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Abstract 

More efficient and cheaper solar cells are necessary if photovoltaics are to play a major role in the field of 
sustainable power generation. Copper indium gallium selenide (CIGSe) is one of the best suited materials 
for thin film solar cell absorbers. One production method for thin film manufacturing is sputtering, a fast, 
high-yield, all-dry process that can be performed in an unbroken vacuum chain. The sputter target, which 
provides the raw material for this process, is an important link to obtain high quality films. Furthermore, 
the targets stands for the single largest cost in solar cells produced through the method. Hence, driving 
down the target production costs while maintaining or increasing quality is a vital route towards 
competitive photovoltaic power generation.  

In this project, compound CIGSe sputter target material was produced via mechanical alloying of 
elemental raw materials, followed by hot pressing. The resulting material obtained a relative density above 
90% in all samples, with close compositional matching and grain sizes between 20-50 µm. Electrical 
characterization indicated predominantly p-type majority carriers, and the resistivity was within the range 
of industrially produced targets. Suitable process parameters are suggested as follows: for ball milling; 600 
rpm rotational speed, a ball-to-powder ratio of 5:1, and a milling time of 60-120 min. For pressing: 650-
750˚C peak temperature, maintained for 1-2 h under 25-60 MPa pressure. 30 min dwell time at peak 
temperature before pressure application was found to reduce porosity. An initial composition of 
23.2/20/6.5/50 at% of Cu, In, Ga, and Se, respectively, was found appropriate to obtain a final 
composition close to 22.8/20/7/50.2 at%.  

The project has proven that mechanical alloying combined with hot pressing provides a promising route 
towards efficient sputter target manufacturing, where the reduction of process operations compared to 
conventional manufacturing methods entails an optimistic economic outlook.  

 

Keywords: Sputter target, CIGSe, chalcopyrite, compound, mechanical alloying, milling, hot pressing. 
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Sammanfattning  

Högre verkningsgrad och lägre pris är en nödvändighet för att energi från solceller ska kunna lämna 
betydande bidrag till en hållbar kraftproduktion. Koppar-indium-gallium-selenid (CIGSe) är ett av de 
halvledarmaterial som har bäst verkningsgrad för tunnfilmssolceller. För produktion av tunnfilmssolceller 
är sputtring en attraktiv teknik. Metoden är snabb, ger ett högt utbyte, involverar inga våtkemiska 
processer och kan utföras i en obruten vacuumkedja. Sammansättningen av tunnfilmen bestäms av den sk 
sputtertarget, som är ett material med i princip samma komposition som tunnfilmen, men i form av en 
halvcentimetertjock skiva med ca 20 cm i diameter. Dessa sputtertargets är utgångsmaterialet i 
produktionen av tunnfilmssolceller, och står för den enskilt största kostnaden vid tillverkningen. Att sänka 
kostnaderna för targets, med bibehållen eller förbättrad kvalitet, är således ett viktigt steg mot att göra 
solceller konkurrenskraftiga. 
 
Det aktuella projektet syftar till att framställa sputtertargets genom mekanisk legering av pulver av 
Koppar-indium-gallium-selenid (CIGSe), följt av varmpressning. Efter varmpressning erhölls en relativ 
densitet över 90% i samtliga prover, en komposition nära den önskade och en kornstorlek i området 20-50 
µm. Elektrisk karakterisering visade på ett p-typ material, och en resistivitet inom spannet för industriellt 
tillverkade targetar. Följande processparametrar föreslås för produktion av targetmaterial: pressning: 650-
750 ˚C maximal temperatur, bibehållen under 1-2 timmar och 25-60 MPa tryck. En hålltid på 30 minuter 
innan trycket applicerades befanns reducera porositet i materialet. En initiell komposition med 
23.2/20/6.5/50 at% av respektive Cu, In, Ga och Se fanns vara lämplig för att erhålla en slutgiltig 
komposition nära målkompositionen 22.8/20/7/50.2 at%. 
 
Projektet har visat att mekanisk legering kombinerat med varmpressning utgör en lovande processväg för 
tillverkning av sputtertargets. Vid konventionell tillverkning används ett mycket krävande smältsteg i 
processen som här undviks. Därför framstår den här studerade mekaniska legeringsvägen som ekonomiskt 
och produktionstekniskt mycket gynnsam. 
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2 Nomenclature and abbreviations 

AZO  Aluminum doped zink oxide, Al:ZnO 

BPR  Ball-to-powder ratio 

C  Concentration 

CdS  Cadmium sulfide 

CGSe  CuGaSe2 

CH3COOH  Acetic acid 

CIGS  CuInxGa(1-x)S2 

CIGSe  CuInxGa(1-x)Se2  

CIGSSe  CuInxGa(1-x)(S,Se)2 

CIP  Cold isostatic pressing 

CIS  CuInS2 

CISe  CuInSe2 

CISSe  CuIn(S,Se)2 

CP  Cold pressing 

cp  Heat capacity 

CRM  China Rare Metal Material 

CSP  Concentrating solar power 

d  Interplanar spacing 

DI  Deionized 

E0  Built-in electric field 

EC  Conduction band edge 

EDS  Energy dispersive spectroscopy 

EF  Fermi level 

Eg  Band gap 

Eph  Photon energy 

EQE  External Quantum Efficiency 

ESD  Electro-static dissipative 

EV  Valence band edge 

FAST  Field activated sintering technique 

FF  Fill factor 

FWHM  Full width at half maximum 

Gt  Total irradiance 

HCl  Hydrochloric acid 

HIP  Hot isostatic pressing 
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HP  Hot pressing 

I0  reverse leakage current 

IBS  Ion beam sputtering 

Iph  Photogenerated current 

IQE  Internal Quantum Efficiency 

ISC  Short circuit current 

ITO  Indium doped tin oxide, SnO2:In 

i-type  Intrinsic (undoped)  

LOM  Light optical microscopy 

m  Mass 

M  Molar mass or molarity 

MA  Mechanical alloying 

MCP  Mechanochemical process 

MM  Mechanical milling 

MPP  Maximum power point 

n  Amount of substance 

PC  Polycarbonate 

PCA  Process control agent 

p-DC  Pulsed direct current 

PED  Pulsed electron deposition 

PLD  Pulsed laser deposition 

PMMA  Polymethylmethacrylate (“Plexiglas”) 

PVD  Physical vapor deposition 

RF  Radio frequency 

RH  Relative humidity 

RS  Series resistance 

RSH  Shunt resistance 

RSP  Rapid solidification processing 

RSS  Root sum square 

SCR  Space charge region 

SEM  Scanning electron microscope 

SHS  self-propagating high-temperature synthesis 

SPS  Spark plasma sintering 

SR  Spectral response 

STC  Standard test conditions 

Tad  Adiabatic temperature 
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TCO  Transparent conducting oxide 

V  Volume 

VBi  Built-in voltage 

VOC  Open circuit voltage 

XRD  X-ray diffractometry 

ΔHf  Enthalpy of formation 

ΔHvap  Enthalpy of vaporization 

ρ  Density or resistivity 
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3 Introduction 

Photovoltaic energy conversion is a highly versatile technology; applications range from simple small scale 
devices such as pocket calculators and household electricity generation, to space applications and power 
plants. The capability of harvesting the diffuse as well as the direct irradiance, as opposed to concentrating 
solar power, increases the amount of suitable locations. The modular approach enables simple scaling of 
the units and integration in buildings or other sites such as landfills and along highways; thus, photovoltaic 
energy conversion does not necessarily demand any additional land use. As an example, it can be 
mentioned that the U.S. Department of Energy has estimated that the nation’s entire electricity demand 
could be met by covering 7% of the city areas with solar panels. [1] The absence of emissions and noise 
during operation make the technology ideal for densely populated areas. While the decentralized 
generation is a huge advantage in many areas, in particular where the national grid is poorly developed, the 
power distribution infrastructure was in most cases originally designed for a system where large power 
plants provide electricity for the industries and population [2]. Hence, adaptations of the grid and 
regulations are necessary to fully benefit from the advantages with decentralized PV generation. Since no 
moving parts are involved, photovoltaic modules are close to maintenance free, and their lifetime is 
generally 20 years or more. The capacity factor is 22-26% [3] and the efficiency of commercially available 
modules is typically up to 19% [4], however the freely available and abundant energy source opens for cost 
competitive energy conversion despite the relatively low capacity factor1 and efficiency. The installed PV 
capacity has grown rapidly over the last years, while price of the modules and generated electricity have 
declined steadily. [5] In many locations, such as Hawaii and other tropical island nations in the South 
Pacific, PV electricity has already met grid parity and competes with electricity from imported oil. Several 
other nations are expected to follow within the close future. [2] Thus, it can be concluded that PV 
electricity is capable of competing with conventional electricity generation technologies without subsidies, 
although in most locations there is still some way to go before meeting grid parity2. Cost reductions in PV 
electricity generation are hence crucial to increase the share of solar power. 

The vast majority of the solar cells produced today are silicon cells. The abundance and non-toxicity of 
the raw material is an advantage, yet the processing, particularly for monocrystalline silicon, is energy 
demanding and costly. Thin film solar cells generally have lower efficiencies than conventional silicon 
cells, which is compensated by the lower material use and production costs. The energy payback time has 
been calculated to roughly 1 year for CIGSe cells, just over half that of crystalline Si (single crystal) [6]. 
Additionally, thin films tend to display less efficiency drop at elevated temperatures than Si modules, and 
perform relatively better at low insolation [7].  The main concern regarding thin film materials is that many 
of them include rare or toxic materials; this is exemplified by CdTe (cadmium telluride) and GaAs (gallium 
arsenide). Cadmium and arsenic are toxic to humans, and tellurium and gallium are rare metals with low 
natural occurrence. In the case of CIGSe (copper indium gallium selenide), two rare post-transition 
metals, indium and gallium, are involved. Indium is of particular interest, since its use in LCD screens has 
driven up the demand and price. Furthermore, China produces about 60% of the world’s indium supply 
[8], why geopolitical issues have to be considered. Indium is generally obtained as a by-product of zinc 
production [9]. 

