compounds with Zn (CuZn and Cu5Zn8) and Sn (CuSn and Cu6Sn5) were

found to predominantly exist. It is di�cult, however, to clearly distinguish between

CuZn (PDF #65-9061) and Cu5Zn8 (PDF #71-397), and CuSn (PDF #65-3434) and

Cu6Sn5 (PDF #65-2303), respectively, due to similar peak positions and intensities.

2θ (°) / d (Å) hkl / d (Å)

Observed CuZn Cu5Zn8 CuSn Cu6Sn5 Sn

(65-9061) (71-397) (65-3434) (65-2303) (86-2265)

a) 30.6 / 2.93 101 / 2.96 311 / 2.96

31.0 / 2.88 200 / 2.90

32.4 / 2.76 101 / 2.79

43.5 / 2.08 110 / 2.09 330 / 2.09 102 / 2.09 510 / 2.09

44.2 / 2.05 220 / 2.06

45.3 / 2.00 211 / 2.02

53.0 / 1.70 201 / 1.71 423 / 1.71

b) 30.5 / 2.93 101 / 2.96 311 / 2.96

31.0 / 2.88

32.4 / 2.76 101 / 2.79

43.4 / 2.08 110 / 2.09 330 / 2.09 102 / 2.09 510 / 2.09

45.3 / 2.00 211 / 2.02

53.9 / 1.70 201 / 1.71 423 / 1.71

c) 35.1 / 2.55 222 / 2.56

43.2 / 2.09 110 / 2.09 330 / 2.09 102 / 2.09 510 / 2.09

d) 42.9 / 2.10 110 / 2.10 204 / 2.10

43.4 / 2.08 110 / 2.09 330 / 2.09 102 / 2.09 510 / 2.09

Table 9: Peak assignment for each di�ractrogram in Figure 24 (a - d).

For instance the 110 peak for CuZn and the 330 peak for Cu5Zn8 coincide at an

angle around 43.5°. CuxSny compounds potentially also occur at this angle (due to

the good match with d-spacing values) but do not necessarily form as an associated

higher intensity peak also occurs at lower Bragg angles (the 101 peak at 30.17° for

CuSn and the 311 peak at 30.15° for Cu6Sn5). Thus, it is also very di�cult to

distinguish which CuxSny related phases are present. Therefore, it can be assumed

that more than one of the four phases may be present as a phase-mixture in certain

regions but this would require further investigation. There is clear evidence, however,

of solid elemental Sn occurring at elevated concentrations (particularly when the �lm
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is Cu de�cient, thus preventing any CuxSny phases). From the range of compositions

studied, there is no evidence to suggest the precipitation of any ternary compounds,

elemental Zn and Cu, or ZnxSny binary phases. This is, however, of no surprise for

the ZnxSnyphases. As discussed in Section 2.5.3, the Zn-Sn binary phase diagram

predicts no intermediate solid solutions at any temperature or compositional range.

In the case for the other phases, this could be due to the peaks being present in a

non-crystalline form, or more likely the unfavourable synthesis conditions necessary

for compound formation.

In Figure 23, only di�ractograms relating to regions with the most abrupt crys-

tallographic changes were shown. In Figure 24, di�ractograms are shown from two

line scans across the graded precursor library (both of which intercept the centre of

the library representing the stoichiometric region, as denoted by the shaded region)

that indicate the extent to which peak intensities vary.
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Figure 24: Di�ractograms with respect to two scan positions across the co-

sputtered sample. a) Change of Cu and Sn composition and, b) change of Zn

concentration. Shaded region indicates stoichiometric point (centre of library).

Figure 24a shows a clear change in peak intensity with respect to changes in

Cu and Sn concentration. More precisely, the peak located at 30.6° increases with

Sn content and completely disappears in Cu-rich regions. On the contrary, the

peak situated at the angle 43.5° increases with elevated levels of Cu in the �lm.

Interestingly, as seen in Figure 24b, there is little change in peak intensity with

respect to Zn concentration. The rise in peak intensities is generally more noticeable

towards the stoichiometric region of the library which is attributable to improved

�lm crystallinty. This is also reinforced by the reduced shifts in peak positions as
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con�rmed from the d-spacing values observed in Table 9.

A ternary phase-composition plot was constructed using combined measurements

from XRD and EDS as illustrated in Figure 25, showing the change in composition

and multi-phase structure for the precursor Cu-Zn-Sn system. A relatively large

spatial region is sampled on a single substrate focussing around the small region of

stoichiometry as indicated by the intersection of the dashed lines (precursor ratio

Cu:Zn:Sn = 2:1:1). The construction of the phase diagram is an adaptation of the

theoretical 180° C and experimental 210° C isothermal sections [62], where all binary

CuxZny and Cu6Sn5 phases have tie-lines with solid Sn and no liquid phases (due

to low temperatures).

Figure 25: Precursor (co-deposited) phase-composition plot superimposed onto

the ternary Cu-Zn-Sn equilibrium phase diagram [73]. Intersection of the

dashed lines denotes stoichiometric precursor ratio (Cu:Zn:Sn = 2:1:1).

There is a clear �cut-o�� boundary where phase transformation is most promi-

nent. As shown in Table 9, the peak positions of the CuxZny phases are likely

to occur in all regions of the phase diagram, as the single dominant peak located

at 43.5° occurs at all points. As the Sn concentration increases additional CuxSny
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phases form alongside the CuxZny phases (denoted by the black points in the phase

diagram). The region of stoichiometry does not consist of any CuxSny phases, which

may give a clear indication of which phases are favourable under these conditions

when converting the precursor metals into a sulphide compound. There is no evi-

dence of the Cu3Sn binary alloy forming which is expected to arise at higher tem-

peratures ranging from approximately 60 - 90 °C [94]. Furthermore, the Cu41Sn11

phase is non-existent which has been observed to form at even higher temperatures

ranging from 200 - 350 °C [95]. The Zn-rich compound, CuZn5, is predicted to form

at compositions outside the range of this study. A study has shown, however, the

instability of the phase CuZn5 such that it is slowly consumed by Cu5Zn8 with re-

spect to increased ageing time [96]. It is important to realise that although generally

the observed phases are strongly dependent on elemental change and are in good

agreement with the phase diagram, the low temperature conditions and thin �lm

e�ects (non-bulk compound) used in this study yield only non-equilibrium phases.

A more comprehensive study with respect to changes in temperature is required to

evaluate the evolution of further phase formation.

6.2 Compositional and crystalinity results on sequential metal

precursor thin �lms with stacking order: glass/Sn/Cu/Zn

6.2.1 Compositional analysis

Similar analysis was carried out for the multilayer precursor libraries with varying

stacking orders. Figures 26 and 27 show the EDS-derived contour plots of indi-

vidual elements and ratios with respect to substrate distance, respectively, for the

Sn/Cu/Zn stack con�guration.
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Figure 26: EDS-derived elemental contour plots illustrating the total composi-

tion of each constituent element for the Sn/Cu/Zn stacked precursor library:

a) (% at.) Cu; b) (% at.) of Zn; and c) (% at.) of Sn.

Figure 27: EDS-derived elemental ratio contour plots for sequential stacking

order Sn/Cu/Zn as a function of position: a) Zn/Sn and, b) Cu/(Zn+Sn).

Importantly for comparative purposes, the calibration and system geometry have

enabled very reproducible outcomes in terms of the composition-spread for both

the co-deposited and stacked con�guration, with the stoichiometric region forming

a band towards the centre of the library. This in fact holds true for all stacked
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libraries with di�erent element orders as can be seen in the Appendix section.

The RBS spectrum in Figure 28 shows the intermixing of all the discrete layers

in the �lm. It further illustrates, interestingly, a small and well de�ned front peak

associated with the heavy element Sn. This is somewhat di�erent to that observed

with the co-deposition route whereby a much broader peak was evident. This may

suggest the likelihood of a non-homogenous �lm with respect to �lm depth.
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Figure 28: RBS spectrum of a stacked CuxZnySnz precursor layer onto glass

with stacking order: Sn/Cu/Zn. The sample structure, the thickness and

the surface roughness of the layer (in atoms/cm2 ) are summarised in Table

10. Note: substrate elemental information which occurs at lower energies is

excluded.
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This is perhaps reinforced in Table 10, which summarises the RBS model used to

simulate the collected RBS spectra for the stacked layer. As 12 individual layers were

deposited (Sn/Cu/Zn repeated four times), the model is based on this con�guration

and accounts for all discrete layers. This is noticeable by the undulating nature

of the elemental pro�les in Figure 28. Layer 12 in this case denotes the �rst layer

deposited directly onto the underlying glass substrate i.e. in this case a single Sn

layer. From these undulating peaks, there is evidence to suggest a Sn-de�cient top

region of the �lm (dominated by Cu but also Zn-rich), which would further imply

di�usion of elemental species within the �lm. The �nal �lm composition at this

particular point in the centre of the substrate is Cu-poor and slightly Zn-rich with

a �lm thickness approximately 6% thinner than that of the co-deposited �lm. The

surface roughness is almost doubled in magnitude.

Concen. (at.%) t, (1015 atoms/cm2

Layer Cu Zn Sn SnCuZn

1 70 30 - 200

2 100 - - 150

3 30 45 25 150

4 10 60 30 160

5 100 - - 150

6 30 50 20 150

7 20 40 40 230

8 60 - 40 170

9 35 20 45 200

10 20 40 40 170

11 55 15 30 150

12 10 35 55 200

Total Cu45Zn28Sn26 2080

RS, (1015 atoms/cm2 320

Table 10: Summary of RBS parameters obtained from the modelling within

SIMNRA for the multi-layer structure: elemental atomic concentration (at.

%); layer thickness, t (1015 atoms/cm2); and surface roughness, RS (1015

atoms/cm2).

6.2.2 Phase analysis and crystal structure

The di�ractograms represented in Figure 29 show a major di�erence to those ob-

served for the co-deposited library in Figure 23. As summarised in Table 11, di�rac-
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togram (c) shows the region of near-stoichiometry with an additional peak present

at the Bragg angle 30.5°. With con�rmation of the calculated d-spacing values in

Table 12, this peak can only be associated with CuxSny compounds suggesting even

at a composition close to ideality, the phase mixture is such that it consists of both

CuxZny and CuxSny phases. This was not evident with the co-deposited library.

Figure 29: Di�ractograms of stacked (Sn/Cu/Zn) precursor metals indicating

the evolution in crystalline phases with respect to selected composition ratios

Zn/Sn and Cu/(Zn+Sn) across the library.

Composition ratios

Region Cu/(Zn+Sn) Zn/Sn
a) 0.61 0.59
b) 0.84 0.72
c) 1.02 0.99
d) 1.32 1.17

Table 11: Summary of composition ratios corresponding to the selected di�rac-

tograms in Figure 29.

The reason could be due to the fact that sequential layers of metals create a non-

homogenous �lm with respect to depth when deposited at low temperatures. In other
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words, instead of the elements interdi�using to create a homogenous �lm, segregation

is occurring causing an imbalance of each element with respect to �lm depth. As

seen from the RBS model in Figure 28 and Table 10, Sn predominately accumulates

in the lower to mid-region of the �lm, whereas Zn favours a higher concentration

in the mid-upper region. Furthermore, with Cu being embedded in the middle of

the other two elements it is likely both CuxZny and CuxSny compounds will form.

Although not con�rmed, one could assume that phase segregation may occur such

that CuxSny phases precipitate in the lower region and CuxZny towards the upper

region. This disparity in phase formation could lead to undesirable secondary phases

forming during the sulphurisation process, of which we address later on in Chapter

6.

2θ (°) / d (Å) hkl / d (Å)

Observed CuZn Cu5Zn8 CuSn Cu6Sn5 Sn

(65-9061) (71-397) (65-3434) (65-2303) (86-2265)

a) 30.6 / 2.93 101 / 2.96 311 / 2.96

31.0 / 2.88 200 / 2.90

32.4 / 2.76 101 / 2.79

43.5 / 2.08 110 / 2.09 330 / 2.09 102 / 2.09 510 / 2.09

44.2 / 2.05 220 / 2.06

45.3 / 2.00 211 / 2.02

53.9 / 1.70 201 / 1.71 423 / 1.71

b) 30.5 / 2.93 101 / 2.96 311 / 2.96

31. 0 / 2.88

32.4 / 2.76 101 / 2.79

43.4 / 2.08 110 / 2.09 330 / 2.09 102 / 2.09 510 / 2.09

45.3 / 2.00 211 / 2.02

53.9 / 1.70 201 / 1.71 423 / 1.71

c) 30.5 / 2.93 101 / 2.96 311 / 2.96

43.4 / 2.098 110 / 2.09 330 / 2.09 102 / 2.09 510 / 2.09

d) 30.5 / 2.93 101 / 2.96 311 / 2.96

43.4 / 2.098 110 / 2.09 330 / 2.09 102 / 2.09 510 / 2.09

Table 12: Peak assignment for each di�ractrogram in Figure 29 (a - d).

Figure 30 shows the di�ractograms with respect to library position across two

scan lines. As with the co-sputtered library in Figure 23, the change in peak in-

tensities suggests a change in crystallinity which is highly dependent on elemental

concentration. The peak located at 30.6° increases with Sn content (decreasing in

73



Cu-rich regions although it does not completely disappear as in the case of the

co-sputtered library). The 43.5° peak increases only marginally with elevated lev-

els of Cu in the �lm. Both Figures a) and b) consolidate the presence of CuxSny

compounds forming even in composition areas rich in Cu and Zn.