Performance wise CIGS and CIGSe, Cu(In,Ga)(S,Se)2, are some of the best suited absorber materials for 
thin film solar cells. Here it should be noted that the nomenclature for this material group is not 
consistent; often, the notation “CIGS” is used for Cu(In,Ga)Se2, and CIGSS or CIGSSe is used when 
both selenium and sulfur are included. In this work, CIGSe and CIGS will be used to designate the 
compounds containing only selenium or sulfur, respectively. For any intermediate ratios, the term CIGSSe 

                                                      
1 The ratio of actual power output to the theoretical output if the device could run at its full rated capacity for the 
same period of time. 
2 The point at which the cost of the PV generated electricity is equal to, or lower than, the cost of grid electricity. 
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will be used. Hence, S will consequently stand for sulfur and Se for selenium. When referring to the entire 
group in text, CIGS/CIGSe will be employed. Analogously, the same applies for CIS/CISe.  

CIGSe has reached the highest energy conversion efficiency of all current thin film materials; 21% under 
laboratory conditions [10]. They display a high absorption coefficient, meaning that only a very thin layer 
(1-2 µm) is required to absorb 90% of the incident photons [11]. A near optimum, adjustable band gap 
that varies continuously between about 1.04-1.67 eV with increased Ga-content along with a high 
absorption coefficient (~105/cm-1) are other advantages [12].  

A cell stack with CIGS or CIGSe absorber layer typically consists of a substrate made from glass, plastic 
or steel, onto which the active layers are deposited. The CIGS/CIGSe layer can be deposited by various 
methods, some of the most frequently used are physical vapor deposition (PVD) methods such as co-
evaporation [13] and co-sputtering [14], methods sometimes followed by annealing in a S or Se rich 
atmosphere. Although good results can be achieved, the selenization process is time consuming which 
increases the costs for mass production [15]. The deposition may also be carried out via a nanoparticle ink 
or molecular precursor solution [11]. However, the solution based deposition methods often use toxic 
solvents such as hydrazine [16], while post-selenization of precursor layers is performed using likewise 
toxic Se containing gases [12]. Post-selenization may result in poor adhesion between the absorber film 
and underlying layers because of stresses introduced through the volumetric expansion caused by the 
selenization process [14]. Sputtering from compound targets containing all the required elements offers a 
cost reduction potential through the reduced number of process stages. Furthermore, the process stability 
can possibly be improved, as the sputter parameters to control are not as numerous with a single target. 
However, sputtering of semiconductors is more challenging than sputtering of metals, and poses high 
demands on the target in terms of, for example, composition, purity, density, grain size, and surface 
smoothness. The composition of the target is not necessarily identical to that of the deposited film; the 
film composition may change during annealing [17]. It is also possible that selective re-deposition of 
certain elements on the target can occur during the sputtering process, and the elements may not be 
equally prone to be sputtered. If diffusion takes place in the target material, target depletion may be the 
result. 

The target consists of a dense slab of the material to be sputtered, which is either monolithic or soldered 
to a solid backing plate. This has to be robust enough to withstand the pressure of the cooling water 
supplied during the sputtering. CIGS/CIGSe targets are often created by first melting the constituent 
elements and casting an ingot, which is then ground to a fine powder. Non-metallic target materials may 
be pressed from powders through for example hot isostatic pressing, HIP [18], or cold pressed and 
sintered [19]. 

Mechanical alloying (MA) is a method to produce compound powders from elemental or binary starting 
materials. It involves high energy milling of the raw materials, sometimes for extended periods of time. 
The mechanical energy from the milling initiates the necessary reaction, which can under certain 
conditions be self-propagating [20]. Nano-sized grains may be obtained with sufficient milling time and 
energy. Additionally, MA can be employed to produce super alloys and non-equilibrium composition 
materials not possible to achieve through casting. [21] 

This project explores the possibility to produce CIGS/CIGSe through mechanical alloying. Moreover, 
compaction of the achieved powders will be attempted, and the resulting material will be evaluated. 

 

3.1 About the company 

Part of the work was carried out at a company that produces manufacturing equipment for CIGS thin film 
solar cells. The development of the equipment requires extensive R&D work to tune the process. For this 
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purpose, and to provide sample modules for customers, cells and modules are manufactured and tested at 
the company facilities. Furthermore, the company is involved in various research projects and 
collaborations. The nature of the work calls for high flexibility and control of all steps to be able to easily 
change materials or process parameters.  

The production is inspired by the CD industry: individual cells are relatively small, with a standard size of 
156 by 156 mm, and the company’s DUO sputtering system is capable of delivering a new cell roughly 
every twenty seconds. The total time between a substrate entering and exiting the DUO is about ten 
minutes. The process involves DC or pulsed DC magnetron sputtering of all layers on stainless steel 
substrates in an unbroken vacuum chain. Complex semiconductor targets minimizes the number or 
production steps and eliminates the need for post-selenization. The substrate is loaded from a cassette by 
a robot arm and placed in a cathode chamber, which is then sealed off, allowing individual sputter 
pressure and atmosphere for each station. The substrate is then moved to the next chamber for 
application of next layer. In total, a maximum of 25 chambers can be used simultaneously. Thin steel 
substrates are used, which means that these can act as the back contact, while the front contact of the cell 
consists of a screen printed silver grid.  

The targets stand for the highest single cost in the solar cell production line. Development of targets for 
new materials or compositions generates costs for the company not only through the purchase, but also 
through long lead times. The delivery period is adversely affected by few suppliers and their capacity and 
varying raw material access at the supply end. Different suppliers use various production methods which 
further affect the uniformity of the bought targets, their sputter performance and lifespan. As the targets 
are components of high complexity and customer benefit, tailored compound CIGS/CIGSe 
targets developed in-house could provide increased development pace through increased process control, 
enhance sputter performance, and improved cost competitiveness. 

 

3.2 Aim and purpose of the study 

This study aims to investigate if mechanical alloying is a viable method to synthesize CIGS/CIGSe 
powder, and to suggest a possible consolidation technique for this powder into solid target material. 
Crucial process parameters should be identified for mechanical alloying and consolidation of 
CIGS/CIGSe sputter targets. Furthermore, the study aims to find a suitable range for these parameters in 
order to achieve a target with a chalcopyrite structure that would potentially transfer to the film when 
sputtered onto a stainless steel substrate. To do so, it is necessary to investigate what properties are 
desirable in a target, in terms of grain size, composition, and electrical properties. 

The purpose of the project is to achieve enhanced control of the target production process within the 
company, enabling small production volumes for research purposes, tuning of the composition, and 
shorter lead times. This in turn will contribute to the development towards cheaper and more efficient 
thin film solar cells, as well as to the general body of knowledge in the area. 

 

3.3 Scope and limitations 

The project focuses on mechanical alloying as a method for preparation of CIGS/CIGSe material, and on 
target pressing. Other target materials and consolidation methods are not included in the study. The 
desired composition of the target is defined through the company’s standard procedures. Initially, the goal 
was to produce a finished target which would be tested in the sputtering process, and the resulting film 
would be evaluated. This scope proved to be far too extensive for the considered time frame, and was 
revised during the course of the project. Instead, it was considered more realistic that the deliverable 
should be a pressed pellet of target material, along with suitable process parameters to achieve a dense 
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chalcopyrite material with a composition close to the desired. For practical and economic reasons, and to 
ensure safety throughout the process, it was natural to work with small material quantities. 

4 Methodology 

The work was divided into sub-areas, starting with a literature study. From this, insights in general 
background theory and previous work concerning mechanical alloying, CIGS/CIGSe production, and 
consolidation were gained.  

Second, used targets of varying performance were examined to get a picture of their characteristics in 
terms of grain size, composition and purity, density, and resistivity. Additionally, available data from 
targets used in the production was investigated.  

The raw materials were analyzed with respect to purity, phase and composition. In some cases, 
improvement of the purity through surface treatment was attempted. 

Suitable process parameters were identified in the milling step. Here, the crucial part was to ensure that a 
chalcopyrite phase was achieved. The starting composition was tuned to account for compositional 
changes during the milling. 

In the pressing stage, the influence of time, temperature and pressure was investigated. Again, 
compositional changes induced by the treatment were examined. 

Finally, the resulting properties of the produced target material, such as grain size, density, composition 
and resistivity, were evaluated. 

The information from every step was fed back to the preceding ones to further improve the final product. 

A flow chart of the project is presented in Figure 1. 

 

Figure 1. Flow chart of the current project. 

5 Theoretical background 

This section gives a brief introduction to photovoltaic energy conversion devices, thin film deposition 
techniques, target consolidation, and mechanical alloying. The focus is on methods and materials relevant 
to the present project, why the properties of CIGS/CIGSe are more extensively presented. 
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5.1 Photovoltaic device fundamentals 

Here, the formation of a p-n junction and the associated IV-curves are described, followed by a short 
section about cell modeling. Band diagrams and band gaps are introduced, and their relation to the solar 
spectrum is discussed. Finally, the attention is turned towards cell performance and losses. 

5.1.1 The p-n junction 

The basic understanding of a photovoltaic device begins with the p-n junction. It is achieved by 
combining two materials with different carrier types, electrons (n) or holes (p). The carriers can be 
introduced into the material through doping with an element with a different number of valence electrons 
than the matrix material. When fit into the lattice, a dopant with a higher number of valence electrons 
than the semiconductor will have excess electrons not involved in any bonds. These electrons are free to 
move, thus creating an n-type material with electrons as majority carriers. Similarly, dopants with fewer 
valence electrons will generate p-type materials, as the absence of a bonding electron can be interpreted as 
a positively charged particle (hole). [22] A small share of minority carriers (electrons in p-type materials, 
holes in n-type materials) exist alongside the majority carriers. Figure 2 schematically illustrates doping of 
silicon. 

 

Figure 2. Doping of silicon with phosphorous and boron. [23]  

P- and n-type doping can be performed on the same kind of material, as in silicon solar cells, giving rise to 
a homojunction. Thin film cells are usually based on heterojunctions, i.e. where different materials are 
used for the p-side (also called absorber or acceptor) and for the n-side (donor). An undoped material is 
referred to as intrinsic or i-type. 