Figure 30: Di�ractograms with respect to two scan positions across the multi-

layer Sn/Cu/Zn sample. a) Change of Cu and Sn composition and, b) change

of Zn concentration. Shaded region indicates stoichiometric point (centre of

library).

A precursor ternary phase-composition plot was derived as shown in Figure 31.

Very similar characteristics are observed to that of the co-sputtered library. The

only major di�erence with the stacked library is the cut o� boundary such that all
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regions now consist of CuxZny and CuxSny phases.

Figure 31: Precursor (stacked - Sn/Cu/Zn) phase-composition plot superim-

posed onto the ternary Cu-Zn-Sn equilibrium phase diagram [73]. Intersection

of the dashed lines denotes stoichiometric precursor ratio (Cu:Zn:Sn = 2:1:1).

6.2.3 A brief note on other precursor stacking order libraries

Only two di�erent deposition con�gurations with regards to the fabrication of pre-

cursors have been presented here, namely, the co-sputtering of metals and the se-

quential stacking with an order of glass/Sn/Cu/Zn. The data for the other stacking

orders' are presented in the Appendix section at the end of this thesis. Due to

the system geometry and calibration, all results show good reproducibility in terms

of composition-spread across the library with a stoichiometric region towards the

centre. Many of the same phases also precipitate which are governed by the same

synthesis conditions; therefore, further exploration is not necessary. It is, however,

important to bear in mind that the di�erent stacking orders' may initiate inhomoge-

neous phase formation with respect to �lm composition and depth when subjected

to heat treatment in the presence of sulphur.
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6.3 Conclusions relating to the synthesis of percursor metals

Combinatorial precursor libraries of the ternary Cu-Zn-Sn metallic system have been

successfully grown at room temperature using two di�erent design con�gurations.

The general aims of Chapters 3 and 4 were to design a combinatorial protocol for the

preparation of compositionally graded Cu-Zn-Sn libraries and evaluate their proper-

ties in order to assess their suitability prior to the semiconductor conversion process.

The implementation of a combinatorial setup involved a relatively straightforward

and versatile geometry without the use of intricately designed masking apparatus.

By inclining the target materials towards the centre of the substrate and taking

into account the nature of the emission characteristics, very reproducible results in

terms of composition and �lm thickness could be realised for both co-sputtered and

stacked libraries covering a wide compositional space.

It has been observed that the co-sputtering approach could potentially be more

desirable in terms of �lm quality, as we have seen from improved �lm crystallinty

and homogenous intermixing of elements from the XRD and RBS measurements,

respectively. The stacking approach tends to induce phase segregation with re-

spect to �lm depth which could have serious and damaging implications on the

conversion process into CZTS. This in fact is evident with all stacked layers with

alternate elemental ordering. However, the approach of sequential stacking perhaps

o�ers greater control over �lm thickness. This potential �side-e�ect� of phase dis-

parity when stacking layers at low temperatures could be circumvented, or certainly

minimised, by thermally treating the precursor layers either during the deposition

process (heated substrate) or immediately after the completed cycle. This deliberate

alloying of precursor metals has a couple of key advantages: (i) thermal energy will

induce intimate mixing of elements forming a homogenous �lm similar to that of

co-deposited samples and, (ii) induces phase stability at elevated temperatures. Of

course, very high temperatures in a vacuum environment should be avoided as to

reduce any elemental loss occurring as has been experienced with some groups [29].

This is one potential workaround, although it will still prove a major challenge to

convert stacked layers into a homogenous �lm with desirable phase formation.

The other fundamental �nding in this chapter of the study is the in�uence of el-
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emental composition on the formation of �lms. In the regions of near-stoichiometry,

where we would expect the precursor material to form phase-pure kesterite material

when subjected to sulphurisation processes, there is a noticeable improvement in

crystallinity (this is particularly evident with the co-sputtered library). Further-

more, for the co-sputtered library only CuxZny phases were found to be present in

the stoichiometri region, but in the case of the stacked library both CuxZny and

CuxSny phases co-existed. Elemental Sn only precipitated at elevated Sn concentra-

tions (and low Cu content).

These precursors will subsequently be sulphurised by using thermal energy in

the presence of pure sulphur to convert the samples into graded Cu-Zn-Sn-S li-

braries. Based on the above evaluation, several key conditions can be ascertained

that potentially are required for the successful conversion process: (i) the deposi-

tion con�guration used needs to promote a fully homogenous �lm without phase

segragation; (ii) the Cu-Zn-Sn stoichiometry should be controlled in such a manner

not to induce extraneous phases that would ultimately lead to secondary phases

occurring in the sulphide compound (and hence detrimental to the structural and

opto-electronic properties of the �lm), and (iii) growth conditions, either with the

application of heat or not, need to promote complete intermixing of elements with

good �lm crystallinity and morphology (i.e. low surface roughness).
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7 Sulphurisation of precursor metals into Cu-Zn-

Sn-S thin �lm libraries

The second stage of the dual synthesis process involves fully converting the precur-

sor metals into a quaternary sulphide compound via annealing in the presence of

chalcogen (sulphur). This chapter summarises the complete process for the fabrica-

tion of Cu-Zn-Sn-S thin �lm libraries and begins by exploring in greater detail the

terminology used and the challenges associated with identifying compositions and

phase structures with the kesterite material.

7.1 Terminology associated with the material Cu2ZnSnS4

When deliberately attempting to vary the precursor elements independently as is the

case in this investigation, care must be taken when describing the compositions of the

CZTS thin �lm libraries. Normally, as already dealt with, the atomic ratios Zn/Sn

and Cu/(Zn+Sn) are commonly used in CZTS literature to express the composition

of the metallic elements in the �lm. A further complementary ratio S/(Cu+Zn+Sn),

or S/metal, is used to represent the overall composition of the sulphide compound.

In this instance, all three ratios are equal to unity for the stoichiometric material

i.e. Cu2ZnSnS4. This by no means makes the evaluation any simpler, as a marginal

elemental change cannot be accounted for by solely assessing these ratios. So to

specify whether a �lm is �Cu-poor� or �Zn-rich� requires further evaluation. The

most suitable method would be to use a graphical representation such as a phase

diagram, which has already been addressed in Section 2.5.4 for the ternary Cu-Zn-Sn

ternary system. With four elements, however, a quasi-ternary phase diagram can

be constructed which is introduced in the next section.

7.2 Cu2S-ZnS-SnS2 quasi-ternary system

There are limited studies on the phase diagram associated with CZTS. In fact, only

one comprehensive investigation of the Cu2S-ZnS-SnS2 quasi-ternary system in bulk

form at 400 °C has been carried out by Olekseyuk et al. [97]. Some important
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conclusions that can be drawn from this study are illustrated in Figure 32 which

include the following: the desired stoichiometric mono-phase Cu2ZnSnS4 only forms

within a very narrow composition range (as denoted by the intersection of the dashed

lines) along the Cu2SnS3-ZnS quasi-binary system, and proves very di�cult to syn-

thesise. The di�culty arises from the initial control of the composition, whereby

any slight deviation from stoichiometry will induce secondary and/or ternary phases

precipitating alongside the kesterite structure.

Figure 32: Cu2S-ZnS-SnS2 quasi-ternary system at 400 °C adapted from ref-

erence [91]. The intersection of the dashed lines denotes the region of CZTS

stoichiometry.

For this research, phase diagrams are adapted and presented as in Figure 32.

From the studies by Olekseyuk et al. [97] and Scragg et al. [98], speci�c regions

can be pinpointed within the phase diagram whereby certain extraneous phases

alongside the kesterite structure are expected to form. These are listed in Table 13

in terms of composition ratio.
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Composition ratio Expected extraneous phases

Cu/(Zn+Sn) > 1 (�Cu-rich�) Cu2-xS

Cu/(Zn+Sn) < 1 (�Cu-poor�) ZnS, Cu2ZnSn3S8
Zn/(Cu+Sn) > 1 (�Zn-rich�) ZnS

Zn/(Cu+Sn) < 1 (�Zn-poor�) Cu4SnS4, Cu2SnS3, Cu2Sn4S9, Cu2ZnSn3S8
Sn/(Cu+Zn) > 1 (�Sn-rich�) Cu2Sn4S9, Cu2ZnSn3S8, SnS2-x
Sn/(Cu+Zn) > 1 (�Sn-poor�) ZnS, Cu2-xS

Table 13: Expected extraneous phases with respect to di�erent composition

ratios forming during the synthesis of CZTS samples.

There are six possible regions of varying composition that certain phases are

expected to occur. Of course, the precipitation of these phases depends highly on

the processing and growth conditions therefore some of which may not be observed in

certain studies. This is particularly true of the quaternary compound, Cu2ZnSn3S8,

of which there is very limited literature on its formation [97, 98]. Another reason

why certain phases cannot be observed is the di�culty in distinguishing them using

commonly employed thin �lm analysis techniques such as XRD, as will be addressed

in the next section.

7.3 Identifying and distinguishing phases present in the CZTS

material system

The identi�cation of phases in polycrystalline thin �lm compounds is normally in-

vestigated using XRD. A brief overview regarding how the XRD technique is used

is given in Section 4.2. As the precursor metal alloys undergo chalcogenisation,

this technique becomes increasingly di�cult to distinguish all the co-existing phases

present as many of them share similar crystal symmetry. Thus, another technique

is required that could con�rm the existence of the kesterite-type structure. Many

groups for this reason have resorted to using Raman spectroscopy to compliment

the analysis of XRD [99, 100]. This underlying physics of this technique is brie�y

described in Section 4.3.
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7.3.1 X-ray di�raction

Generally, XRD is more than su�cient in identifying phases within thin �lm mate-

rials. Unfortunately, as already mentioned, CZTS crystallises with crystallograph-

ically similar secondary phases, namely ZnS and Cu2SnS3. In other words, the

crystal symmetry and lattice parameters are almost identical thus confounding the

identi�cation of each phase with a high degree of accuracy.

Table 14 gives a list of all the possible phases observed using Search-Match

Crystallographica in the Cu2S-ZnS-SnS2 quasi-ternary system for this study. This

is in accordance to the powder di�raction �les obtained via the International Cen-

tre for Di�raction Data (ICDD). These include pure CZTS and its accompanying

binary/ternary phases with each of their crystallographic properties.

Phase Structure Lattice parameters (Å) Source PDF no.

Observed Cu2ZnSnS4 Tetragonal a = 5.427; c = 10.848 [101] 26-575

Cu2SnS3 Cubic a = 5.43 [102] 89-2877

ZnS Cubic a = 5.414 [103] 77-2100

ZnS Hexangonal a = 3.824; c = 31.20 [104] 72-162

CuS Cubic a = 5.387 [105] 78-877

SnS Cubic a = 5.445 [106] 89-2755

SnS2 Hexagonal a = 3.6486; c = 5.899 [107] 23-677

Table 14: A summary of the phases (Search-Match Crystallographica) present

in this study that exist in the Cu2S-ZnS-SnS2 quasi-ternary system.

7.3.2 Raman spectroscopy

One alternative technique that has been recently used to con�rm and/or distinguish

extraneous phases from CZTS is Raman spectroscopy. Typically, for CZTS material

an optimal excitation wavelength of 532 nm is used.

Upon analysis of CZTS material using the Raman technique, there are phase-

speci�c Raman shifts that are expected to arise. Table 15 lists the phases that

predominantly form in this study with their associated vibrational shifts (based on

other similar studies of CZTS as referenced).
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Phase present Raman shift (cm-1) Reference

Cu2ZnSnS4 289, 339, 350, 370 [108, 109]

Cu2SnS3(tetragonal, below 673 K) 297, 337, 352 [110]

Cu2SnS3(cubic, above 673 K) 267, 303, 356 [111]

ZnS 275, 352 [112]

Cu2-xS 475 [113]

SnS 160, 190, 219 [114]

SnS2 314, 215 [115]

Table 15: Expected Raman shifts for selected phases in the Cu2S-ZnS-SnS2
quasi-ternary system.

7.4 Sulphurising compositionally graded Cu-Zn-Sn �lm �lm

libraries

The most widely used technique for fabricating CZTS �lms is based on sulphurisation

(or selenisation) of a deposited thin �lm elemental precursor layer consisting of Cu,

Zn and Sn. Films can either be sulphurised via annealing in-situ during deposition

using sulphur-containing compounds or by a secondary post-sulphurisation/anneal

process. Typically, sulphurisation occurs in the presence of H2S gas or in elemental

sulphur vapour at high temperatures (> 400 °C).

One of the major concerns during the synthesis is the control of sulphur content.

Even when sulphur is deposited as a compound with the metal, additional sulphur

must usually be incorporated into the �lm through post deposition annealing (due

to re-evaporation of sulphur and sulphur-containing compounds). It is obvious that

post deposition sulphurisation leads to substantial changes in crystal structure and

�lm morphology. Thus, a systematic investigation of the sulphurisation methods

and parameters are needed to synthesize stoichiometric large grain and phase pure

CZTS �lms. Three fundamental parameters that need to be accounted for are as

follows:

1. The e�ects of annealing temperature on CZTS �lms;

2. The e�ects of sulphurisation duration on the conversion process;

3. In�uence of annealing atmosphere on CZTS �lm formation.
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7.5 Experimental procedures

7.5.1 Sulphurisation and annealing

For this study, a two-stage synthesis approach is used: deposition of metallic Cu-

Zn-Sn precursors and then sulphurisation/annealing. It may be considered to be

the less favourable option, but this however is unavoidable due to the restricted lab-

oratory and sputtering apparatus. Furthermore, it is important to put this current

study into perspective such that it is only the compositional in�uence and precursor

con�guration (i.e. co-sputtered and stacking layers) on CZTS properties and solar

cell performance that will be solely investigated. Therefore, to maintain an element

of consistency the same sputtering technique and sulphurisation conditions are used

for all sample libraries.