When an n-type and a p-type material are brought into contact, the free charge carriers travel across the 
junction to recombine and annihilate each other. A region without free majority charges is thus created 
next to the junction, leaving only the immobile, charged ions: positive on the n-side and negative on the p-
side. This is called the depletion zone or space charge region (SCR). An electric field E0 aligned from the 
n-side to the p-side is created due to this built in charge gradient, with a corresponding potential 
difference called the built-in voltage (VBi) or barrier potential. The electron- and hole diffusion, depletion 
zone and E-field are illustrated below in Figure 3. The width of the depletion zone in equilibrium will 
stabilize when the diffusion of charge carriers towards the low concentration zone exactly balances the 
drift in opposite direction caused by the electric field. The depletion zone width is a material characteristic 
that depends on, for example, the level of doping. [22] Photogenerated electron-hole pairs arising in the 
space charge region drift under the influence of the electric field, and travel to their respective contacts. 
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Figure 3. Formation of the space charge region and the resulting electric field. The direction of electron diffusion is indicated with an arrow. [22] 

In the equilibrium state, both drift and diffusion occur simultaneously, however the net current is zero. To 
enable additional electrons to pass from the n-side to the p-side (and holes from the p-side to the n-side), 
the barrier potential must be overcome by applying an external voltage. The resulting potential is given by 
Vbi-V, where V is the applied voltage. In forward bias, opposite to E0, the current remains zero or very 
close to zero until the applied voltage exceeds the built-in voltage. At this point, conductions increases 
with increased voltage as seen in Figure 4. 

 

 

 

Figure 4. General diode IV-curve with breakdown voltage. Silicon starts conducting in forward bias at approximately 0.7V. Modified from [24].  

In revere bias, when a negative voltage is applied, a minor current known as the reverse leakage current I0 
passes the diode. Because the SCR is free from majority carriers, only the minority carriers remain to 
conduct current in this area, which responds as an insulator. The majority carriers move away from the 
depletion zone towards the terminals to recombine with opposite charges, leading to an increase in the 
width of the space charge region. When the breakdown voltage is reached, the electric field is strong 
enough to break electrons loose from their covalent bonds; the resistance of the semiconductor drops 
drastically and conduction increases. This usually damages the device permanently. [25] 

For an ideal solar cell, the IV-curve for the photogenerated current (Iph) can be obtained by shifting the 
forward biased curve under darkness by Iph according to the superposition principle, see Figure 5. 
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Figure 5. The superposition principle for ideal solar cells. [26] 

 

5.1.2 Cell modeling 

An ideal solar cell can be modeled as a power source connected in parallel with a rectifying diode. The 
equivalent circuit can be seen in Figure 6. 

 

Figure 6. Circuit used for modeling of a solar cell. Full lines represent ideal components, and dotted lines non-ideal components. [27] 

 

 The ideal circuit is described by Equation 1, the Shockley solar cell equation [27]: � = � ℎ − � [ ( � ) − ]                                                                                                          

where Iph is the photogenerated current, I0 is the reverse leakage current, q is the absolute value of the 
electron charge, V is the voltage at the terminals, kB is the Bolzmann constant, and T is the absolute 
temperature. In the ideal case, the short-circuit current is identical to the photogenerated current, and the 
open circuit voltage can be expressed as in Equation 2 [27]: ��  = ( + � ℎ� )                                                                                                                   

However, for real solar cells the behavior is not identical to the ideal case. An additional diode with an 
ideality factor n (commonly set to 2) in the denominator of the argument of the exponential term in the 
Shockley solar cell equation is generally used to fit a real curve. Moreover, series- or shunt resistances are 
often added to model the real cell characteristics. Series resistance (RS) corresponds to power dissipation 
through internal resistance primarily at the contacts, and is ideally kept as low as possible. Shunt resistance 
(RSH), on the contrary, is infinite in the ideal case as this prevents leakage currents across the cell. [28] The 
impact of these additional resistances on the ideal curve are pictured in Figure 7.  
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Figure 7. The impact of series and shunt resistance, respectively, in the solar cell model. [28] 

5.1.3 Band diagrams and band gap 

A band can be described as a very closely spaced collection of 
energy levels in a solid material, where each energy level can 
accommodate a maximum of two electrons with different spin. 
High conductivity materials (metals), have only partially filled 
bands of valence electron orbitals, thus plenty of unoccupied 
energy levels facilitate electron movement. In semiconductors, 
most of the states are occupied and separated by a “forbidden” 
band gap. Insulators are characterized by a particularly wide 
band gap. The band gap Eg represents the minimum energy 
required to free an electron from its bound state in the valence 
band and promote it to the conduction band, where it can 
move through the material. Within a band, the energy levels are 
not evenly distributed; the relative density of states N(E) is 
greatest in the center of the band, and decreases towards the 
top and bottom of the band. [29] The valence band is assumed 
to be completely filled at absolute zero. At temperatures above 
this, a small share of electrons will be excited across the band 
gap to the conduction band. A schematic illustration with an 
almost full valence band and partly filled conduction band is 
shown in Figure 8. The highest allowed energy in the valence 
band is called the valence band edge, EV, while the lowest 
allowed energy in the conduction band is termed the 
conduction band edge, EC. [30] 

Figure 8. Energy bands, band gap and density of states. 
Modified from [22] 

The Fermi level is defined as the energy level where the probability of electron occupancy is 50%. In 
metals, this level coincides with a band, while in semiconductors and insulators the Fermi level lies in the 
band gap - close to the conduction band in n-type semiconductors, and nearer the valence band in p-type 
materials. [29] 

Photons with energy exceeding the band gap energy (Eph>Eg) can interact with, and transfer their energy 
to, electrons in the valence band. High energy photons are absorbed closer to the surface, while those of 
lower energy penetrate deeper into the material. When excited by a photon, the electron is promoted to 
the conduction band, and an electron-hole pair with charges no longer tied to fixed positions is created. 
[22] If this happens in the depletion zone, the charges are immediately separated by the built in electric 
field so that holes travel towards the p-side and electrons to the n-side.  
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The concept of energy bands can be used to picture a p-n junction and the associated potential differences 
in a band diagram. At equilibrium, the Fermi levels are aligned as seen in Figure 9, as diffusion and drift 
now balance each other and the average charge carriers can no longer lower their energy levels by passing 
the junction. The difference in conduction band energy levels between the p- and the n-side is in this state 
given by qVBi, where q is the electron charge. 

 

Figure 9. Band diagram of a pn-junction at equilibrium. Modified from [31]  

Application of an external voltage changes the potential step across the junction to VBi-V and splits the 
Fermi level, see Figure 10 below. A negative voltage increases the energy barrier q(VBi-V), while a positive 
applied voltage reduces the barrier and thus allows current to flow through the device.   
 

 

Figure 10. Band diagrams under reverse and forward bias, respectively. Modified from [31]  

When light of a sufficiently energetic wavelength impinges on the cell, charge carrier pairs are generated.  
The minority carriers generated in the depletion layer, or within the minority carrier diffusion lengths at 
either side of the junction, are separated by the build-in electrostatic field. Thus, the absorption of 
photons leads to the formation of excess electrons on the n-side and excess holes on the p-side. In open-
circuit condition, without external contact between the n-type and the p-type regions, no net current can 
flow inside the p-n junction. The current resulting from the photogenerated carriers has to be balanced by 
an opposite recombination current, which will increase through lowering of the electrostatic potential 
barrier across the depletion zone. This generates a voltage drop VOC across the p-n junction, and the 
Fermi level is split by q·VOC. [32] This is illustrated in Figure 11. 
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Figure 11. Band diagram under illumination. Filled dots represent electrons and empty dots holes, w is the depletion zone width and Ln and Lp are the 
minority carrier diffusion lengths on either side of the junction. Electron-hole pairs generated outside of this region recombine without contributing to the 

photogenerated current. Modified from [32] 

Direct band gap semiconductors have the top of the valence band and the bottom of the conduction band 
synchronized in relation to the wave vector, both at k=0. Incoming photons can induce a transition across 
the band gap of an electron-hole pair with a momentum close to zero. In indirect band gap materials, the 
conduction- and valence bands are somewhat shifted along the k-axis, see Figure 12. The transition results 
in an electron-hole pair with some momentum, and requires the interaction of a phonon (i.e. a lattice 
vibration quantum). Thus, the optical absorption in indirect gap semiconductors is considerably weaker 
than in direct gap materials. [26] The fraction of photons with energy exceeding the band gap that are 
absorbed in a direct gap material and an indirect gap material are illustrated in Figure13, with Si and GaAs 
examples. CIGS/CIGSe has, like GaAs, a direct band gap. 

 

 

Figure 12. Direct and indirect band gap in GaAs and Si, respectively. [33]  Figure 13. Fraction of absorbed light with energy over the band 
gap level in a direct and indirect band gap material (GaAs and 
Si, respectively), plotted against semiconductor thickness. [22] 

A look at the solar irradiance spectrum reveals that the majority of the incoming solar energy falls within 
or near the visible wavelengths (roughly 400-700 nm), see Figure 14. Hence, the band gaps of materials for 
photovoltaic applications must be suitable to this spectrum.  
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Figure 14. The solar reference spectra according to ASTM G173-03 (2012). [34] 

A closely related concept is the Shockley-Queisser limit; the upper theoretical limit for the share of the 
incoming energy that can possibly be harnessed by a single junction material of a certain band gap. This is 
pictured in Figure 15.  