The two-stage sulphurisation and annealing is discussed in greater detail as fol-

lows:

1. Evaporation of a sulphur layer onto the precursor sample under high

vacuum

Crystals of high purity sulphur (99.99+%, Sigma-Aldrich) were thermally evapo-

rated under high vacuum (≈ 1Ö10-4 mbar) directly onto the precursor library at

room temperature. This formed a uniform sulphur `cap' of ≈ 1 mm (excess sul-

phur) essentially creating a Cu-Zn-Sn-S multilayer structure. Figure 33 illustrates

the sulphur deposition process as monitored in-situ using a QCM. Once the shutter

is opened, deposition begins until a sulphur layer of 1 mm is attained, before closing

the shutter.

83



Figure 33: Sulphur layer thickness as a function of time. Once the shutter is

opened, the rate of S vapour is approximately 6.7 x 10-3 mms-1 in order to

attain a 1 mm thick sulphur �cap� before the shutter is closed.

1. Annealing of the library in a furnace.

The library was subsequently enclosed within a Pyrex glass ampoule and inserted

into a tube furnace (Carbolite CTF) as illustrated in Figure 34, where the temper-

ature was ramped up from 20 °C to 500 °C at approximately 10 °C min-1 with a

total annealing time of 30 minutes. After completion, the sulphurised samples were

placed into the cool zone at roughly 200 °C and remained there to naturally cool

and stabilise back to room temperature. The total absorber layer thickness of the

CZTS library was approximated to be 1.5 mm.
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Thermocouple

Figure 34: Schematic of the annealing apparatus as part of the sulphurisation

process. The library sample is placed under vacuum inside a closed glass am-

poule and subsequently heated at 500 °C.

The partial pressure of sulphur vapour during the heating process at 500 °C was

approximated to be 2 mbar. This was calculated using the ideal gas law:

PV = nRT (14)

where P is the sulphur pressure, V is the total volume of the cylindrical ampoule, n

is the estimated number of moles of sulphur present, T is the maximum temperature

attained during sulphurisation (taken to be 500 °C) and R is the gas law constant.

7.5.2 Chemical etching treatment

The fully sulphurised libraries were subsequently subjected to KCN chemical etching

to eliminate detrimental secondary Cu2-xS phases that potentially formed during

the crystallisation process. Samples were submerged into a 5 wt%. KCN aqueous

solution for the duration of one minute, before being thoroughly rinsed and dried in

deionised water and N2 gas �ux, respectively.
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7.5.3 Characterisation of fully converted Cu-Zn-Sn-S material libraries

The same mapping protocol and characterisation techniques as previously outlined

in Chapter 4 were used. The CZTS thin �lms were grown directly onto glass sub-

strates without a Mo back contact coating to avoid the con�icting energy peaks of

Mo La and S Ka during EDS compositional measurements. A LEO435VP scanning

electron microscope (SEM) with a 25 kV acceleration voltage was used to assess

�lm morphology. The crystal structure of the sulphide libraries were identi�ed by

correlating the same points using XRD. Raman spectroscopy was used as a comple-

mentary technique to XRD to con�rm the existence of all phases present. Spectra

were recorded using a triple-grating spectrometer with a subtractive double stage

(acting as a tuneable band pass �lter to attenuate the laser light) followed by a

1 m dispersing stage equipped with a 300 g/mm grating. The spectral resolution

was approximately 2 cm-1 and the detector was a liquid N2 cooled charge-coupled

device (CCD). Continuous-wave excitation at 532 nm with intensity of 1 Wcm-2

was used. The centre of the CZTS libraries was analysed using RBS and mod-

elled using the SIMNRA code to verify the composition and elemental distribution

of the near-stoichiometric region. Opto-electronic and electrical properties of the

chemically etched CZTS libraries were assessed using room temperature photocon-

ductivity (PC) spectroscopy and the hot point probe technique, respectively. The

details of each of these methods are discussed in greater detail in Chapter 8. The

complete combinatorial fabrication and characterisation cycle is illustrated in Figure

35 below.
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a) b) c)

d)e)

f) g) h)

KCN etching

Mo contacts

773 K

Substrate preparation

Annealing

Decon-90 C2H5OH C3H8O

Figure 35: Complete fabrication and characterisation sequence for the syn-

thesis of CZTS graded libraries.
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8 Results and Discussion

This chapter presents results on the composition and phase analysis for the fully

converted percursor metals after sulphursation for both the co-sputtered and stacked

con�gurations following on from Chapter 6.

8.1 Characterisation of co-sputtered sulphurised CZTS libraries

8.1.1 Phase analysis and crystal structure

Figure 36 illustrates a selection of di�ractograms relating to speci�c compositional

ranges as listed in Table 16. It is clear the deviation from stoichiometry initiates

peak shifting with varying intensity and the precipitation of additional crystalline

metal-sulphur phases.

Figure 36: Di�ractograms of sulphurised co-sputtered precursor metals at 500

°C indicating the evolution of crystalline phases with respect to selected compo-

sition ratios Zn/Sn and Cu/(Zn+Sn), as given in Table 16. The Miller indices

are associated with the kesterite structure.
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As previously pointed out, the three structurally similar phases Cu2ZnSnS4, ZnS

and Cu2SnS3 all share overlapping peaks and thus are not easily distinguishable due

to the limited resolution of the XRD measurement set-up. This is no coincidence

particularly in a complex quarternary system as each phase represents a very small

crystal change from the others with moderate changes in symmetry (and therefore

space group). For this reason, several phases are present for a given composition

and therefore neither can be ruled out. It should be noted that the compositions

selected as listed in Table 16, do not correlate with the precursor ratios directly

in Section 6.1.1 and are only for demonstrative purposes to show the most abrupt

phase transformations.

Composition ratios

Precursor Sulphurised

Region Cu/(Zn+Sn) Zn/Sn Cu/(Zn+Sn) Zn/Sn

a)' 0.58 0.61 0.38 0.53

b)' 0.79 0.78 0.62 0.89

c)' 1.60 1.52 0.99 1.01

d)' 2.02 1.76 1.95 1.36

Table 16: Summary of precursor and sulphurised composition ratios,

Cu/(Zn+Sn) and Zn/Sn, corresponding to the selected di�ractograms a) - d)

in Figure 36.

The change in peak intensity as a function of two di�erent lateral scan lines across

the library is shown in Figure 37. Figure 37a corresponds to the vertical scan line

from high to low Sn concentration (and vice versa for Cu concentration), whereas

Figure 37b depicts the horizontal scan line with respect to increasing Zn concentra-

tion. The near-stoichiomteric reference pattern (Cu/(Zn+Sn) ≈ 0.99; Zn/Sn ≈ 1.01)

illustrates increased Bragg peaks 112 and 220, suggesting improved crystallinity with

strong preferential orientation along these planes. There is a gradual decline in peak

intensity as both Sn and Cu concentrations increase and decrease, respectively. As

observed with the precursor libraries, the Zn concentration has a negligible impact

on peak intensity. This observation is particularly encouraging such that Cu-poor

and Zn-rich (Sn-poor) compositions yield the best crystallinity which ties in very

well with improved power conversion e�ciencies for CZTS devices as discussed in

section 2.3.2. One reason could be that there is a greater number of phases possible
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under Cu-rich/Zn-poor conditions (inducing CuxSny phases), whereas on the con-

trary a slight shift from stoichiometry to Cu-poor/Zn-rich conditions is favoured for

the best kesterite crystallinity (as there are fewer possible phases that precipitate).

Figure 37: Di�ractograms with respect to position across the CZTS library:

a) Change of Cu and Sn concentration, and b) change of Zn concentration.

Shaded region indicates stoichiometric point (centre of library).

Interestingly though, it is worth mentioning that the deposition of ideal Cu-Zn-

Sn precursor �lm (ratio 2:1:1 - Cu/Zn+Sn = 1; Zn/Sn = 1) does not in this case

yield a stoichiometric CZTS compound after sulphurisation. In fact, the precursor

composition relating to di�ractogram c) in Figure 36 has an initial composition

ratio of Cu/(Zn+Sn) = 1.60 and Zn/Sn = 1.52, as summarised in Table 16. This
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may suggest that in order to convert into a near-stoichiometric �lm, Cu-rich and

Sn-poor (Zn-rich) compositions are favourable. It does, however, further suggest

that the initial precursor composition undergoes elemental loss during the annealing

stage when sulphur is incorporated. Although this would, however, need to be

investigated further to draw up certain conclusions.

A quasi-ternary composition-phase diagram is constructed for the quaternary

compound at 500 °C as displayed in Figure 38, which is based on the Cu2S-ZnS-

SnS2 equilibrium phase diagram at 400 °C [97]. It should be noted that only the

extraneous phases including SnS, SnS2 and CuS (and all observed combinations) are

labelled. The kesterite phase (Cu2ZnSnS4), ZnS and Cu2SnS3 are assumed to be

present at each point and therfore not labelled individually. During the crystallisa-

tion process, the phase pure kesterite structure forms along the Cu2SnS3-ZnS line

system within a small region as denoted by the intersection of the dashed lines. For

this study, the co-sputtered CZTS library crystallises as a phase mixture within the

investigated spatial region of the phase diagram. Only ternary copper-tin-sulphides,

namely Cu2SnS3 (PDF #89-2877), are formed in the quasi-binary Cu2S-SnS2 sys-

tem. Compound phases constituting Zn only form binary cubic-ZnS (PDF #77-

2100), with no evidence of ternary formation in the quasi-binary ZnS-SnS2 and

Cu2S-ZnS systems.
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Figure 38: Sulphurised phase-composition plot for the co-sputtered layer su-

perimposed onto the quasi-ternary Cu2S-ZnS-SnS2 equilibrium phase diagram

[91]. Intersection of the dashed lines denotes the stoichiometric precursor ratio

(Cu:Zn:Sn =2:1:1). Cu2ZnSnS4, ZnS and Cu2SnS3 phases are assumed at each

point.

Studies by Shurr et al. [116] have reported that the deposition technique, sul-

phurisation conditions and precursor �lm thickness play an in�uential role in the

reaction pathway leading to the formation of mono-phase CZTS. In this study, the

binary phases CuS (PDF #89-2073) and SnS2 (PDF #23-677) only occur at ele-

vated Cu and Sn concentrations, respectively. Furthermore, there is evidence that

the SnS (PDF #89-2755) phase forms in all regions of the phase diagram, in par-

ticular Sn-rich compositions, but it is di�cult to ascertain whether this is the case

or whether it simply coincides with the Bragg peak positions of Cu2ZnSnS4, ZnS

and Cu2SnS3. Although the composition range is su�cient for the formation of the

Cu2ZnSn3S8 and Cu4SnS4 compounds, they do not form in this study. The new

and unstudied quaternary compound Cu2ZnSn3S8 as predicted by Olekseyuk et al.

[97], is only expected to form at temperatures around 700 °C by the reaction of

SnS2 and Cu2ZnSnS4. This is potentially achievable if annealing temperatures were
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increased, although the phases may not be thermodynamically stable when dealing

with thin �lms. As for the ternary Cu4SnS4 phase not successfully forming, one

feasible explanation is that the synthesis is initiated only by the presence of Cu2S

and Cu2SnS3. Experimentally, the binary Cu2S has been shown to form due to

the peritectic decomposition of CuS into Cu2S and elemental sulphur at annealing

temperatures reaching 510 °C [117]. The sulphurising process (temperatures < 510

°C) employed for this study only causes the formation of CuS. There is no trace of

Cu2S suggesting that CuS is the most stable among the copper sulphides. Further-

more, this would seem ideal as Cu4SnS4 hinders the formation of CZTS [118]. As

the Cu2S and Cu4SnS4 phases cannot precipitate at these temperatures this would

suggest that Cu-rich precursor material is preferred because there are fewer unde-

sirable phases that can form. In this light, it should be noted that the quasi-ternary

plot in Figure 38 indicates the vertex corresponding to the composition of Cu2S

(which would be expected at 400 °C under equilibrium) and not CuS as observed

in this study. This is primarily adapted for illustrative purposes with respect to

composition and not purely for phase identi�cation.

As evidenced with the aforementioned XRD and EDS analyses, the crystallisa-

tion of CZTS as a phase mixture is highly probable and is strongly dependent on

the initial precursor composition and annealing conditions. The binary phase Cu2S

is easily distinguishable with XRD and can be successfully removed via KCN etch-

ing although has some �lm quality implications as will be discussed later on in the

chapter. However, the presence of kesterite CZTS, ZnS and Cu2SnS3 (and also SnS

in this case) cannot easily be solely identi�ed by XRD due to similar structural sym-

metries. One such solution as outlined in Section 7.3.2 is the combined use of XRD

and complementary Raman spectroscopy will enable su�cient identi�cation of the

phase pure kesterite structure and any extraneous phases. Figure 39, together with

Tables 17, 18 and 19, shows Raman scattering spectra as a function of composition

for selected pre- and post-etched regions distributed across the co-sputtered library.
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Figure 39: Raman spectra collected from di�erent regions across the co-

sputtered CZTS library with respect to varying compositions, as listed in Ta-

ble 17 (a - i). The graphs indicate spectra collected after sulphurisation (solid

black) and post etching (solid red).
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Composition ratios

Sulphurised Chemically etched

Region Cu/(Zn+Sn) Zn/Sn Cu/(Zn+Sn) Zn/Sn

a) 0.29 0.84 0.14 2.96

b) 0.45 2.78 0.44 3.08

c) 0.61 2.94 - -

d) 0.38 0.53 0.51 0.62

e) 0.99 1.01 0.80 1.04

f) 2.10 1.53 0.93 1.18

g) 0.18 0.12 0.39 0.27

h) 0.83 0.50 0.80 0.58

i) 1.30 0.68 0.92 0.65

Table 17: Summary of sulphurised and post-etched composition ratios corre-

sponding to the selected Raman spectra a) - i) in Figure 39.

The most prominent Raman peak of kesterite CZTS is located at 338 - 339 cm-1

which is present in almost all regions, although there are minor shifts towards 341

cm-1 in these modes for regions b) and c) and varying intensity depending on the

overall composition. Importantly, a second accompanying peak at 287 - 289 cm-1

associated with strong 338 - 339 cm-1 peak responses also arises. A further low

intensity feature at 370 cm-1 is also likely attributable to kesterite. This con�rms

the successful crystallisation of CZTS under these growth conditions.

Pre-etch

Region Raman shift (cm-1) / Assigned phases

a) 289 (CZTS), 319 (Cu2SnS3 − orth), 339 (CZTS)

b) 289 (CZTS), 341 (CZTS), 370 (CZTS)

c) 289 (CZTS), 341 (CZTS), 356 (Cu2SnS3 − cubic), 370 (CZTS)

d) 319 (Cu2SnS3 − orth), 352 (ZnS)

e) 319 (Cu2SnS3 − orth), 339 (CZTS), 355 (Cu2SnS3 − cubic)

f) 289 (CZTS), 339 (CZTS), 355 (Cu2SnS3 − cubic), 476 (CuS)

g) 319 (Cu2SnS3 − orth), 339 (CZTS)

h) 289 (CZTS), 339 (CZTS)

i) 288 (CZTS), 338 (CZTS), 356 (Cu2SnS3 − cubic), 475 (CuS)

Table 18: Assigned phases to the observed Raman shifts prior to etching treat-

ment, for each composition region of interest as in Figure 39.
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Post-etch

Region Raman shift (cm-1) / Assigned phases

a) 289 (CZTS), 319 (Cu2SnS3 − orth), 339 (CZTS), 370 (CZTS)

b) 289 (CZTS), 319 (Cu2SnS3 − orth), 340 (CZTS)

c) -

d) 328 (CZTS), 352 (ZnS)

e) 303 (Cu2SnS3 − cubic), 355 (Cu2SnS3 − cubic)

f) 355 (Cu2SnS3 − cubic)

g) 324 (CZTS), 339 (CZTS)

h) 355 (Cu2SnS3 − cubic)

i) 346 (CZTS)

Table 19: Assigned phases to the observed Raman shifts post etching treatment,

for each composition region of interest as in Figure 39.

Detection of shoulder-like features within the wave number region 355 - 357 cm-1

and around 303 cm-1 are characteristic of the high temperature (> 400 °C) cubic

Cu2SnS3, however the intensities are particularly small which suggests this phase

is not clearly present and/or the excitation wavelength is too short. Interestingly,

there is no de�nitive evidence to show the formation of cubic ZnS (within the range

348 - 352 cm-1 and 275 cm-1 in order of decreasing intensity), although these shifts

would be in the vicinity of the Cu2SnS3 peaks making it di�cult to distinguish.

Irrespective of whether Cu2SnS3 and ZnS can independently be identi�ed, the Ra-

man technique consolidates the presence of the kesterite structure crystallising under

these synthesis conditions. Surprisingly, the intensity of the 338 cm-1 mode is rel-

atively low in the near-stoichiometric region (Zn/Cu ≈ 1.01 and Cu/(Zn+Sn) ≈

0.99) and is completely dominated by a strong 319 cm-1 peak associated with the

orthorhombic Cu2SnS3 phase suggesting unsuccessful reaction (or partial reaction)

into the kesterite phase. The SnS and SnS2 binaries as identi�ed by XRD are only

detectable at a lower wavenumber range (namely between 160 and 219 cm-1 for SnS,

and 215 and 314 cm-1 for SnS2 [119]), thus cannot be con�rmed using this Raman set

up. Once the library is subjected to KCN etching, the expected CuS phase at 475 -

477 cm-1 is eliminated but in some instances the �lm quality deteriorates substan-

tially or the �lm de-laminates as demonstrated by the �noisy� post-etch response in

Figure 39c. This is further consolidated as demonstrated from the SEM images in

the following section of di�erent compositional spaces across the library before and
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after KCN etching in Figures 42 and 43, respectively. Furthermore, chemical treat-

ment causes the kesterite structure to completely diminish in certain regions leaving

behind only secondary and/or ternary phases, in particular ZnS and Cu2SnS3. The

etching conditions would need further experimentation for complete optimisation

in order to reduce the deterioration of the �lm (indicative by the changes in peak

intensity).

Special attention should be paid to the depth capability provided by the Raman

excitation wavelength and the overall quality of the �lm which may signi�cantly

vary undermining the identi�cation of any existing peaks. Estimations by a previous

study [109] have concluded that using a wavelength range of 488 - 633 nm would

penetrate the CZTS �lm by approximately 140 - 170 nm, thus in this instance only a

fraction of the 1.5 mm layer would be interrogated. This analysis could suggest that

both CZTS and CuS form within the upper region of the layer, which is particularly

evident in Cu-rich conditions. Without a comprehensive analysis of the complete

�lm depth, it is unclear whether this is holds true.

The lattice parameters a and c, and unit cell volume, V, of CZTS libraries

were obtained from the XRD data and calculated using a graphics based pro�le

�tting program known as TOPAS. This program uses Rietveld analysis to �t X-ray

di�ractograms with precision when the crystal structures of each phase are known.

It has been found that the lattice parameters, a and c, are in moderately close

agreement as reported in Table 14 of single crystal measurements. In fact, both

values are slightly higher than most reported in the literature [120] and show a clear

correlation with changing Cu content, as shown in Figure 40.
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Figure 40: Lattice parameters a and c, and the unit cell volume V, as a

function of Cu/(Zn+Sn). The dashed line indicates the stoichiometric region

(Cu/(Zn+Sn) = 1).

The lattice parameter a shows a general decline in value with increasing Cu/(Zn+Sn)

ratio values, whereas parameter c shows a clear increase. The unit cell, V, also shows

a decrease in value. A recent study by Trimmel et al., who synthesised stoichiomet-

ric CZTS crystals by heating metal salts and thioacetamide, observed a moderate

change in lattice parameters with respect to di�erent annealing temperatures and

found that at lower temperatures (< 250 °C), both a and c increased leading to

an expansion of the unit cell [118]. This was attributable to cation disorder within

the CZTS material. The changes in this study can be attributed to compositional

changes, rather than processing conditions. A study by Bonazzi et al. showed very

similar results although, the unit-cell volume V increased linearly with increasing

Zn concentration rather than Cu as in this research [119]. A further in-depth study
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is required to fully ascertain the reason associated with the change in values.

8.1.2 The e�ects of sulphurisation and etching on �lm morphology and

composition

An RBS spectrum was obtained from the near-stoichiometric point of the sulphurised

co-sputtered library as shown in Figure 41 to con�rm the composition
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Figure 41: RBS spectrum of a co-sputtered CZTS layer onto glass (near-

stoichiometric region of library). The sample structure and the thicknesses

of the layers (in atoms/cm 2 ) are shown in Table 20.

The model is summarised in Table 20 and shows a Cu- and Sn-poor (slightly
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Concen. (at. %) t, (1015 atoms/cm2)

Layer Cu Zn Sn S CuZnSnS

1 23 13 11 53 4200

Total Cu23Zn13Sn11S53 4200

RS, (1015 atoms/cm2) 2200

Table 20: Summary of RBS parameter's obtained from the SIMNRA simula-

tion model: elemental atomic concentration (at. %); layer thickness, t (1015

atoms/cm2); and surface roughness, RS (1015 atoms/cm2).

Zn- and S-rich) �lm. The �lm thickness is approximately twice as thick as the

deposited precursor layer (2220 x 1015 atoms/cm2) which is satisfactory since the

sulphur layer is twice as thick as the precursor layer when initally deposited. There

is no variation with depth factored into the RBS simulation model. However, there is

clear indication of the complete intermixing of all elements indicating a homogeneous

�lm with respect to depth, but it is likely that there will be material loss during the

annealing process as mentioned previously. The surface roughness is signi�cantly

larger confounding highly accurate RBS measurements.

In �gure 42, SEM images are shown of morphological characteristics correspond-

ing to di�erent compositions: Cu-rich, near stoichiometric and Sn-rich. There was

little change in the morphology with respect to the variation in Zn content and

therefore was excluded from this study. Within Cu-rich regions, as in Figure 42a,

there are many distributed CuS crystallites on the �lm surface varying in size typi-

cally in the range of 2 - 10 mnm. The near-stoichiometric region (Figure 42b) shows

large surface features that could be attributed to the excess sulphur as con�rmed

from the RBS analysis. The Sn-rich region on the other hand, shows smaller and

more compact grains. Upon treating the samples in chemical etchant as shown in

Figure 43, many of the CuS crystallites are removed successfully as expected, al-

though the quality of the �lm either delaminates and/or deteriorates substantially

leaving behind large void-like features and surface cracks. Many regions of the �lm

experience substantial stress-induced de-lamination. This e�ect was noticed with

the Raman measurements in Figure 39. The near-stoichiometric and Sn-rich show

almost identical surface topographies.
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Figure 42: Surface SEM micrographs of sulphurised co-deposited precursors:

a) Cu-rich, b) near-stoichiometric, c) Sn-rich.
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Figure 43: Surface SEM micrographs of co-sputtered CZTS post-etching treat-

ment: a) Cu-rich, b) near-stoichiometric, c) Sn-rich.
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8.2 Sulphurised stack order: precursor sequence Sn/Cu/Zn

8.2.1 Phase analysis and crystal structure

This section evaluates the properties of the crystal structure of the Sn/Cu/Zn

stacked CZTS library. Figure 44 shows very similar di�ractograms as with the

co-sputtered library.

Figure 44: Di�ractograms of sulphurised stacked (Sn/Cu/Zn) precursor metals

at 500 °C indicating the evolution of crystalline phases with respect to selected

composition ratios Zn/Sn and Cu/(Zn+Sn), as given in Table 21.

Composition ratios

Precursor Sulphurised

Region Cu/(Zn+Sn) Zn/Sn Cu/(Zn+Sn) Zn/Sn

a) 0.36 0.56 0.61 0.76
b) 0.75 0.65 0.87 0.91
c) 0.73 0.68 1.01 1.03
d) 1.34 1.22 1.54 1.09

Table 21: Summary of precursor and sulphurised composition ratios corre-

sponding to the selected di�ractograms a) - d) in Figure 44.
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In Figure 45, the peak intensity changes are less drastic compared to those ob-

served with the co-sputtered library, but are at their highest at near-stoichiometric

compositions. Again the Zn concentration has little e�ect on the structure of the

�lm.

Figure 45: Di�ractograms with respect to position across the CZTS stacked

library: a) Change of Cu and Sn concentration, and b) change of Zn concen-

tration. Shaded region indicates stoichiometric point (centre of library).

One distinct change compared to the co-sputtered library is the presence of

an additional ZnS (PDF 72-162) phase as shown in Figure 44. The formation of

this additional ZnS crystal structure would, however, require a further in depth

investigation. Figure 46 shows collectively all of the points acquired across the
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stacked library as quasi-ternary phase diagram.

Figure 46: Sulphurised phase-composition plot for the Sn/Cu/Zn stacking or-

der superimposed onto the quasi-ternary Cu2S-ZnS-SnS2 equilibrium phase

diagram [91]. Intersection of the dashed lines denotes the stoichiometric pre-

cursor ratio (Cu:Zn:Sn =2:1:1). The kesterite Cu2ZnSnS4, ZnS and Cu2SnS3
phases are assumed at each point.

8.2.2 The e�ects of sulphurisation and etching on �lm morphology and

composition

The point of near-stoichiometry is assessed by RBS as illustrated in Figure 47 and

Table 22. Elemental ratios and thickness values are very similar to the co-sputtered

�lm, although stacking proves to yield a much smoother �lm. This may be inherent

with the stacking con�guration as each layer is grown sequentially with su�cient

control in thickness, hence allowing successive nucleation of atomic layers. It was

mentioned previously that there was no depth variation in the RBS simulation for

the co-sputtered CZTS library
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Figure 47: RBS spectrum of the stacked CZTS layer onto glass (near-

stoichiometric region of library). The sample structure and the thicknesses

of the layers (in atoms/cm 2 ) are shown in Table 22.

Concen. (at. %) t, (1015 atoms/cm2)

Layer Cu Zn Sn S CuZnSnS

1 22 14 11 53 4530

Total Cu21Zn15Sn11S53 4530

RS, (1015 atoms/cm2) 1123

Table 22: Summary of RBS parameter's obtained from the SIMNRA simula-

tion model: elemental atomic concentration (at. %); layer thickness, t (1015

atoms/cm2); and surface roughness, RS (1015 atoms/cm2).
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Again, large CuS crystallites (> 5 mm) are evident in the Cu-rich region as shown

in Figure 48a. The region of stoichiometry shows improved morphology, although

it does present some holes and roughness. The Sn-rich region, interestingly, shows

dentrite-like crystals growing on the surface of the �lm. Upon etching, as in Figure

49, The Sn-rich regions shows clear �crater-like� features appearing on the surface

after chemical treatment. This would suggest the presence and collapse of liquid Sn

during the annealing and recrystallisation process of the �lm. This was noticed in

[98], where bubble like features are present in the bottom region of the �lm exposing

the underlying substrate.
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Figure 48: Surface SEM micrographs of Sn/Cu/Zn stacked CZTS after sul-

phurisation: a) Cu-rich, b) near-stoichiometric, c) Sn-rich.
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Figure 49: Surface SEM micrographs of Sn/Cu/Zn stacked CZTS post-etching

treatment: a) Cu-rich, b) near-stoichiometric, c) Sn-rich.
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8.3 Conclusions relating to fully sulphurised percursor metals

To conclude, this chapter has shown the successful growth of CZTS libraries using a

co-sputtered and a discrete stacking (with di�erent ordering of elements) approach.