  

Figure 15. The Shockley-Queisser limit for single junction cells over the optimum band gap range, along with  
 maximum reported cell efficiencies. (2012) [35] 
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The quantum efficiency is defined as the ratio of electrons in the external circuit produced per incident 
photon of a given wavelength. External quantum efficiency (EQE) accounts for all impinging photons on 
the surface, while internal quantum efficiency (IQE) only considers the photons that are not reflected. 
Quantum efficiency is closely related to the spectral response (SR), defined as the ratio of current 
generated under monochromatic illumination of a given wavelength to the spectral irradiance at that 
wavelength. As in the case of quantum efficiency, SR can be calculated on external or internal basis. [26] 

5.1.4 Cell performance 

The cell performance is measured mainly through determining 
its IV-curve by varying the forward bias voltage across the 
device under illumination. At short circuit, the current will 
reach its maximum value ISC, while the voltage is zero and no 
power is generated. The other extreme generating zero power 
is when the circuit is open: the voltage reaches its maximum, 
VOC, and no current flows through the circuit. The generated 

power � = �� will reach a maximum Pmax at some point, which 
is called the maximum power point (MPP). This point is 
graphically illustrated by the point on the IV-curve which 
allows the largest possible rectangle to fit under the curve, see 
Figure 16. The corresponding values of current and voltage are 
called Impp and Vmpp, respectively. The fill factor (FF) is a 
measure of how close the current and voltage in the maximum 
power point come to the short circuit and open circuit values. 
It is given by Equation 3 below, and pictured as areas related to 
the IV-curve in Figure 17. [26] 

Figure 16. IV-curve with maximum power point (top) and 
corresponding power as a function of voltage (bottom). [26] = � �� � = � �� �                                                                                                               

 

 

Figure 17. Graphical illustration of the fill factor. The fill factor is represented by the share of the maximum power (small rectangle) to the theoretical 
power (large rectangle). [36] 
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The efficiency of a solar cell is the useful fraction of the total incoming power and thus given by Equation 
4 [30]:  = �  �   = � ��                                                                                                                      

where Gt is the total irradiance and A is the cell area. The cell performance depends on the incoming solar 
radiation and its spectral distribution. For this reason, cell testing is performed under standard test 
conditions (STC) to enable comparison between cells. The agreed standard conditions for terrestrial 
applications are a spectral distribution corresponding to air mass 1.5 (AM1.5), total irradiance Gt of 1000 
W/m2, and a temperature of 25°C. [26] The effect of increased temperature is generally a slight increase in 
ISC accompanied by a more pronounced decrease in VOC, resulting in an overall lower efficiency. The 
temperature dependent degradation varies between different materials. This is exemplified in Figure 18 
below. 

 

Figure 18. The effect of increased temperature on cell performance. Modified from [37]  

5.1.5 Recombination and optical losses 

Naturally, the cell performance is strongly dependent on the ability of the charge carriers to actually reach 
the contacts and be collected. If the electron-hole pairs are not separated by the electric field, or if a 
charge carrier meet an oppositely charged carrier on its path towards the contacts, they recombine. Any 
defects or impurities in the bulk of the semiconductor or at its surface promote recombination, as charge 
carriers may be slowed down or trapped here. The carrier lifetime of a material is defined as the average 
time before recombination occurs after electron-hole generation. Similarly, the carrier diffusion length is 
the average distance a carrier moves between generation and recombination. These two parameters give 
an indication of material quality and suitability for photovoltaic applications. [22] Grain boundaries 
generally reduce carrier lifetime through the introduction of additional defect energy levels within the 
band gap, which leads to recombination. [38] Hence, large grains are advantageous in solar cell materials, 
and if they are oriented from top to bottom of the layer it further enhances light penetration and reduces 
recombination. There are several recombination mechanisms: radiative recombination occurs when an 
excited electron relaxes back to a lower energy level under light emission, while Auger recombination 
involves the transfer of excess energy from one electron to another, promoting one of them to a higher 
level and relaxing the other. Auger recombination is more pronounced in highly doped materials, as the 
likelihood of charge carrier interaction is higher in these. Trap generated recombination originates from 
impurities in the semiconductor or at the interfaces, that introduce energy levels within the band gap 
where relaxation can occur first to the defect level and subsequently to the valence band. [22] Impurities 
must therefore be carefully controlled to minimize traps. 
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Figure 19. Light trapping in a photovoltaic device with textured surface. [27] 

Optical losses arise from reflections from all the material interfaces, why a certain portion of the incoming 
light never reaches the absorber. Additionally, not all photons have sufficient energy to excite electrons. 
Anti-reflective coatings are applied to the top surface to ensure maximum light intensity entering the cell. 
Light trapping is an approach to confine the light within the cell through texturing the top surface and 
increasing the reflectivity of the back layer. Thus, the cell thickness may be reduced with maintained 
absorption, and the light path in the cell interior can be increased. Light trapping is pictured in Figure 19. 

5.1.6 The cell stack 

The cell stack can be arranged in various manners, and 
the doping of the layers may be graded to adjust the 
band diagram as desired. Tandem- or multi junction 
devices can be used to enhance the overall conversion 
efficiency; in these, the different semiconductor layers 
are designed each to absorb a specific portion of the 
spectrum. This makes such cells more complicated and 
costly, why the majority of devices are single junction 
cells. Here, a typical CIGS/CIGSe stack is presented to 
exemplify stack configuration, pictured in Figure 20. A 
CIGS/CIGSe stack usually consists of a substrate that 
can be glass, metal, or polymer materials. Glass 
substrates are advantageous in the respect that they 
provide a natural source of sodium, which enhances the 
efficiency. Glass also ensures an excellent moisture 
barrier. On the other hand, glass substrates are brittle 
and comparatively heavy.  

                         Figure 20. Cross section of a typical CIGSe cell stack. [39] 

Metal substrates may contaminate the absorber layer by diffusion of for example iron, necessitating an 
additional barrier layer to prevent migration of the substrate constituents. This barrier can be nitride or 
oxide layers, such as TiN, TaN, Cr2O3, or SiO2. [39] The substrate is followed by a metal back contact, 
which is often molybdenum. When the absorber layer is applied, the molybdenum back contact reacts to 
form a MoSe2 film at the interface. MoSe2 has in general a larger band gap than CIGSe, why it provides a 
recombination barrier for minority carriers (electrons) at the back contact, while at the same time acting as 
a low-resistance contact for the majority carriers (holes). [26]  Then follows the CIGS/CIGSe layer 
forming the p-type absorber, where almost all electron-hole pairs are created. A thin layer of wide band 
gap n-type material (often cadmium sulfide, CdS) on top of the absorber acts as a “buffer material” which 
transmits most of the incident light to the thicker absorber layer. A conductive transparent oxide such as 
Al:ZnO and a metallic silver or Ni-Al grid for enhanced conduction act as the front contact). An anti-
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reflecting coating (MgF2) is usually applied on top to enhance the performance [11]. A sketch of the 
corresponding band diagram can be seen below in Figure 21. 

 

Figure 21. A CIGSe cell stack and corresponding band diagram. [26] 

5.2 CIGS/CIGSe material characteristics 

CIGS/CIGSe is a comparably forgiving material, since the tolerance to compositional variations is high, 
the grain boundaries are inherently passive why films with grain sizes less than 1 µm can be used with 
maintained good efficiency, and the material is insensitive to defects at the junction caused by lattice 
mismatch between the absorber and buffer. [39] The material has shown better performance under 
conditions with low intensity irradiation or high operating temperature than Si [7]. The long term stability 
appears to be good; both cells in real applications and those put through accelerated lifetime testing have 
shown few signs of deterioration. The main issue is the sensitivity to moisture, necessitating careful 
encapsulation of the modules. Damp heat tests, where the device is exposed to a temperature of 85°C for 
1000 hours in 85% relative humidity, have indicated that corrosion of the Mo back contact and 
degradation of zinc oxide have been the dominating degradation mechanisms for non-encapsulated 
modules. The absorber layer also displayed a humidity induced degeneration, however well encapsulated 
modules pass the damp heat test. [26]  

CIGSe has shown excellent radiation hardness, which is the capability to withstand high-energy electrons 
or protons without the material being damaged. Particularly in the case of high-energy (0.3-3 MeV) 
electrons, CIGSe has outperformed all available photovoltaic materials. This property makes CIGSe well 
suited for space applications, where it may be exposed to high energy radiation. The high mobility of Cu 
in the lattice has been proposed as part of an explanation of a defect healing mechanism that could be 
responsible for the material’s radiation resistance. Thermal annealing also activates the healing process, 
leading to a complete recovery of the device performance. [26] The process is further enhanced by 
illumination of the cell, a phenomenon known as light soaking. 

The chalcopyrite structure of CISe can be seen in Figure 22. Introduction of Ga leads to an ordered 
substitution of In atoms. The lattice parameters are then slightly altered due to the difference in atomic 
radius and bond strength between the species. Typical lattice parameters for CISe are a=5.78 Å and 
c=11.62 Å, where the deviation from c/a=2 is called the tetragonal distortion. [39] Tinoco et Al. (1991) 
found that the parameter c/a was equal to 2 for In/(In+Ga) ratios above 0.6, and for ratios between 0 and 
0.6, c/a gradually rose from 1.96 to 2 [40]. 
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Normally, CISe for PV applications have 
compositions that fall on, or close to, the 
pseudo-binary tie-line between Cu2Se and 
In2Se3 in the ternary Cu-In-Se phase 
diagram. This is also the case for a number of 
ordered defect compounds (ODC), phases 
containing defects ordered within the 
chalcopyrite structure. A phase diagram for 
CISe including this line is shown in Figure 23. 

A quasi-binary phase diagram of CuInSe2 
along the Cu2Se - In2Se3 tie-line reveals that 
the CuInSe2 region is quite limited at room 
temperature, but widens towards higher 
temperatures as seen in Figure 24. At around 
500°C, where films are normally grown, the 
area is much less restricted. The -phase in 
this diagram is CuInSe2, the -phase 
CuIn3Se5, and the δ-phase is a high-
temperature sphalerite phase. [26]                                                                            

Figure 22. The unit cell of chalcopyrite structured CuInSe. [39] 

 

 

  Figure 23. CISe phase diagram at room temperature. [39] 
  

 

Figure 24. Quasi-binary phase diagram of CuInSe2 along the                        
Cu2Se - In2Se3 tie-line. 