Interestingly, some stacking con�gurations were not successfully synthesised into the

semiconductor layer as outlined in the following subsection.

8.3.1 Sulphurised stacking orders: Cu/Zn/Sn and Sn/Zn/Cu

The stacking orders Cu/Zn/Sn and Sn/Zn/Cu experienced little success during the

sulphurisation process in terms of adhering to the underlying substrate. In fact,

much of the material was lost during the annealing process, thus no measurements

could be obtained. At this stage, the �ndings can only be based on the stacking

order e�ect, but it is likely that there are many intertwining factors contributing to

this behaviour. A very brief discussion on some of the possible explanations as to

why this may have occurred and why these deposition con�gurations are unsuitable

for the fabrication of CZTS layers is given.

Some studies have concluded that the characteristics of CZTS-based thin �lms

using stacked precursor metals are strongly dependent on the stacking orders in the

precursor thin �lms. Yoo et al. [120] RF-sputtered precursor metals with varying

stacking orders and subsequently sulphurised the �lms at 570 °C. They found, inter-

estingly, that the glass/Mo/Sn/Zn/Cu and glass/Mo/Cu/Zn/Cu/Sn con�gurations

possessed substantially more voids than other stacking orders. They postulated that

the reason for the �rst precursor con�guration is the separation of Cu and Sn by Zn.

When Cu is not adjacent to Sn, it is di�cult to form Cu2SnS3 which is a fundamental

reactant in order to produce CZTS with ZnS. This seems a sensible explanation for

the glass/Sn/Zn/Cu con�guration in this study. Furthermore, and perhaps surpris-

ingly, a multi-layer stack of 12 thin layers (Sn/Zn/Cu order repeated three times)

was purposely adopted to initiate intimate mixing of the metallic elements prior to

sulphurisation, but this does not seem to occur as one might expect particularly

at low deposition temperatures. In the second instance, it is believed that Cu at

the bottom of the stack creates void-like features via �Cu-migration� to the upper

surface (Kirkendall-type mechanism of vacancy di�usion) [121]. This again, can ex-
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plain the behaviour of the second Cu/Sn/Zn con�guration. Thus, we can conclude

to some extent that the deposition of the precursor metallic system is crucial to

the understanding of the growth mechanics and importantly how this relates to the

overall quality of CZTS �lm layers. It should be noted that not all combinations of

layered CZTS structures were discussed in this chapter and are referred to brie�y

in the appendix only.

8.3.2 XRD and Raman phase analysis

A comprehensive and systematic study into crystal growth and phase identi�cation

of co-sputtered and stacked CZTS libraries has been carried out using the power-

ful and non-invasive XRD and Raman analytical techniques. A discussion on the

di�culty associated with identifying the desired kesterite structure with other extra-

neous phases such as ZnS, SnS and Cu2SnS3with XRD alone has been outlined. The

use of Raman con�rmed the presence of the kesterite structure post-sulphurisation

with dominant peaks arising at 338 - 339 cm-1. Importantly, which is also well doc-

umented in CZTS literature, is the accompanying peaks at 287 - 289 cm-1and 370

cm-1 of lower itensity which consolidates the crystallisation of the kesterite struc-

ture. This was evident for both the co-sputtering and stacked library con�gurations,

although the similar Raman results for the stacked library are not presented in this

thesis. Even though the presence of kesterite has been con�rmed, accurately sep-

arating ZnS from the terary Cu2SnS3 proves somewhat more challenging but some

Raman spectra collected for certain composition regions have shown that orthorhom-

bic Cu2SnS3 is likely to be the more dominant phase occurring at 319 cm-1. Binary

CuS and SnS2 can be con�dently con�rmed with XRD but distinguishing the SnS

phase with Raman poses further problems such that a lower wavenumber range be-

tween 160 and 219 cm-1 is required. It is clear from these results that although

the kesterite structure forms under these synthesis conditions using a two-stage ap-

proach, it is di�cult to ascertain whether ZnS, SnS and Cu2SnS3 are also present

The desired CZTS kesterite structure has been con�rmed by XRD and Raman mea-

surements to crystallise under these synthesis conditions. Achieving phase pure

kesterite, however, remains a challenge. Interestingly, some
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8.3.3 Proposed model for CZTS growth

An investigation into the reaction kinetics in one particular study [116] for CZTS

formation shows that at a temperature of 500 °C a 2 mm thick evaporated kesterite

layer, which are similar conditions to this study, should be rapidly synthesised within

a short timeframe in the order of tens of seconds. This may hold true in this instance,

but with the evaporated sulphur `cap' used for this investigation prior to heating,

it is likely su�ciently longer annealing times are required to accommodate the pro-

longed sulphur incorporation into the deposited metallic precursors. One concern,

as already addressed, is phase segregation during sulphurisation with respect to �lm

depth. This will almost certainly be related to a combination of factors including

the initial precursor composition and con�guration, the method of incorporating the

sulphur during the reaction and the annealing conditions. Based on the observed

phases forming from both XRD and Raman analyses, it is likely that elemental pre-

cursors initially react with the present chalcogen to form binary compounds such as

SnSx, ZnS and CuS prior to the complete conversion of CZTS. It may be possible

to predict and adapt the reaction process(s) for the synthesis of kesterite CZTS as

postulated theoretically by Herbert and Hock [122]. It follows two simultaneous

solid state reaction processes, with the �rst being a single step (equation 15) and

the second via a dual assisted route (equation 16, then 17) with the ternary CTS

and binary ZnS forming CZTS compound forming:

2CuS(s) + ZnS(s)(cubic) + SnS(s)(−SnS(s) + SnS2(s)) → Cu2ZnSnS4(s)(+
1

2
S2(g)) (15)

2CuS(s) + SnS(s)(−SnS(s) + SnS2(s)) → Cu2SnS3(s)(cubic)(+
1

2
S2(g)) (16)

Cu2SnS3(s)(cubic) + ZnS(s)(cubic) → Cu2ZnSnS4(s) (17)

Further studies are required in order to clarify whether the CZTS is formed by

reaction of SnS2 and/or SnS or whether SnS is only a decomposition product. The

reaction pathways correlate well with both the XRD and Raman data for all compo-
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sition regions studied across the phase diagram. It is also worth mentioning to what

extent the sulphurisation conditions play in the �nal phase formation. Only a �nite

quantity of elemental sulphur, albeit in excess, is introduced and enclosed within

the ampoule. If a substantial amount of sulphur is consumed during the reaction

process of CZTS, which is expected, the sulphur vapour pressure will continue to de-

crease in conjunction to the onset of the irreversible decomposition of CZTS. So it is

important to consider the following conditions during the �lm growth: the optimum

quantity and vapour pressure of sulphur, the maximum annealing temperature and

the overall duration of the reaction process. Under a low sulphur vapour pressure

estimated at ≈ 2 mbar and a relatively long anneal time of 30 minutes for this study,

it may be that the binary SnSx and CuS compounds undergo sublimation due to

having a low evaporation limit causing poor �lm adhesion and fracture/void struc-

tures. A recent study by Momose et al. [30], using similar deposition techniques for

the formation of a 1.4 mm thick CZTS �lm, reported on the relationship between

sulphur pressure and sulphurisation conditions. They found that in order to avoid

the re-evaporation of binary phases such as CuS and SnSx and thus the formation

of voids, a rapid thermal heating approach under high sulphur vapour pressures (≈

1.5 atm) is bene�cial. In fact, longer annealing times with a low vapour pressure

was detrimental to �lm quality and overall solar cell e�ciency.
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9 Opto-electronic and electrical properties

9.1 Room temperature photoconductivity

Photoconductivity (PC) was realised in 1873 by W. Smith [123] who observed a

decreasing change in resistivity of photoconductive selenium when illuminated with

incident monochromatic light. The process in its simplest terms can be described

as the intrinsic absorption of photons with energy greater than the band gap, Eg,

that create mobile charge carriers (electron and holes in the conduction and in the

valence bands, respectively). Hence, there is an increase in the conductivity of the

material.

Enhanced conductivity can further originate extrinsically caused by the presence

of doped impurities or imperfections. In this instance, electrons from the impurity

atoms are excited to the conduction band and contribute to the conduction process.

However, the required ionisation energy is very small thus low temperatures are

needed which is not a requirement for intrinsic processes [124].

This chapter reports on the spectral characteristics of the photoconductive re-

sponse of CZTS thin �lms at room temperature. Some correlations between the

photoconductivity characteristics, composition and �lm structure are also estab-

lished.

9.1.1 Basic concepts of photoconductivity

The photoconductivity gives very useful information about the fundamental opto-

electronic properties of a semiconductor material. The following calculations are

based on a homogeneous semiconductor under normal AM1.5 illumination conditions

for solar cells.

The intrinsic conductivity sv, is given by:

σ = e(pµp + nµn) (18)

where p (holes) and n (electrons) are the carrier concentrations, mp and mn are

the carrier mobilities, and e is the electronic charge. An increase in the carrier
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concentrations, mp and mn, gives a change in photoconductivity ∆sv, such that:

△σ = e(△pµp +△nµn) (19)

The photocurrent generated can be assumed to be proportional to both ∆sv and

to the �eld intensity (if small in magnitude), if the distribution of charge carriers

remain homogenous [125].

9.1.2 Metal-semiconductor contacts

In order to measure the photoconductive properties of any material, it is almost a

prerequisite to use electrodes that form an ohmic contact with the semiconductor

sample. Ideal electrodes should be chemically inert, allow complete �ow of current

(no resistance in either direction), and una�ected by variations in illumination and

temperature. However, from a practical viewpoint, this has proved very di�cult for

many material systems especially in the case of new compounds.

The choice of material contact will ultimately govern which barrier is formed

between the semiconductor-metal interface. In the case of a p-type semiconductor,

such as CZTS and CIGS, an ohmic contact is obtained if the work function of the

metal fm, is greater than that of the host semiconductor, fs. The reverse scenario

will induce an undesirable rectifying barrier. A voltage applied across the metal-

semiconductor interface will be mainly concentrated at the barrier and not across the

speci�c volume of semiconductor due to the highly resistive barrier. Thus, in order

to make photoconductivity measurements, such barrier contacts should be avoided.

It should be further noted that the presence of surface states on the semiconductor

itself may also contribute to creating an intrinsic surface barrier prior to any contact

with a metal [126].

With this criterion in mind, molybdenum (Mo) is selected as a metal contact to

the CZTS surface for this study. Molybdenum is by far the most common metal

currently used for back contacts in CIS, CIGS and CZTS device structures. This is

primarily due to its higher work function (fm> fs) thus suitable for many p-type thin

�lm absorber layers. Furthermore, its stability at processing temperatures in excess

115



of 500 °C, excellent adhesion and durability properties and resistance to alloying

with Cu, In, Zn and Sn is also advantageous. It has been realised experimentally

that Mo forms an ohmic contact via the formation of a thin intermediate MoS2 layer

formed at high temperatures during the CZTS and CIGS deposition [127]. However,

the work of Shafarman et al. [128], who analyzed the Mo/CIS interface separately

from the solar device, shows the contact to be ohmic. Although this setup is very

di�erent to the back contact con�guration i.e. no high annealing temperatures are

required, it would still therefore seem sensible in this case to use Mo contacts for the

photoconductivity experiments. Whether this is entirely the most suitable material

to use would require a further and comprehensive investigation.

9.1.3 Band gap measurements

A curve of photoconductivity versus energy (or wavelength) has a distinctive pro�le:

it begins with a level region at higher energies before rising to a maximum peak prior

to the absorption edge. Finally, the response decreases exponentially through the

band gap at lower energies. In this study, the theorem' proposed by Moss [129] is

used to calculate band gap energy values. The sensitivity S(E) is assumed to vary

due to the distribution of energy levels in the valence band from which the electrons

come from, and is given by:

S(E) =
1

1 + exp {β (E0 − E)}
=

1

2
(20)

where E is the energy of the incoming radiation, E0 is a threshold energy and β

is a constant. From this model, the optical band gap energy Eg is determined from

the spectral photoresponse curve at that point where the sensitivity exponentially

falls to half its maximum value.

There are many techniques used to detect photoconductivity but all of them are

reliant on several fundamental factors: experimental setup and instrumental noise;

the preparation of the sample surface; semiconductor thickness and importantly the

contact material and con�guration. When a photosignal is weak, it can be separated

from the dark current by modulating a light signal and further ampli�ed using a
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phase-sensitive ampli�er. A lock-in ampli�er is essentially a �lter with an arbitrary

narrow bandwidth tuned to the chopping frequency. This �lter will prevent most

unwanted noise to allow the signal to be measured. The experiment requires a set

frequency in a relatively quiet part of the noise spectrum, thus the lock-in can then

detect the response in a very narrow bandwidth at that excitation frequency. In

this case, a mechanical chopper is used to square-wave modulate the intensity of

optical signals. An important consideration is which frequency to select and it is

worth noting that conventional symmetrical square modulation of radiation relies

on the fact that the duration of incident light on the sample needs to be su�cient

to allow for the photocurrent to attain its steady state. Too high a frequency will

cause a weak photosignal to be detected. Thus, for this investigation a frequency of

27 Hz is selected. A study based on photoconductivity e�ects in CdTe crystals used

similar values at 25 Hz [130].