CuInSe2 can be alloyed in any proportion with CuGaSe2, thus forming Cu(InGa)Se2. Similarly, the binary 
phase In2Se3 at the end point of the pseudobinary tie-line can be alloyed to form (InGa)2Se3. Structural 
changes are not introduced until the Ga/(In+Ga) ratio exceeds 0.6. A more typical value for this ratio in 
high performance films is 0.2-0.3, while Cu/(In + Ga) ratios from 0.7 to nearly 1.0 are common. This 
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tolerance in the material to compositional variations can partly be explained by the existence of electrically 
inactive defect complexes consisting of 2 Cu vacancies and an In on Cu antisite defect. These have been 
calculated to have low formation energies and can thus compensate for Cu-poor/In-rich compositions. 
Na has a tendency to occupy Cu vacancies, and is less prone to form antisite defects. Thus, the 
introduction of Na reduces the formation of ordered defect compounds, and broadens the chalcopyrite 
phase area. [39] 

Carbon impurities can appear as interstitial C-atoms or as substitutional defects on Cu or In sites. 
However, the formation energies for all of these defects have been calculated to be very high, even at C-
rich conditions. Carbon is not expected to be integrated into the CIGSe grains in the film growth process, 
but to move into the grain boundaries and outside of the absorber layer. [41] 

The electric properties of CIGSe vary from low resistivity p-type, to high resistivity n- or i-type, and are 
strongly dependent on the composition. At copper concentrations above 25 at%, the material is generally 
made up of mixed phases and strongly p-type. Copper deficient compositions, on the other hand, tend to 
be n-type or intrinsic.[42] Cu(InGa)Se2 films, grown with the excess Se available, are often p-type with a 
carrier concentration of about 1016/cm3. Selenium shortage during the formation stage can, however, lead 
to formation of n-type films. The highest mobility values have been obtained for epitaxial films, up to 200 
cm2/Vs, while polycrystalline p-type films have mobility values of 5 to 50 cm2/Vs. Mobilities determined 
from single crystals range from 90 to 900 cm2/Vs. [39] The p-type doping level of CIGS/CIGSe 
absorbers is mainly controlled by the Na concentration and diffusion profile. The Na contribution can be 
obtained by a sodium fluoride (NaF) layer between the back contact and absorber [43], or through other 
Na-containing precursors such as NaSe or NaS. Reasons for introducing Na, apart from the 
aforementioned broadening of the chalcopyrite phase area, are to reduce the resistivity of the film, 
enhance grain growth and to passivize grain boundaries [44].  

Klais et Al. (2000) have modeled the defect chemistry of CISe, and described the deviations from the ideal 
CuInSe2 formula in terms of molecular (ΔM) and stoichiometric (ΔS) variations. These are given by Equations 
5 and 6 [45]: 

ΔM = [Cu][In]  −                                                                                                                             

The ratio a/b represents the fraction of Cu to In atoms in the ideal CuInSe2, and is thus equal to 1. 

ΔS =  [Se][Cu] + [In]  −                                                                                                            
, , and  here describe the absolute value of the standard ionic charges of Cu, In and Se, respectively, 

assuming that they are incorporated in Cu2Se and In2Se3. Thus, α is set to 1, β to 3 and γ to 2. Using these 
correlations, the dominating defects and carrier types of various CISe compositions can be determined 
through comparison with the phase diagrams shown in Figure 25. 

 



-28- 

Figure 25. The formation regions of various defects (left) and their coupling to carrier type (right), plotted in a ternary CISe phase diagram at 700˚C. 
The regions correspond to (1) CuIn±Cui±VSe, (2) CuIn±VCu, (3) CuIn±VCu±VSe, (4) VSe±VCu, (5) VSe±CuIn, (6) VSe±Cui  and additional 

(2VCu±InCu) for the whole composition range. [45] 

As previously mentioned, the band gap of CIGS/CIGSe is adjustable through variation of the Ga content. 
Equation 7 below has been suggested to give the band gap in eV as a function of the Ga content x [46]. = . + . + .                                                                                                 

The band gap evolution with composition in the CuIn(S,Se)2 and Cu(In,Ga)Se2 systems is pictured in 
Figure 26. It can be seen that an increased share of Ga raises the conduction band, whereas substitution of 
Se with S instead lowers the valence band. In both cases, a widened band gap is the result. 

 
Figure 26. Band gap evolution with increasing Ga or S substitution in CISe. [26] 
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The melting point of CIGSe is about 1000°C and depending on In/Ga content [47]; Vidhya et Al. have 
suggested between 987 and 1040°C [48], and the density varies from 5.75 to 5.57 g/cm3 as the 
Ga/(In+Ga) ratio goes from 0 to 1.  
 
Some material properties of the constituent elements are given in Table 1, followed by a brief presentation 
of their appearances in commonly available forms. 

 

Table 1. Properties of the CIGS/CIGSe constituent elements 

Element Molar 
mass 
[g/mol] 

Tmelt [˚C] Tboil [˚C] ΔHvap 
[kJ/mol] 

Atomic 
radius  
[Å] 

Ionic 
radius  
[Å] 

Covalent 
radius  

[Å] 

Structure 

Cu 63.546 1083 2567 300.3 1.57 0.73 1.17 Cubic face 
centered 

In 114.82 156.61 2080 231.5 2.00 0.80 1.44 tetragonal 

Ga 69.72 29.78 2204 258.7 1.81 0.62 1.26 orthorhombic 

Se 78.96 217 684.9 37.7 1.22 0.50 1.16 hexagonal 

S 32.06 115.21 444.6 11.6* 1.09 0.29 1.02 orthorhombic 

Table 1. Properties of the CIGS/CIGSe constituent elements. [49], [50](*) 

Selenium can exist in black, brown and red forms. Red selenium can be found in both crystalline and 
amorphous phases [51]. The heat of vaporization of selenium is only 37.7 kJ/mol, meaning that the heat 
generated by the formation of CIGSe would be sufficient for selenium volatilization. Also copper oxides 
are known to appear in black (CuO) and red (Cu2O) forms [52], while elemental copper is a malleable, 
lustrous, golden-reddish metal. Red selenium and red cuprous oxide can be seen in Figure 27 a) and b). 

        Figure 27. a) Red selenium powder. [53]       b) Red cuprous oxide, Cu2O. [54] 

Indium is in its pure form a soft, silvery white, shiny metal. When heated in air above its melting 
temperature, it burns with a violet flame to produce yellow In2O3 [55]. Figure 28 a) and b) shows indium 
metal and -oxide. 
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                 Figure 28. a) Elemental indium metal. [56]       b) Indium oxide powder, In2O3. [57]  

Gallium is a soft, silvery metal that melts below body temperature. However, gallium does not occur in its 
elemental form in nature. Although moderately abundant in earth’s crust – the global resources are 
approximately equal to those of lead - it does not occur at high concentrations in ores, but is generally 
extracted as a by-product of zinc or aluminum. [58] Gallium metal can be seen in Figure 29. Because of its 
low melting point, it is generally distributed in solid or liquid form rather than in powder shape. 
 

 

Figure 29. Gallium metal. [59] 

5.2.1 Reactions involved in CIGSe formation 

Many binary compounds may form on the route towards a ternary or quaternary product. All such 
reactions found in literature were reportedly exothermic. The heat of formation for some common 
compounds can be found in Table 2, Table 3, Table 4 and Table 5. [60] 
 

Table 2. Heat of formation for binary selenium compounds.  

Compound ΔH˚f 

CuSe -39.50 

Cu2Se -59.29 

GaSe -146.44 

Ga2Se3 -439.32 

InSe -117.99 

In2Se3 -343.92 

Table 2. Heat of formation for binary selenium compounds.  
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Table 3. Heat of formation for binary sulfur compounds.  

Compound ΔH˚f 

CuS -53.10 

Cu2S -79.50 

GaS -194.14 

Ga2S3 -527.37 

InS -138.10 

In2S3 -427.00 

Table 3. Heat of formation for binary sulfur compounds.  

Table 4. Heat of formation for oxides.  

Compound ΔH˚f 

CuO -156.06 

Cu2O -170.71 

Ga2O -356.00 

Ga2O3 -1089.10 

In2O3 -925.80 

O2Se -225.40 

Table 4. Heat of formation for oxides.  

Table 5. Heat of formation for ternary compounds.  

Compound ΔH˚f 

CuInSe2 -218.5 

CuGaSe2 -251 

Table 5. Heat of formation for ternary compounds.  

Some of the oxides in Table 4 have strongly negative formation energies, why the atmosphere has to be 
carefully controlled if oxide phases are to be avoided. 

It can be noted that some of the binary compounds have lower formation energies than CISe and CGSe, 
why a continuation of the reaction from these binaries would not be expected. These are all, however, the 
values at 298 K and may no longer be valid once heat has been released by reaction of some share of the 
available material. Values for the temperature dependence of the formation enthalpy could not be found 
in literature.  

In-situ XRD observations of the formation of CISe from elemental materials stacked on glass in the order 
glass- Cu- In- Se have been performed by Katsui and Iwata (1999)[61]. They suggest the reaction path 
described by Reaction 1: 
 � + � +  → � +  �  +  → � �   (1) 
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Hergert (2007) lists experimentally validated, observed exothermic reactions from binary to ternary 
compounds, see reactions 2 – 6 [62]. 
 � + �   →   � �    (2) ΔH = -44 kJ/mol, slow reaction � + �  +  →   � �  (3) ΔH = -55 kJ/mol, fast reaction � + �   →   � �  (4) ΔH = -39 kJ/mol, used in evaporation � + �  −  →   � �  (5) ΔH = -29 kJ/mol, slow reaction � +  →   �  (6) ΔH = -67 kJ/mol, requires >400˚C 

The formation of quaternary CIGSe then occurs through interdiffusion of CISe and CGSe. Hergert 
argues that in solid state reactions, topotaxy, i.e. reactions in which the crystal orientation of the products 
are correlated to that of the reactants, may play an important role. This could provide an explanation as to 
why only a few of the reaction paths one could think of have been experimentally observed.  [62] 

Parretta et Al. (1998) deposited Cu-In-Cu layers which were heat treated to form Cu11In9+In, and then 
selenized. They propose two possible reaction chains, consisting of either reactions 7 and 8, or reactions 9 
and 10 [63]: � � 9 + �  →   � + � �         (7) � + � + →   � �      (8) � � 9 +  →   � + � �      (9) � + � + →   � �     (10) 

Han et Al. (2013) have suggested slightly different reaction paths, also based on selenized metallic 
precursors. They used sputtered CuGa/In/CuGa/In layers, which were selenized at temperatures 
between 210-600˚C. They found that Ga accumulated at the bottom of the films. For CISe, a reaction 
path following reactions 11-15 was suggested. [64] � �  , � + →   � + �  (11)               210-240˚C � → � +    (12)                 240-270˚C � + → �    (13)                 270-340˚C � → � −� +    (14)                 270-340˚C � −� + � + →  � �   (15)                 340-380˚C 

Above 410˚C, the same authors report that CuGaSe2 formed at the bottom of the layer. With increasing 
temperature, they found that CGSe diffused towards the CISe layer near the surface to form CIGSe 
according to reaction 16 [64]: � � +� →  � � ,   (16)                480-600˚C 
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In all the above experiments, stacked elemental precursors were used. The presence of other pathways 
when all constituents are brought into immediate contact with one another, as is often the case with 
mechanical alloying, cannot be excluded. The differences between the above studies and the present study 
are striking; in the here presented work, all of the elemental materials were generally loaded simultaneously 
at room temperature. The only heat source was the internal friction, and heat released from reactions 
occurring inside the vial. Whereas in the above cases the energy was uniformly supplied to the entire 
specimen, ball milling provides high levels of mechanical energy to the exact point where a ball strikes the 
material. Hence, it appears reasonable to think that the results from studies on stacked layers cannot be 
directly transferred to ball milling. 

5.3 Deposition methods 

The most commonly adopted methods for depositing thin films are physical vapor deposition methods, 
such as thermal co-evaporation and sputtering, or solution-based methods [43]. The processes employed 
at the company are entirely based on sputtering, why this process will be more thoroughly described than 
other deposition methods. 

In many cases, the initial deposition is followed by a selenization or sulfurization step. Apart from being 
time consuming, this procedure involves toxic Se- or S-containing gases. [43] 

5.3.1 Non-sputtering deposition methods  

In co-evaporation, separate elemental sources are heated to the point where they start to evaporate of 
sublime, increasing the vapor pressure of the substances. The vapor subsequently travels to condense on a 
substrate facing the sources. The deposition rate is determined by the temperature and area of the sources, 
the distance between sources and substrate, and the substrate temperature [65] and is generally lower than 
for sputter deposition. However, the sources can be individually controlled, allowing for compositional 
adjustment. As a result, the method has reached the highest laboratory efficiencies of all deposition 
techniques, although particularly the Cu source can be difficult to control properly [39]. A sketch of an 
evaporation set-up can be seen below in Figure 30. 

 

Figure 30. Basic configuration of co-evaporation equipment. [65] 
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Solution based methods employ solutions or suspensions of the material to be deposited in a suitable 
solvent, and applying the mixture to the substrate by for example electrodeposition, spray- or spin coating, 
or screen printing. Problems with the methods include the removal of impurities deriving from the 
solvent, and that several steps including post-selenization are generally needed to produce good quality 
films. Moreover, toxic solvents such as hydrazine (H2N4) are often used. [16] An advantage is the ability to 
coat large areas. 

Two methods related to sputter deposition are pulsed laser deposition (PLD) and pulsed electron 
deposition (PED). These are techniques based on high power laser- or electron beam removal of a bulk 
material (target) of desired composition. The target material is subjected to high-energy pulses of about 
100 ns with a power density of the order of 108 W/cm2  [43]. In the case of pulsed laser, the beam energy 
is absorbed by the target material, while a pulsed electron beam provides high energy electrons that are 
absorbed directly. Thus PED is, unlike PLD, independent of the absorption coefficient of the target 
material and can deposit materials that are transparent to the laser radiation. [66] The beams penetrate 
about 1 µm into the target surface and cause the formation of a plume of ions having a large average 
kinetic energy, which travel to condensate on the substrate. The plasma plume has a strong forward 
direction, limiting the area to be coated to approximately 1 cm2 to avoid uneven material distribution. 
Another problem related to both PLD and PED is the formulation of large particulates, which upon 
depositing have a detrimental effect on the film quality. Films can be deposited through PED at relatively 
low substrate temperatures (<300°C). [43]  

5.3.2 Sputter deposition 

Sputtering is a comparably fast deposition method suitable for industrial applications. The technique is 
based on bombardment with particles that strike the target surface, transferring their momentum to target 
atoms and subsequently ejecting these. For covering large areas, cylindrical, rotatable targets are used, over 
which the planar substrate sheet is moved. More commonly, smaller, planar, fixed targets are employed 
for sputtering moderate size substrates. The following description will focus on the latter kind.  

In a sputter chamber, the substrate that is to be covered is placed facing a target, which provides the 
source material. The chamber is evacuated to a background pressure and an inert sputter gas, usually 
argon, is introduced to an operating pressure. For efficient momentum transfer, the projectile ion mass 
should match the target atom mass, why neon may be used for light target elements, and krypton or 
xenon for heavy target elements. [67] The ejected target material then travels to condense on any surface it 
comes across. Ions can be provided by an external source, as in ion beam sputtering (IBS), or generated 
locally as in glow discharge sputtering. In IBS, a sputter gas is ionized in a separate device to create a 
plasma. This is accelerated towards and through the aperture of the device, resulting in a relatively focused 
ion beam directed towards the target material. 

In diode sputtering, the most elemental form of glow discharge sputtering, a high negative potential 
difference is applied between the target and the substrate. Electrons are thus released from the target, and 
collide with and ionize atoms of the sputter gas. The gas is referred to as a plasma, although it is only 
weakly ionized. The plasma conducts electric current in form of the free electrons and ions, creating what 
is known as a glow discharge; a characteristic light emission that depends on the type of gas used, the 
work function of the target material, and the gas pressure. The positively charged ions are accelerated 
towards the cathode (target), striking it with high energy. If this energy is sufficiently above the binding 
energy of the target, material will be released. [68] The process is pictured in Figure 31. 
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Figure 31. Sputter deposition configuration. [69] 

 
Because the electrons follow a straight and short path towards the substrate (anode), a relatively high 
process pressure is required to obtain sufficient ionization. This in turn causes a high number of collisions 
for the target material travelling towards the substrate, decreasing the share of atoms actually reaching the 
substrate. Hence, the deposition rate is relatively low. Due to scattering, a portion of the target material 
ends up coating surfaces other than the substrate. [68] 

Triode sputtering involves the introduction of electrons from a heated filament separate from the target. It 
is placed about mid-chamber to sustain the glow discharge and increase ionization efficiency. The method 
allows for lowered operation pressures and target voltage, and increases the deposition rate compared to 
diode sputtering. A disadvantage is the potentially short lifespan of the filament, particularly in the case of 
reactive gases. [70] 

Magnetron sputtering utilizes the fact that a strong magnetic field cause the electrons to follow a helical 
path around the field lines, illustrated in Figure 32. The resulting path before absorption into a surface is 
greatly enhanced, and the electrons are confined to the vicinity of the target. Thus, the probability of the 
electrons colliding with and ionizing an argon atom is increased. As a result, magnetron sputtering enables 
both higher deposition rates and more efficient usage of the released material. However, the confinement 
pattern of the plasma erodes a so-called race track in the target, leaving some of the target material around 
the edges and in the center unused. The material use can be improved by employing rotating magnetrons, 
and designing these as to broaden the race track. [68] 
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Figure 32. Magnetic field and drift path in magnetron sputtering, seen from the side (left) and from above (right). [71] 

When an argon ion strikes the surface of the target, an electron is released from the target material to 
neutralize the ion, which returns to the vacuum as an argon atom. For targets with poor conductivity, this 
leads to a rapid charge build-up at the surface. The attraction of ions to the target is decreased and the 
sputtering process inhibited. Sputtering of semiconducting materials therefore requires radio frequency 
(RF) sputtering using alternating current, alternatively pulsed direct current (p-DC). This calls for more 
complex power supply. Furthermore, because the power supply is reversed part of the time, sputter rates 
are somewhat lower compared to that of metallic targets, although the reversed part of the cycle can be 
kept short due to the high mobility of the electrons. [72] 

Reactive sputtering involves the introduction of a reactive gas into the sputter chamber. The gas 
constituents react with the atoms ejected from the target, achieving a new composition in the deposited 
surface. The process is somewhat complicated as it occurs in a highly non-equilibrium mode; an ion with 
an energy level of 100 eV has a temperature equivalent to about 1∙106 K. The target bulk temperature is 
generally around 400 K. The high energy of the ion is sufficient to activate practically any type of chemical 
process, but the energy dissipates very rapidly from collisions near the target surface. [73] Reactive 
sputtering provides a means of avoiding the relatively low sputter rates resulting from RF- or p-DC 
sputtering. By using metal targets and allow the released atoms to react with the sputter gas, the sputter 
rate is kept high, yet a semiconductor film can be achieved. A drawback is the phenomenon known as 
target poisoning; a layer of reacted material forms on the target surface, inhibiting the conductivity. 
Excessive arcing (described further on in the text) may be a consequence, furthermore a hysteresis effect 
in the sputter rate as a function of reactive gas flow appears. This may be explained by an increase in the 
compound layer on the target with the reactive gas concentration, which leads to a sharp drop in sputter 
rate at the transition point where the target shifts from sputtering in metal mode to compound or reacted 
mode. Upon reduction of the gas flow, the sputtering does not return to metal mode along the same path. 
Because the compound layer must be released faster than it is created, and the sputter rate is lower in 
compound mode, the gas flow must be reduced beyond the point where the sputter rate dropped initially. 
This is illustrated graphically in Figure 33. 

The discharge voltage often changes along with the deposition rate as seen in the same picture. The 
voltage must, however, not follow the direction of the deposition rate; for oxides, it commonly decreases, 
while nitrides generally display a voltage increase. [71] 
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Figure 33.  Hysteresis behavior in reactive sputtering. [71] 

Sputtering of compounds often generates lower sputtering yields than pure elements, as the chemical 
bonds tend to be stronger in compounds. For example, TiO2 gives about a tenth of the sputtering yield of 
titanium. The more volatile species tend to be preferentially sputtered, rendering an increased 
concentration of the other elements in the target surface. There tends to be a loss of the lighter and more 
volatile elements during the transport between target and substrate, causing an off-stoichiometry in the 
deposited film compared to the target. In materials composed of species of greatly differing 
electronegativity, the negative ions can cause ion bombardment and re-sputtering as they are accelerated 
towards the growing layer on the substrate. Off-axis mounting of the substrate may reduce this effect. [74] 

Arcing is a problem related mainly to target material with low conductivity, but can also arise from an 
excessively high supply voltage in metal targets. Within the normal glow discharge region, current and 
voltage drop are balanced and relatively constant. Increasing the supply voltage beyond this point 
eventually causes a concentration of the glow in a cathode spot, and an arc of high current appears 
between the poles to neutralize the charge build-up. These events can cause severe damage to the target 
through local melting and thereby rapid erosion and ejection of agglomerated particles. The ejected 
material can contaminate the source and affect the structure adversely. [75] Arcs can arise in points with 
lower sputter rate due to defects or inclusions, why homogeneity of the target is of great importance. 