9.2 Experimental method

9.2.1 Library and contact preparation

All libraries underwent KCN etching prior to photoconductivity measurements. An

array of equally spaced and 1 µm thick Mo ohmic spot contacts were subsequently

sputtered directly onto the sample surface using a stainless steel template as illus-

trated in Figure 50 below.

Stainless steel template

Substrate

Molybdenum 
contacts

Figure 50: Masking con�guration used to sputter molybdenum ohmic contacts

in preparation for photoconductivity measurements.

When depositing Mo layers typically via sputtering, �lm stress plays a large role
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in determining the quality and overall properties. Films deposited under tensile

stress have good adhesion but high resistivity. Under compressive stress, however,

the opposite e�ect occurs. The adhesion of Mo �lms to the substrate and the sheet

resistivity is highly dependent on the sputter deposition conditions. The relation-

ship between the microstructure and stress of Mo �lms under di�erent sputtering

conditions are well established. Salome et al. [131] reported on an in-depth inves-

tigation into the e�ects of sputtering conditions on Mo coatings and how a bilayer

structure can yield su�cient properties of good adhesion and low resistivity (and

hence higher conductivity). They concluded that optimal conditions were achieved

by depositing a single �rst layer (around 500 nm) at roughly 10 x 10-3 mbar and

then a second layer deposited at 1 x 10-3 mbar with a thinner nominal thickness

of 300 nm. Reported results indicated a sheet resistivity between 0.5 and 0.8 Ω

with excellent adhesion on soda lime glass. For this study, a similar approach was

taken whereby Mo contacts were deposited on top of the CZTS absorber layer. The

calibration data for the Mo target is presented in the Appendix section. In general

the Mo �lms sputter-deposited at low process pressures tend to be dense, having low

resistivity and compressive stress. As the Ar process gas pressure increases, the �lm

stress switches from being compressive to tensile. The conditions for the Mo contact

deposition in preparation for the measurements are summarised in Table 23. When

sputtering the 800 nm thick bilayer, the bottom layer is deposited �rst at 10 x 10-3

mbar and subsequently changed to 4 x 10-3 mbar. This was left for approximately

�ve minutes to stabilise prior to sputtering the second top layer. Film thickness is

monitored in-situ using a QCM.

Layer Power (W) Rate (nm/s) Gas pressure (10-3 mbar) Thickness (nm)
a 200 0.521 10 100
b 200 0.567 5 700

Table 23: Deposition conditions used to sputter the molybdenum bilayer struc-

ture composing of two single layers, a and b.
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9.2.2 Photoconductivity measurements

The light source, monochromator and optics are described in this section. Light from

a 100 W tungsten halogen lamp was directed into a 1/8m monochromator (Oriel,

Cornerstone) with exit slits equivalent to 15 nm bandwidth, and coupled into a

bifurcated quartz �bre bundle. This directed half of the beam onto a reference

silicon photodiode, with the remaining light focused onto the library surface via a

mechanical optical chopper (Stanford Research, SR540 - 6/5 slot blade) operating at

27 Hz. The photocurrent resulting from an applied constant voltage supply of 9 V

was detected by a phase-sensitive lock-in ampli�er (Stanford Research, SR510) and

normalised to the output of the reference photodiode measured using a Keithley 2000

digital multi-meter. Instrumentation and data acquisition were controlled and fully

automated by LabView software [132]. All equipment was housed within a Faraday

cage to elininate ambient light and external noise interference. The experimental

set up is schematically shown in Figure 51.

Figure 51: Experimental setup for room temperature photoconductivity mea-

surements.

The time constant of the Lock-in ampli�er was set just su�cient to give an ac-

ceptable signal to noise ratio of the output. For any time constant, the wavelength

scan rate of the monochromator was chosen so not to produce undue relative lag of

output signal to wavelength. The photoconductivity spectral response was normal-

ized per photon at each wavelength as measured with a calibrated silicon detector.
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Spectral dependence of the photoconductivity was measured under light illumina-

tion in the spectral region 400 - 1100 nm. The spectral dependence of the lamps

intensity is shown in Figure 52a.

Figure 52: Experimental setup: a) Lamp output intensity as a function of wave-

length, and b) Responsivity of the silicon photodiode detector as a function of

wavelength (without any external attenuator).

The set up used in this study uses a speci�c measurement technique. The re-

ponsivity of the photodiode, RPD, as shown in Figure 52b, is given by:

RPD =
IPD

△P
(21)

where △P is the power and IPD is the measured photodiode current. Also, the

change in conductivity △σ of a solid can be given by:
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△σ =
△I

E
(22)

where △I is the change in Lock-in current. Dividing the two equations (21 and

22) and rearranging such that:

△σ

△P
=

△I

EIPD

(RPD) (23)

This is essentially the photocurrent that will be measured. The curve associated

with the photoconductivity response as a function of the energy is �tted with an

inverse tangent function and the band gap measurements are made in accordance

with the Moss criterion.

9.2.3 Results and Discussion

This section reports on the photoconductivity results collected at room temperature

for the synthesised CZTS libraries after KCN chemical etching. The photocon-

ductive response (taken to have arbitrary units) variation with respect to photon

energy (eV) is presented for both the co-sputtered and stacked (with varying orders)

con�gurations.

1. Photoductivity measurements: co-deposited CZTS libraries

Photoconductivty measurements of the co-sputtered library are illustrated in Figure

53 as a function of selected compositional ratios across the sample. These compo-

sitions, as represented by the ratios Cu/(Sn+Sn) and Zn/Sn, are chosen to give

an overall insight into the highest and lowest performing material and how this is

related to the changes from Cu-poor/Zn-rich to Cu-rich/Zn-poor. The region of

near-stoichiometry is also included as a reference much like the phase analysis in

previous chapter's. The highest photoconductive response arises from curve a) as-

sociated with Zn-rich and Cu-poor compositions (Zn/Sn = 2.96 and Cu/Zn+Sn =

0.49) which is substantially higher than that of the near-stoichiometric and the Cu-

rich/Zn-poor region. Band gap energy values as summarised in Table 24 range from

1.42 - 1.53 eV for the absorber layer which are ideal for solar cell applications.
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Figure 53: Spectral dependence of room temperature photoconductivity with

respect to four di�erent compositions (a-d) across the co-sputtered library (as

listed in Table 24).

Composition

Sample Zn/Sn Cu/(Zn+Sn) Estimated Eg, (eV)

a) 2.96 0.49 1.48
b) 1.21 0.67 1.50
c) 1.02 0.97 1.51
d) 0.97 1.103 1.49

Table 24: A list of the highest performing compositions across the co-sputtered

CZTS library, as measured with the photoconductivity set up. An estimated

band gap value is also given.

2. Photoductivity measurements on a stacked CZTS library: order Sn/Cu/Zn

Similarly, photoconductivity measurements on the stacked con�gurations were also

taken under the same conditions. For the library with precursor order glass/Sn/Cu/Zn

as shown in Figure 54, a very similar pattern emerges such that the highest response

(and hence the best performing composition) is associated with Zn-rich/Cu-poor re-

gions with a gradual decline towards Zn-poor/Cu-rich compositions as listed in Table

25. An important point to note is that the overall magnitude of the response(s) is

less than that as observed with the co-sputtered library.
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Figure 54: Spectral dependence of room temperature photoconductivity with

respect to four di�erent compositions (a-d) across the Sn/Cu/Zn stacked li-

brary (as listed in Table 25).

Composition

Sample Zn/Sn Cu/(Zn+Sn) Estimated Eg, (eV)

a) 1.21 0.56 1.43
b) 1.14 0.76 1.41
c) 1.05 0.98 1.38
d) 0.75 1.08 1.42

Table 25: A list of the highest performing compositions across the Sn/Cu/Zn

stacked CZTS library, as measured with the photoconductivity set up. An

estimated band gap value is also given.

3. Photoductivity measurements on a stacked CZTS library: order Zn/Sn/Cu

Although the evaluation of the CZTS library with stacking order glass/Zn/Sn/Cu

has been somewhat excluded from this thesis but some of the composition and phase

analysis results are collated in the Appendix section. However, the opto-electronic

properties as obtained from the photoconductivity setup yield some very interesting

results which is worth bringing to light and mentioning in this section. Figure

55(a) - (d) illustrates the photoconductive response curves which are all associated

with varying degrees of Zn-rich/Cu-poor ratios as well as near-stoichiometric as a

reference (Table 26). Of particular interest is the intensity of the photoconductivity

response curves compared to all other sample libraries which are some degrees of
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magnitude higher.

Figure 55: Spectral dependence of room temperature photoconductivity with

respect to four di�erent compositions (a-d) across the Zn/Sn/Cu stacked li-

brary (as listed in Table 26).

Composition

Sample Zn/Sn Cu/(Zn+Sn) Estimated Eg, (eV)

a) 2.43 1.32 1.43
b) 1.76 1.12 1.46
c) 1.54 1.03 1.43
d) 1.04 0.96 1.47

Table 26: A list of the highest performing compositions across the Zn/Sn/Cu

stacked CZTS library, as measured with the photoconductivity set up. An

estimated band gap value is also given.

For all results, the spectra show similar behaviour in terms of the shape of the

curves but distinct changes in the magnitude of the photoconductive response. Fur-

thermore, there is also a gradual shifting from the onset of the absorption edge.

The cut-o� in all curves can be assigned to the electronic band gap energy, Eg, and

is determined by using the Moss criterion as described. All measured band gaps

exhibit values close to the expected CZTS value of 1.5 eV [23-25], which is opti-

mal for high performing solar cell operation. The photoresponse and the band gap

are clearly dependent on the �nal elemental composition of the CZTS material. In

general, as the ratio Zn/Sn increases and Cu/(Zn+Sn) decreases a higher response

in photoconductivity is observed. The highest performing library was the stacked
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Zn/Sn/Cu con�guration closely followed by the co-sputtered. On the other hand,

the stacked library with precursor order glass/Sn/Cu/Zn, showed particularly poor

spectral response values in comparison. However, it must be noted that poor pho-

toconductive results are not solely reliant on the compositional nature of samples.

Other factors to take into account are inconsistent ohmic contacting and/or the

uncertainty in the band-gap value extrapolation. Electrical and optical properties

have been extensively studied for CZTS absorber material [133, 135], as well as the

photoconductivity technique which has recently been explored yielding positive re-

sults [134]. To the authors knowledge there is no published literature based on room

temperature photoconductivity using this particular experimental arrangement.

9.3 Electrical measurements: hot point probe

9.3.1 Basic concept of the hot point probe

The widely used hot point probe technique provides a simple, rapid and e�cient

way to determine whether a semiconductor sample is either n- or p-type.

The physics behind the concept is relatively straightforward and can be cate-

gorised into a three-step mechanism process as follows:

1. The application of thermal energy is required to excite the free charged carriers

by attaching a hot and cold probe to a semiconductor surface. The hot probe

is connected to the positive terminal of an eletrometer while the cold probe is

connected to the negative terminal.

2. A temperature gradient causes a di�usion process of the excited majority car-

riers to begin from the heated electrode to the cooler electrode (due to there

being a lower density of hot carriers at the cooler region). As a consequence,

a built-in electric �eld is created and a voltage readout can be obtained. This

is called the thermoelectric or Seebeck e�ect. The electrical potential sign of

the measured voltage is governed by the majority carriers. For instance, in an

n-type semiconductor there would be a positive voltage readout indicating the

majority carriers are electrons, and for a p-type a negative readout is obtained

(majority carriers are holes). The semiconductor material itself and the cooler
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electrode begin to warm up over time preventing the di�usion process. This

is known as the steady state [136, 137].

3. The steady state will continue until the heat source is removed. Once removed,

however, recombination processes of the charged carriers are induced.

9.4 Experimental method

For this experiment, one probe is heated via a soldering iron and the multi-meter

is switched to measure voltage change as opposed to photocurrent. All lighting and

further electronics have also been excluded. The negative and positive terminals of

a Keithley 2000 multi-meter were connected to the molybdenum electrodes on the

CZTS surface. A voltage readout of zero is collected at room temperature prior

to any application of heat (steady state). The contact connected to the positive

terminal was then subsequently heated by a soldering iron maintained at a stable

temperature of 200 °C and left for 60 seconds. Once a steady state was reached after

this time, the soldering iron was removed allowing the semiconductor to cool back

to room temperature. LabView software recorded the voltage readout as a function

of time.

9.4.1 Results and Discussion

In order to test the experimental setup, hot probe characteristics were collected for

a pure crystalline silicon wafer as a function of changing temperatures as indicated

in Figure 56. The voltage readouts show a positive polarity between the two elec-

trodes concluding this sample is n-type material (majority carriers are electrons) as

expected.
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Figure 56: Hot point probe characteristics over time for an n-type silicon wafer

as a function of temperature.

One noticeable feature is the similarity of the curves with a gradual rise in voltage

as the temperature is increased. Furthermore, upon the application of heat there is

an immediate incline in voltage response before reaching a steady state. The voltage

at this point slowly continues to rise and is more emphasised at higher temperatures,

which is likely to be caused by the cool electrode slowly heating up. However, over

time it is likely there would be a voltage drop o� as a gradual heating of the cooler

contact would tend to reduce the voltage and not increase it. Once the heat is taken

away via the hot probe, the voltage shows a dramatic decline back to its original

stable state near a zero voltage.

1. Stacked library: Sn/Cu/Zn

Figure 57 and Table 27 present selected hot point probe measurements made across

the Sn/Cu/Zn stacked CZTS library with respect to a range of elemental composi-

tions. All points measured at 200 °C resulted in a negative voltage readout implying

p-type conductivity. It is therefore clear that the conductivity type does not change

with regards to elemental composition. All curves showed very similar behaviour,

albeit moderate changes in the voltage readout.
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Figure 57: Hot point probe characteristics for p-type CZTS (stacking con�gu-

ration Sn/Cu/Zn) as a function of composition, measured at 200 °C.

Sample Zn/Sn Cu/(Zn+Sn) S/metal

a 2.41 0.51 0.96

b 1.41 0.82 1.04

c 1.03 1.02 0.97

d 0.83 1.14 1.17

e 0.41 1.54 0.94

Table 27: Summary of selected elemental composition ratios corresponding to

curves a) - e) in Figure 57.

Results for other con�guration libraries (i.e. co-sputtered and the remaining

stacked libraries), although not presented, showed very similar results yielding p-type

conductivity. It is important to note that all Cu-rich regions underwent delamination

after KCN etching, hence measurements in this region of the phase-composition

diagram could not be achieved.
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10 CZTS device fabrication

�I have no doubt that we will be successful in harnessing the sun's en-

ergy. If sunbeams were weapons of war, we would have had solar energy

centuries ago.� - George Porter, Nobel Prize winner in Chemistry (1967)

Reports on some milestone CZTS device e�ciencies were outlined in Section 2.3.2,

concluding that a high performing device generally constitutes a Zn-rich/Cu-poor

absorber layer. This chapter presents results on how the composition and con�gura-

tion structure of the CZTS thin �lm directly in�uences overall device performance.

The �rst section gives a brief overview on the background of device physics, before

moving onto the motivation behind selecting speci�c compositions to be incorpo-

rated into a device. Finally, the device fabrication/characteristics are described and

performance parameters are presented with proposals to why such results may be

occurring.

10.1 Characteristics of solar cell devices: a brief theoretical

background

The performance of photovoltaic cells can be modelled as a current source in parallel

with a diode. Put simply, under no illumination there is no current generated and

the PV cell behaves like a diode [40]. When the cell is subjected to illumination,

current is generated by the PV cell. If a typical current-voltage (I-V) curve of a

pn-junction diode in the dark and under illumination is considered, as illustrated

in Figure 58, three key solar cell parameters can be de�ned: short circuit current

(ISC), open-circuit voltage (VOC) and the �ll factor FF.
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Figure 58: Current-voltage (I-V) characteristics of an ideal pn-junction both

in the dark and under illumination: (a) The three main solar cell parameters

and light-generated current (IL) are de�ned: short-circuit current (ISC), open-

circuit voltage (VOC) and �ll factor (FF), and; (b) The FF value is obtained

by the maximum rectangle given by IPmax and VPmax.

Each parameter is de�ned as follows:

� Short circuit current, ISC (or JSC)

The short circuit current, ISC, corresponds to the condition when the impedance is

low and is calculated when the voltage, V, equates to zero: IV=0 = ISC . When this

condition is satis�ed, then the short circuit current is equal to the light-generated

current: ISC = IL. As indicated in Figure 58(a), ISC occurs at the beginning of the

forward-bias sweep and is the maximum current value in the power quadrant (see

Figure 58(b)). For an ideal cell, this maximum current value is the total current

produced in the solar cell by photon excitation.

� Open circuit voltage, VOC

The open circuit voltage, VOC, occurs when there is no current (I = 0) passing

through the cell such that: VI=0 = VOC . For an ideal diode:

VOC =
kT

q
ln

(
IL
IS

+ 1

)
(24)

where kT/q is the thermal voltage and IS is the saturation current.
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The voltage and current at which power output is a maximum (Pmax), are known

as VPmax and IPmax, respectively as illustrated in Figure 58b. With this information,

the �nal solar cell parameter can be de�ned known as the �ll factor (FF).

� Fill Factor, FF

Often represented as a percentage, the �ll factor FF, is essentially a measure of

the quality or performance of the device and is determined by the fraction of the

total power of incident light that can be converted into electrical power. Under

illumination, the pn junction is forward biased and the external load resistance

determines an operating point on the I-V curve. The ideal diode behaviour is given

by:

P = IPmax
KT

q
ln

(
1 +

IPmax + IL
IS

)
(25)

In general, the device will operate under conditions favourable towards maximum

power output. FF can also be interpreted graphically as the ratio of the rectangular

areas depicted in Figure 58(b). A larger �ll factor is desirable, and corresponds to

an I-V sweep that is more square-like. Typical �ll factors range from 0.5 to 0.82. In

practice, the FF will never reach its theoretical maximum and will be lower due to

the presence of parasitic resistive losses. The value of FF is therefore most commonly

determined from measurement of the IV curve and is de�ned as the maximum power

divided by the product of VOC and ISC. The maximum possible area for a given I-V

curve determines the �ll factor de�ned by:

FF =
VPmaxIPmax

VocIsc
(26)

� Conversion e�ciency, h

E�ciency, h, is the ratio of the electrical power output Pout, compared to the solar

power input, Pin, into the PV cell. Pout can be taken to be Pmax since the solar cell

can be operated up to its maximum power output to get the maximum e�ciency.

A thorough and detailed explanation relating to the theory of semiconductors and

device structures can be found in the following reference [41].
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10.2 Selecting CZTS absorber layer compositions

The fabrication of CZTS-based solar devices consisted of a systematic approach

based on the photoconductivity and hot-point probe results. As outlined in Chapter

9, room temperature photoconductivity responses were obtained for various com-

positions and absorber layer con�gurations. In order to test the validity of both

techniques, only high performing responses were selected from each con�guration to

be incorporated within a device structure. More speci�cally, the two highest photo-

conductivity responses were chosen. The range of p-type samples after KCN etching

which correspond to the chosen structure and composition are listed in Table 28.

Composition

Sample Con�guration Cu/(Zn+Sn) Zn/Sn

A Co-sputtered 0.49 2.96
B Co-sputtered 0.67 1.21
C Sn/Cu/Zn 0.56 1.21
D Sn/Cu/Zn 0.76 1.14
E Zn/SnCu 1.32 2.43
F Zn/Sn/Cu 1.12 1.76

Table 28: A list of p-type compositions (after KCN etching) and con�gurations

as selected by high performing photoconductivity responses.

10.3 Device fabrication and characterisation

The device structure used in this study is akin to that of standard CIGS/CIS and

CZTS con�gurations. Directly deposited onto Mo-coated glass (SLG) substrates, the

device order is depicted in Figure 59 and is as follows: CZTS/CdS/ZnO:Al/ITO/Al/Ni.
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Figure 59: Schematic cross-section of the CZTS device structure used for this

study.

During the CZTS deposition, two samples were fabricated simultaneously under

identical conditions with the �rst being used as a �control measure� for materials

characterisation immediately after synthesis, and the second kept in preparation for

complete device fabrication. The stages of device fabrication are outlined as follows:

1. Mo back contact - a 850 nm thick Mo layer deposited using RF sputtering

(Nordiko 2000) directly onto glass (SLG) substrates. Sputter power and de-

position time were 300 W and 120 minutes, respectively.

2. CZTS absorber layer deposition - a uniform Cu-Zn-Sn precursor layer (≈ 500

nm) was either co-deposited or stacked onto the Mo-coated substrates using

DC magnetron sputtering. Substrates were placed onto a rotating table to

ensure uniformity. The samples subsequently underwent sulphurisation at 500

°C for 30 minutes yielding a total CZTS layer thickness of approximately 1.5

mm. All samples were subjected to KCN etchant and dried in N2 gas �ux.

3. Chemical bath deposition (CBD) of CdS bu�er layer - a 70 nm CdS bu�er layer

was deposited using the chemical bath deposition (CBD) method. An aqueous

solution was formed containing 0.1456 g of cadmium sulfate (CdSO4), 31.8 g

of ammonium hydroxide (NH4OH), 0.333 g of thiourea and was subsequently

transferred into a glass jar with a double walled water jacket and placed in

the centre of an ultrasonic bath. The Mo/CZTS samples were then securely

mounted onto a glass holder (up to eight samples could be deposited in a
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single run) and subsequently immersed into the solution. The solution was

continuously stirred at a constant rate during the �lm deposition process for

20 minutes at 65 °C (uniformity was within 10%).

4. ZnO window layer - a pulse RF sputtered (Teer coatings UDP350) i -ZnO layer

approximately 50 nm in thickness (0.2 A for 35 min).

5. Indium tin oxide (ITO) - a 200 nm layer deposited using RF sputtering at 150

°C (200 W for 120 minutes).

6. The cells were completed using sputtered Ni/Al contacts - 50 nm layer of Ni

by RF magnetron sputtering (120 W for 60 minutes). A 4000 nm layer of Al

was further deposited by e-beam evaporation (TecVac ECU700).

Current�voltage (I-V) measurements were recorded at 25.8 °C under standard AM

1.5 (100 mW cm2) illumination using a solar simulator (Abet-technologies Sun 2000),

with uniform output over a 4 x 4 inch area. Several new aspects and the synthesis

of thin �lm layers are introduced here such as the n-type CdS layer crucial for

the formation of the p-n junction with CZTS. However, the underlying physics

and properties are not described in detail. As these parameters are not critical

parts of this thesis, they have been excluded and only a brief overview of how each

individual layer is fabricated is given. The reader is referred to reference [41] for

further information.

10.4 Properties and performance of CZTS devices

The CZTS solar cell performance parameters with di�erent metallic composition

and con�gurations are presented and discussed in this section. The key parameters

as outlined in the beginning of this chapter, namely the VOC, JSC, FF and conversion

e�ciencies, are obtained from the 24 individual cells fabricated across one sample

substrate and have been labelled from A to F for ease of comparison. It should

be noted that the highest performing cell has only been presented. Figures 60 - 62

illustrate the J-V curved for the devices corresponding to Table 29.
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Device Con�guration VOC (mV) JSC (mA/cm2) FF (%) h (%)

A Co-sputtered 218 3 29.96 0.23

B Co-sputtered 77 20 28.44 1.29

C Sn/Cu/Zn 69 3 24.46 0.05

D Sn/Cu/Zn 8.3 0.91 24.23 0.003

E Zn/SnCu 40 0.18 24.44 0.02

F Zn/Sn/Cu 39 2.40 23.86 0.03

Table 29: CZTS cell parameters: VOC, JSC, FF and h for the highest performing

cells of each con�guration and compositional region.

Figure 60: J-V curves of the highest performing co-sputtered CZTS device

structures: (a) - Device A and, (b) - Device B.
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Figure 61: J-V curves of the highest performing CZTS (stacking order

Sn/Cu/Zn) device structures: (a) - Device C and, (b) - Device D.
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Figure 62: J-V curves of the highest performing CZTS (with stacking order

Zn/Sn/Cu) device structures: a) - Device E and, (b) - Device F.

In summary, the overall performance of CZTS-based devices in this investigation

is very poor and far from ideal. The FF is below 30% for all devices, which is pre-

dominately down to shunting and series resistance. The highest e�ciency attained

in this work corresponds to device B (h = 1.29 %), which consists of a co-sputtered

absorber layer with metallic ratios: Cu/(Zn+Sn) = 0.67 and Zn/Sn = 1.21. This is

somewhat promising as the layer is moderately photo-active and Cu-de�cient/Zn-

rich which ties in well with the literature on CZTS device e�ciencies in Section 2.4.

Furthermore, it is particularly encouraging that a Cu-poor/Zn-rich �nal composi-

tion is the highest performing which consolidates the accuracy to some degree of the

photoconductivity technique.
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11 Conclusions and future outlook

The main objective of this thesis was to demonstrate the novel and powerful use

of the combinatorial approach to explore new and exciting materials like CZTS.

This tool provided successful formation of the Cu-Zn-Sn-S library into the desired

kesterite phase, although there were clear composition-dependent phases that also

formed. The �rst part of this study, which included Chapter's 3, 4 and 5, impor-

tantly focussed on devising and setting up the combinatorial synthesis protocol in

order to fabricate compositionally graded metallic thin �lms. The precursor layers

Cu-Zn-Sn were DC magnetron sputtered directly onto a single glass substrate to

create a composition-spread library with the point of stoichiometry near the cen-

tre. The primary goal at this stage was to accurately and reproducibly yield the

correct stoichiometry (Cu:Zn:Sn = 2:1:1 ratio) towards the centre of the library

with a deviation in composition spanning a wide spatial region within the Cu-Zn-

Sn ternary phase diagram. Two di�erent deposition con�gurations were explored:

co-sputtering and discrete stacking of metallic layers (of which the elements were

alternated to assess any e�ects the stacking order would have on the properties of

the CZTS material). Chapter 6 then presented results on the composition and phase

analysis of the precursor libraries, which are important to understand as ultimately

these phases are likely to dictate the metal-sulphur phases that form during the

sulphurisation/annealing process. Only co-sputtered and one stacked library with

order (Sn/Cu/Zn) are presented in this thesis for comparative purposes although

much of the data for the other stacking orders are given in the appendices.