The sputtering process is quantified in terms of the sputtering yield, defined as the number of target atoms 
ejected per incident particle. It is dependent on the target species, and the kind of bombarding particles 
that is used as well as their energy and angle of incidence. The sputtering yield is relatively insensitive to 
the target temperature. Whether the bombarding particles are ionized or not has no impact on the yield. 
[71] 

The substrates must be clean, smooth and flat in order to avoid defects in the film, which can act as 
recombination centers. They are commonly heated to enhance grain growth and improve adhesion, 
furthermore to activate the reactions between target species and reactive sputter gas, if applicable. [73] 
When reaching the substrate, atoms with low incident angles can cause shadowing effects; these atoms are 
deposited preferably on high points on the surface. This phenomenon can create a geometrical effect that 
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gets more pronounced as the sputtering continues. A counteracting effect originates from re-emission; 
atoms that initially fail to stick to the substrate surface may ricochet and deposit in valleys of the surface. 
Re-emission may also be caused by surface atoms being knocked off by incident atoms and continuing to 
redeposit, a process known as re-sputtering. [76] Shadowing, re-emission and re-sputtering are shown in 
Figure 34. 

 

Figure 34. Shadowing effect, re-emission and re-sputtering. [77] 

5.3.3 Sputter targets 

The target is a vital part of the sputtering process, as the quality of the deposited film is highly dependent 
on the target quality. [78] As an example, targets sintered only to a low density are prone to arcing, 
particulate emissions, nonuniform erosion, and release of trapped gases, resulting in poor quality films 
[68]. Monolithic targets can be used if the material is a metal with sufficient mechanical strength to 
withstand the pressure of the cooling water. Brittle or non-conductive targets must be attached to a metal 
backing plate for protection and vacuum seal. In the case of poor conductivity targets, the backing plate 
also acts as an electrode. The bonding usually consists of a low-temperature metal or a conductive epoxy.  

In the case of CIGS/CIGSe targets, these are usually mounted on a copper backing plate. Indium is often 
chosen for bonding. Two examples of used CIGSe targets can be seen in Figure 35. The left target has a 
coarser surface, and more cracks and pores are visible. The right target is smoother, and the color is more 
uniform. This target performed better in the sputtering process. Not only the target properties may affect 
the performance and final appearance of the used targets; the used sputter parameters and cooling rate are 
equally important. 

 

Figure 35. Two examples of used CIGSe sputter targets. [79] 
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A problem known from the sputtering process is so called indium sweating in the target. If the target is 
overheated, indium will diffuse towards the surface where it forms small droplets. An example of this is 
pictured below in Figure 36. Eventually, the entire surface may be covered with an indium layer if no 
counteraction is taken. This layer can be difficult to remove. Furthermore, locally gathered indium on the 
target surface increases the likelihood of arcing. The damaged point where the arcing event took place 
attracts more indium, causing additional arcing, until a “pinhole” reaching all the way to the backing plate 
is created. At this point, the target has inevitably reached its end of life. It is not known whether the 
indium may originate from the actual target material, or from the bonding only. 

 

Figure 36. Indium droplets on target surface. 

Sputter targets can be pure metals, alloys, compounds or mosaics of different species. It is also common 
to use targets of different compositions in series to achieve a grading of the material in terms of 
concentrations, and for application of the various layers in a stack. Co-sputtering of several targets made 
from different materials is another way to obtain the desired composition of the film. When 
multicomponent targets are used, the species most likely do not have an equal sputtering preference. This 
results in an altered surface layer, where some elements may be depleted if diffusion occurs. In case 
diffusion does not take place, the composition of the ejected atoms corresponds to the bulk composition 
of the target. Even so, the film composition may not be equal to the target bulk composition; the sticking 
coefficient in contact with the substrate may differ between the species. Furthermore, redeposition of 
particles on the target outside the race track may be preferential, further altering the composition. If 
diffusion is negligible, the elements have similar sticking coefficients, and redeposition is not prominent, 
the composition of the final film may be very close to that of the target bulk. [70] Ning et Al. (2010) argue 
that the composition of magnetron sputtered CIGSe films do not deviate much from that of the 
quaternary targets used. In particular, the compositional variations can be eliminated if the relative density 
of the target is above 92%. [19] 

The most common type of targets are planar targets in various shapes and sizes, but rotating cylindrical 
target may be used for coating large areas. Cylindrical targets generally have a very high material use, often 
more than 75%. [80] 

Targets may be fabricated through a variety of methods; metal targets can be vacuum cast directly into 
shape, or the target can be consolidated from powdered materials through different kinds of pressing. A 
common method for production of CIGS/CIGSe targets is to cast an ingot of the desired elements, then 
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the ingot is ground to a fine powder and compacted through hot pressing. Usually, machining to the exact 
finish is necessary regardless of fabrication method.  

Crucial properties of the sputter target include: 

Surface morphology. The target surface should preferably be smooth in order to avoid arcing and promote 
even sputtering.  

Density. A high relative density is preferred to avoid cavities originating from pores in the surface, which 
could lead to particle and splash formation [81]. Furthermore, a high fraction of pores increases the bulk 
resistivity of the material [82]. Intriguingly, the gathered experience from targets sputtered at the company 
indicates that the density should be high, but not too high; the best performance has been achieved with 
targets of around 96-98% of the theoretical density. 

Purity. Purities for solar cell applications are often of the order of 99.999%. Secondary phases or foreign 
species that could act as recombination centers must be avoided as far as possible. Prior to launching a 
target into the production line, it is normally pre-sputtered to remove any oxide layers or other impurities 
in the surface. 

Composition. For compound targets, the composition must be designed to produce the desired film 
composition. All factors, such as preferential sputtering, redeposition, sticking coefficients and possible 
reactive sputtering must be taken into consideration when developing a suitable target composition. In the 
case of the present work, the sputtering process is already well adapted to a particular target composition, 
hence the desired composition is known. 

Resistivity. A low surface resistivity (the resistance to electric current passing between electrodes on the 
material surface, measured in Ω/cm2) would facilitate the sputtering process and reduce the charge build-
up in the surface, which is the reason that p-DC or RF sputtering is necessary for non-metallic targets. 
Likewise, a low bulk resistivity (the resistance through the material volume, measured in Ωm) would be 
advantageous for the sputtering operation. However, resistivity is fundamentally a material property 
affected by atomic structure and doping level, and the suitable value necessary for the photovoltaic 
conversion efficiency can only to some extent be altered in a compound semiconductor target. Grain size, 
porosity, and defects such as dislocations, vacancies and interstitial atoms, may influence the resistivity 
[83], as well as the selenium content. Se deficiency in the target can be balanced by providing excess 
selenium in the sputtering gas. Tamura et Al. suggest a suitable range of 50-100Ωcm [84].  

Grain size. The grain size of the final film should be as large as possible with epitaxial grains oriented from 
top to bottom for best light penetration. The grain size of the target is not expected to transfer to the film, 
as the grain growth on the substrate occurs as the individual atoms reach the substrate and is here largely 
controlled by other factors such as seeding layers and substrate temperature. However, there have been 
indications that deselenization could be more pronounced in fine grained targets, why target grain size 
could affect the final composition. It is possible that preferential sputtering in combination with grain 
boundary diffusion could lead to depletion of the target. A hypothesis following from this reasoning is 
that it could provide an advantage to keep the amount of grain boundaries low, i.e. a not too fine grain 
size. On the other hand, too large grains in the target could possibly reduce surface smoothness and cause 
uneven sputtering. These targets have not performed very well in the company’s processes. 

5.4 Consolidation of powders 

In general, high density and good sintering rates are best attained from homogenously packed powders 
with a high initial packing density. This results in smaller and more evenly distributed pores in the final 
part, and reduces the necessary shrinkage during sintering to full density. A slightly wider particle size 
distribution in the powder often increases packing density compared to powders with a uniform particle 
size. [85] However, particles of significantly greater dimensions may, if they withstand disintegration, 
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result in a locally non-uniform compact density. Full density becomes difficult to achieve, and the 
differential densification introduces stresses that may cause cracking or other flaws. [86] 

This section gives an introduction to some of the most well-established consolidation methods for 
powdered materials.  

5.4.1 Hot pressing and Hot isostatic pressing (HP/HIP) 

In hot pressing, the powder is sintered simultaneously with the pressing process. This allows for lower 
pressures to be used compared to cold pressing. Furthermore, the compact is restricted from the 
volumetric expansion that sometimes accompanies pressureless sintering. The pressing may be performed 
axially (HP) or isostatically (HIP). Conventional hot pressing is a cheaper and less complicated procedure 
requiring less advanced equipment. [87] Here, the powder is loaded into a die, that can be of for example 
steel or graphite, and an axial pressure is applied. The heat is provided by external resistance elements 
surrounding the die. HP has been employed to produce CIGSe targets [19]. 