The second part of this investigation concerned the suphurisation process as

outlined in Chapters 7 and 8, whereby the metallic precursor libraries were sub-

sequently heated at 500 °C in an atmosphere of S vapour for the metal-chalcogen

conversion process. The idea was to then create a complete library that would cover

a wide region within the Cu2S-ZnS-SnS2 phase diagram as devised by Olekseyuk et

al. [97]. KCN etching treatment after sulphurisation was implemented as a means

of eliminating unwanted CuS phases, although this caused severe damage to the �lm

causing complete delamination in some instances.
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Chapter 9 and 10 then focussed on the opto-electronic and electrical character-

isitcs of CZTS libraries for a select range of compositions and con�gurations. Based

on the results obtained from room temperature photoconductivity and the hot point

probe, certain high performing compositions were used to fabricate CZTS-based de-

vice structures. However, even though all regions showed p-type conductivity as

ascertained using the hot point probe and were photo-active, the device charac-

teristics were signi�cantly poor with the highest achieving device yielding a power

conversion e�ciency of around 1.26 % (FF close to 30%).

To conclude this investigation, we will discuss the key observations made dur-

ing the analysis of the CZTS libraries and �nally make some recommendations for

further work. As outlined in the Chapter 1 and 2, the main objective of this thesis

is to primarily focus on the role of metallic precursor composition and how this ul-

timately a�ects the formation and properties of CZTS. It is worth noting that this

investigation principally focusses on the CZTS material as a single layer, so the work

carried out in making device structures is fairly limited and would require further

work to understand the behaviour as reported in Chapter 10. The photoconductiv-

ity and device performance of certain compositions are purely there as a measure

of how well the material has formed, its compatibility to operate as a p-n junction

and which compositions dictate the overall performance. Throughout this study,

the composition ratios were de�ned as Cu/(Zn+Sn) and Zn/Sn and are normally

described as �Cu-poor� and/or �Zn-rich� (and vice versa). We can draw some very

interesting and important conclusions from this sudy as follows:

� Phase analysis as carried out by XRD on the precursor libraries grown at

room temperature indicated several phases forming and were shown to be

composition-dependent. There was clearly no evidence to suggest formation

of any elemental Zn and Cu, ternary or ZnxSny binary phases. Only CuxSny,

CuxZny and Sn formed. In the regions of near-stoichiometry, where we would

expect the precursor material to form phase-pure kesterite material when sub-

jected to the sulphurisation process, there is a noticeable improvement in crys-

tallinity which is particularly evident with the co-sputtered library. Further-

more, for the co-sputtered library only CuxZny phases were found to be present
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in the stoichiometric region, but in the case of the stacked library (Sn/Cu/Zn)

both CuxZny and CuxSny phases co-existed. Elemental Sn only precipitated

at elevated Sn concentrations (and low Cu content). Thus, at an early stage it

would seem sensible to assume that the co-sputtered precursor library would

facilitate a more favourable reaction pathway for the kesterite structure to

form with the potential precipitation of secondary phases depending on the

compositon.

� Upon sulphurisation of the libraries, both XRD and Raman spectroscopy con-

�rmed the existence of the desired kesterite crystal structure in all con�gura-

tions. However, there was also evidence of many extraneous phases forming

including ZnS, SnS and Cu2SnS3 which proved challenging to distinguish as

they each had very similar crystal structures to that of kesterite and each

other. Based on the observed phases formed, it was found that elemental pre-

cursors initially react with the present chalcogen to form binary compounds

such as SnSx, ZnS and CuS prior to the complete conversion of CZTS.

� In this investigation, the e�ects of Cu, Zn and Sn content were studied. If

we begin by giving an overview on the Cu content it was clear the secondary

phase of CuS in the most Cu-rich regions could be con�rmed comfortably with

both XRD and Raman and visualised with SEM imaging (via the formation

of large CuS surface crystallites). Interestingly, Cu-rich regions tend to have

better crystallinity suggesting improved �lm growth but CuS phases can seg-

regate to the the upper region of the �lm as seen in this study. They can be

removed by KCN etching but this proved an unfavourable method in this work

as the post-etching morphology was particularly poor as a result. In some in-

stances, it caused complete �lm delamination and further measurements could

not be obtained. For Zn-rich regions, it is expected that ZnS should almost

de�nitely form alongside CZTS. However, XRD and Raman could not con-

clusively identify this as mentioned in the previous paragraph. This phase is

e�ectively insulating, having a band gap of around 3.6 eV, so the e�ects on

the opto-electronic prperties is expected to be negligible. Finally for Sn-rich

140



regions, the binary SnSx has been shown to form together with the ternary Cu-

Sn-S compound, which is expected to be detrimental to device performance.

However, SnS could not be co�rmed with either XRD and Raman using this

current setup and would require further investigation. It is important to stress

that each of the elements are strongly dependent on one another and a slight

shift in one would lead to a shift in others thus causing di�erent phases to

form. Therefore, the growth conditions of CZTS are imperative in order to

control which (or neither) phases form alongside CZTS.

� With respect to the opto-electronic and electrical measurements, the hot point

probe indicated p-type conductivity for all regions assessed irrespective of com-

position or layer con�guration. Room temperature photoconductivity gener-

ally showed a signi�cant improvement in photoconducive response for Cu-

poor/Zn-rich regions and a decline for Cu-rich/Zn-poor which ties in well with

the literature. The underlying mechanism behind the idea that Cu-poor/Zn-

rich compositions are better performing is perhaps unsurprising. As postulated

by Chen et al. [135], under Zn-rich and Cu-poor conditions the substitution of

Cu at Zn sites gives rise to deep acceptors compared to the shallow acceptors

for isolated Cu vacancies. Thus, under these conditions the dominant defect

is p-type and should be ideal, provided the ZnS phase is absent, for improved

opto-electronic properties and ultimately maximising solar cell performance.

Furthermore, much work is required to fully understand the behaviour of dif-

ferent compositions with respect to the photoconductive responses and hence

the device structures.

� We can now, at least in part, select the positions of the potential devices on

the phase diagram that are likely to be the �best.� It has been shown that

the best performing devices are not in the narrow single kesterite phase region

(located in the centre of the phase diagram). This was further reinforced with

the photoconductivity measurements. As mentioned previously, Cu-rich/Zn-

poor regions are also undesirable due to the formation of Cu-S and Cu-Sn-S

(and potentially SnSx) phases. Although e�orts have been made in this study
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to reduce these phases such as subjecting the sample to KCN etching, the

�lm has been shown to signi�cantly deteriorate in quality thus hindering the

formation of a good p-n junction. Adhesion problems have also arisen which

could be attributed to the fact Cu is at the bottom in contact with the Mo

back layer thus promotoing void formation. This is particularly true with

stacked layers of precursors when the Cu layer is at the bottom. However, it

seems that a moderate deviation from the point of stoichiometry can initiate

the formation of secondary/ternary phases so it proves very di�cult to control

the formation of the pure kesterite phase.

� One �nal comment should be made about the di�erent con�gurations used to

deposit the CZTS absorber layer and how it plays a pivotal role in determin-

ing which phases form. We have revealed that the co-sputtered library shows

improved crystallinity and less extraneous phase formation in conjunction to

the kesterite structure. Even though the stacked layers were deposited using

a twelve layer system of alternating elements, the growth conditions at room

temperature are unfavourable and promote phase segregation when undergo-

ing the conversion process. With application of heat during the precursor

deposition, we would expect a signi�cant improvement in �lm homogenity

with repsect to layer depth. This perhaps leads onto one other question that

arises when fabricating CZTS materials such that which is the best fabriction

method to use. This study has used a two stage combinatorial approach to

rapidly assess the e�ects of compositional variation on the properties of CZTS

and has proved useful in the fact it has consolidated the current literature in

terms of which is the best performing compositonal range i.e. Cu-poor/Zn-

rich. However, this two stage method may not be the most desirable to prevent

the precipitation of additional phases. It is clear that further work needs to

be carried out in order to optimise and understand the fundamentals of single

layer performance, as well as the behaviour of CZTS-based device structures.

Furthermore, this methodology could also be used in future work to explore

which other fabrication method may work in order to fabricate high quality

pin-hole free CZTS material as well as assessing the impact of compositional

142



variation and/or elemental loss.

The progress in the development of CZTS(Se) absorber layers and devices are some-

what promising and o�er an exciting alternative to the well established thin �lm

materials already currently being used; e�ciencies are steadily improving to around

10 % and we can expect this to continue as many more groups move into and focus

on this �eld. Research carried out on the related CIS and CIGS materials, in terms

of their chemistry and opto-electronic properties, has very much provided a plaform

for this progression. However, like CIGS there are many challenges ahead in terms

of controlling the �lm stoichiometry, defects and secondary/ternary phases that pre-

cipitate alongside the desired kesterite phase. Based on the work carried out in this

study and the above concluding remarks, some recommendations for future CZTS

research could be as follows:

1. Attention should be paid to the exact nature of the con�guration used and

how best to improve �lm homogenity with respect to depth. It would be par-

ticularly interesting to sputter (co-deposition or stacked) combinatorial CZTS

libraries in-situ using RF sources (using compound sources such as ZnS, CuS,

Sn...etc) and annealing each library within the chamber, although the temper-

ature will have to be su�ciently low as not to cause any elemental evaporation

due to high vapour pressures of Zn and Sn. This may reduce the amount of

phase segregation, and hence delamination, experienced with most libraries.

2. The sulphurisation process must be fully investigated for a wide range of com-

positions. This study only used a �xed temperature, pressure and duration.

The e�ect of composition on these di�erent variables would be particularly in-

teresting and give a very useful insight into the stability of the absorber layer

under di�erent conditions.

3. The photoconductivity set up is potentially very useful in terms of collecting

further information about the CZTS defect chemistries. The variation in band

gap should be an area of interest and studied in greater detail.

4. Having proved how useful the combinatorial approach can be in terms of de-
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positing a diverse range of structurally and chemically similar samples, it would

be possible to explore the Cu2S-ZnS-SnS2 phase equilibria in greater detail in

terms of covering the same or similar composition regions at a wide range of

synthesis temperatures.

5. Another interesting avenue to explore would be to pursue the idea of fabri-

cating CZTS device libraries, once a more comprehensive study of the single

absorber layer is achieved. Ultimately, this is a very complex and challenging

route to take but on the other hand it is very bene�cial as a wide range of

devices with di�erent composition and/or thickness can be incorporated in a

single run/substrate.
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A Appendix

A.1 Precursor stack order: Cu/Zn/Sn

Figure 63: Elemental ratio contour plots for sequential stacking order Cu/Zn/Sn

as a function of position: a) Zn/Sn and b) Cu/(Zn+Sn).

Figure 64: Di�ractograms of stacked (Cu/Zn/Sn) precursor metals indicating

the evolution in crystalline phases with respect to selected composition ratios

Zn/Sn and Cu/(Zn+Sn) across the library.
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Figure 65: Di�ractograms with respect to two scan positions across the multi-

layer Cu/Zn/Sn sample. a) Change of Cu and Sn composition and, b) change

of Zn concentration. Shaded region indicates stoichiometric point (centre of

library).
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A.1.1 Sulphurised stack order: Cu/Zn/Sn

Figure 66: Di�ractograms of sulphurised precursor metals with stacking order

Cu/Zn/Sn at 500 °C indicating the evolution of crystalline phases with respect

to selected composition ratios Zn/Sn and Cu/(Zn+Sn).
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Figure 67: Sulphurised phase-composition plot for the Cu/Zn/Sn stacking or-

der superimposed onto the quasi-ternary Cu2S-ZnS-SnS2 (400 °C) equilibrium
phase diagram [91]. Intersection of the dashed lines denotes the stoichiometric

precursor ratio (Cu:Zn:Sn =2:1:1).
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Figure 68: RBS spectrum of a Cu/Zn/Sn stacked near-stoichiometric CZTS

layer onto glass. The sample structure and the thicknesses of the layers (in

atoms/cm 2 ) are also shown schematically.
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A.2 Precursor stack order: Zn/Sn/Cu

Figure 69: Elemental ratio contour plots for sequential stacking order Zn/Sn/Cu

as a function of position: a) Zn/Sn and b) Cu/(Zn+Sn).

Figure 70: Di�ractograms of stacked Zn/Sn/Cu precursor metals indicating

the evolution in crystalline phases with respect to selected composition ratios

Zn/Sn and Cu/(Zn+Sn) across the library.
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Figure 71: Di�ractograms with respect to two scan positions across the multi-

layer Zn/Sn/Cu sample. a) Change of Cu and Sn composition and, b) change

of Zn concentration. Shaded region indicates stoichiometric point (centre of

library).
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A.2.1 Sulphurised stack order: Zn/Sn/Cu

Figure 72: Di�ractograms of sulphurised precursor metals with stacking order

Zn/Sn/Cu at 500 °C indicating the evolution of crystalline phases with respect

to selected composition ratios Zn/Sn and Cu/(Zn+Sn).
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Figure 73: Sulphurised phase-composition plot for the Zn/Sn/Cu stacking or-

der superimposed onto the quasi-ternary Cu2S-ZnS-SnS2 (400 °C) equilibrium
phase diagram [91]. Intersection of the dashed lines denotes the stoichiometric

precursor ratio (Cu:Zn:Sn =2:1:1).
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Figure 74: RBS spectrum of a Zn/Sn/Cu stacked near-stoichiometric CZTS

layer onto glass. The sample structure and the thicknesses of the layers (in

atoms/cm 2 ) are also shown schematically.

A.3 Molybdenum sputtering calibration data

Deposition parameters for the Mo ohmic contacts required for photoconductivity

measurements are obtained from the following calibration data.
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Figure 75: Calibration data for the molybdenum sputter target as a function

of target-substrate distance: a) operating chamber pressure P1 against sputter

rate; b) correlation between operating pressure P1 and argon working gas

Pargon and, c) Power versus sputter rate.
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