HIP is preferred when a high uniformity of the microstructure and density is desired, and is capable of 
producing different shapes. The powder is loaded into a flexible sheet metal capsule or mold. This is 
evacuated and the powder outgassed, after which the capsule is sealed. It is heated and exposed to isostatic 
pressure provided by a pressure medium, often an inert gas (argon). The entire mold is deformed by the 
treatment, why good dimensional accuracy is difficult to obtain through HIP. The temperature and 
pressure necessary to obtain a certain densification rate is determined by the yield strength of the powder. 
Typically, the temperature is below 1200°C depending on the material, and a common pressure range is 
100-300 MPa. [87] The chosen temperature should be below approximately 0.8 times the melting 
temperature, to avoid liquid phases emerging during the process. [88] The method has been successfully 
used for fabrication of CIGS/CIGSe compacts [89][46]. HIP was also found to be superior to CIP in the 
generation of Mo-Ti-Zr-C compacts, achieving a density of 99.9%. [90]  

5.4.2 Cold pressing and Cold isostatic pressing (CP/CIP) 

In the case of CIP, the powder is contained in a flexible elastomer or rubber mold and pressed into a 
green compact by a fluid, usually water or oil, at ambient temperature. The required pressure is normally 
higher than for hot pressing, up to 1000 MPa. Uniform density and mechanical properties of the product 
material are among the advantages of the technique. As with HIP, close dimensional tolerances will 
require additional tooling. [87] The process is commonly followed by sintering at elevated temperatures. 
Typical green densities achieved by CIP are in the range of 75-85% of the theoretical density. Additionally, 
CIP may be used as a preliminary densification step prior to HIP, to improve the mold filling and thereby 
the dimensional stability of the HIP treated part. Binders or lubricants are not needed to reach sufficient 
green strength, on the contrary, these substances may have an adverse influence on the chemical and 
mechanical properties. Advantages include the option of fabricating large parts and parts with geometries 
unsuitable for uniaxial pressing. The elastomer molds are relatively cheap, but their lifespan is limited. [91] 

 Uniaxial cold pressing has been compared to isostatic pressing by Al et Al. (2006), concluding that CP 
produces inferior mechanical properties. CIP treated materials performed better, also when the 
subsequent sintering was performed at comparably low temperatures, and the sintering time could be 
reduced. [92]  

CIP has been evaluated for densification of CIGSe, but did not generate densities over 89% in the final 
part [19]. 

5.4.3 Pressureless sintering 

Pressureless sintering is used to further densify cold pressed compacts, furthermore to increase bonding 
strength and reduce pores. The sintering temperature is commonly between 65-80% of the melting 
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temperature of the material; for multicomponent powders the process is often carried out close to the 
melting point of the constituent with the lowest melting temperature. Typically, sintering is performed for 
between 20 and 60 minutes under a protective atmosphere. [93] Very dense green bodies produce under 
high pressure have been shown to expand during pressureless sintering, indicating that competing 
densification and expansion mechanisms exist. [19] 

5.4.4 Field activated sintering technique (FAST) or Spark Plasma 

Sintering (SPS) 

With this method, also known as Spark Plasma Sintering (SPS), the heating is achieved by passing a 
current directly through the powder under modest pressure for a short time. The heating rates may be 
very high, up to 1000 K/min. The sintering temperatures are typically lower than for conventional 
sintering. During both conventional- and field activated sintering, grain growth and densification occur in 
parallel. The short heating times employed in FAST (typically 5-15 min) can assist in promoting 
densification over grain growth in coarsening-sensitive ceramics which have a lower activation energy for 
coarsening than for densification. Hence, FAST has a potential to prevent excessive grain growth and in 
some cases thermal decomposition. Another interesting feature of the technique is the vacancy diffusion 
from large pores towards small pores, which is opposite to the pattern observed in conventional sintering. 
[94] The method has been applied  to a wide variety of materials; metals, intermetallic compounds, 
ceramics, and composites [95]. The method has been reported to have 50-80% lower operational costs 
than conventional sintering techniques, primarily due to the speed of the operation. In some applications, 
SPS can be 20 times faster, requiring only minutes for densification where hours usually are needed. [96]  

5.5 Mechanical alloying (MA) 

Despite being industrially used for a considerable time, it is only quite recently that scientific attention has 
turned to the technique of mechanical alloying. Research in the field intensified around the late 1980’s, 
some 15 years later than for the similarly used rapid solidification processing (RSP). These are both non-
equilibrium processes capable of synthesizing metastable phases, such as supersaturated solid solutions. 
While RSP is mainly employed to produce amorphous metal sheets, MA was originally developed to 
produce oxide dispersion strengthened alloys for gas turbine and aerospace applications. MA is a unique 
method in enabling alloying of normally immiscible elements, because this entirely solid state process is 
not restricted by phase diagram limitations. [21] The technique has been used for fabrication of 
nanocrystalline and nanocomposite materials, especially refractory materials of metal carbides and             
-nitrides. Moreover, it has shown capability of reducing several metal oxides at room temperature, and to 
produce amorphous materials. [97] Consolidation of the powders fabricated through MA has been 
reported to lead to loss of the metastable effects.[98] However, in CIGS targets, it is the stable 
chalcopyrite phase that is desired. This process instead utilizes another feature of MA; that chemical 
reactions may be induced at much lower temperatures than would normally be necessary [98]. 
Additionally, a very homogenous distribution of the elements without segregation effects can be achieved. 
It has also been argued that MA, being a cold alloying process, is suitable for handling volatile 
inflammable substances safely. [21]  

The raw materials (elemental or compounds) are loaded into a vial together with a grinding medium which 
can be for example steel- copper- or agate balls. During the high energy milling, repeated cold welding, 
fracturing and re-welding of the powder particles occurs. The force of the impact from the colliding balls 
plastically deforms the particles, creating clean surfaces that weld together. Such clean surfaces are prone 
to react with surrounding air, hence an inert gas atmosphere is generally required to avoid oxidation or 
nitration of the powder. At the beginning of the process, the particles are relatively soft and the tendency 
to weld together is the dominating mechanism. At this stage, a wide range of particle sizes are developed. 
As the grinding proceeds, an increased amount of defects such as dislocations are introduced, making the 
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material particles harder and less resistant to deformation without fracturing. Smaller particles tend to 
weld together, while larger particles are more likely to break as they are struck by the balls. This eventually 
leads to a balance of breaking and welding, which makes the size distribution comparatively narrow. Once 
this equilibrium is reached, the particle size remains almost constant upon further grinding. However, the 
structure of the particles may still be refined. It has been found that this refinement is approximately 
logarithmic with processing time, why a fine starting powder is not required. [2]  

Most of the mechanical energy from the deformation is converted to heat. Also the friction between the 
particles generates heat. Thus, the temperature may increase drastically during MA, and may cause 
recrystallization and recovery in the particles if allowed to rise above a certain level. Cooling may therefore 
be required for large high energy mills. [21] 

Process control agents (PCAs) such as fatty acids, alcohols or kerosene are often added for lubrication in 
powder metallurgy. This prevents particles from welding together and thus promotes a finer grinding, 
however the lubricants may contaminate the powders and degrade the final product. Organic PCAs form 
hydrogen during MA, which means degassing may be necessary. [21] 

Some of the most important process parameters are BPR, rpm and milling time. Additionally, numerous 
factors such as ball size, material of the balls and vial, sample size, reaction temperature, atmosphere, and 
not least the purity and  particle size of the raw material, will contribute to the outcome. The process may 
be carried out under dry conditions, or the material may be mixed with a solvent (wet milling). Often 
“high milling conditions” refers to a comparably high BPR and rpm, and large balls, whereas the opposite 
is called “mild milling conditions”. 

Small diameter balls tend to create powders with narrow size distributions. Moreover, a distribution of ball 
sizes can possibly improve the rate of collisions causing fracturing and welding. A high BPR increases the 
collision frequency and overall energy consumption per unit time, while a low BPR leads to a decrease in 
collision frequency but increased mean free path and impact energy per collision. [21] Mild milling 
conditions, i.e. low BPR, rpm and small ball diameter, has been associated with the generation of 
metastable phases in CIGSe milling. [99] Generally, a BPR between 5 and 30 has been found appropriate. 
If amorphization is desired, the frequently used BPR is close to 100. [21] 

Amorphization has been reported to occur in numerous phases. Milling of previously alloyed compounds, 
called mechanical milling (MM), reduces the time to amorphization compared to MA. This is because 
alloying of the elements does not have to take place first in the case of MM. [98] 

Low rotational speed increases milling time, and can cause inhomogeneity in the alloy. High rpm reduces 
milling time, but also the time available for diffusion. Excessive heating as well as increased wear of the 
vial and balls, associated with contamination, may result from too high rotational speed. [21] 

Contamination of the powder from the vial or balls may pose a problem, especially after long milling 
times. The amorphization that may occur in many systems upon excessive milling is in some cases the goal 
of the operation; in others an unwanted side effect. It is therefore of great importance to choose the 
milling parameters correctly. 

Rod milling, where the spherical balls are replaced with rods as the milling media, is a method that was 
developed to reduce contamination. The difference is that in ball milling, the impact forces may cause 
scratching of the surface of the grinding media. The material that is broken off the balls can then 
contaminate the powder being milled. Rods, on the other hand, exert mainly shear forces as they rotate 
inside the vial. The result is a more efficient kneading of the material, and possibly lower contamination 
levels. It has also been argued that agglomeration may be less pronounced in rod milling, and that the 
refinement of the particles at the later stages of milling may proceed at a faster rate. [100] Figure 37 shows 
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an example of particle size development as a function of time for rod- and ball milling, here in Al30Ta70 
[97]. 

 

Figure 37. Difference in particle size reduction between rod milling and ball milling of Al30Ta70. [97] 

MA can be used to introduce a self-propagating high-temperature synthesis (SHS) in material 
combinations with sufficient chemical potential. Wada and Kinoshita (2005) have demonstrated a SHS in 
CISe, and proposed that the reaction is ignited in some particle after sufficient milling. Once this happens, 
the released heat of the reaction provides the necessary energy to activate further reaction sites, whereafter 
the process propagates rapidly until all available material has reacted. The course of the event is illustrated 
in Figure 38 [20]. 
 

Figure 38. Illustration of the propagation of a SHS, as suggested by Wada and Kinoshta (2005). [20] 

It has been reported that SHS requires a minimum adiabatic temperature (Tad) of about 1800 K or 
[ΔH/cp]298 K = 2000 K. Under milling, this could be reduced to 1300 K due to the increased defect 
density and exposure of clean interfaces, which would allow enhanced diffusion along the defects. Vidhya 
et Al and Wu et Al have, from literature values of enthalpy of formation ΔH and heat capacity cp, 
estimated the adiabatic temperature [ΔH/cp]298 K for formation of CISe to about 2190 K [48][101]. 
Accordingly, synthesis trough SHS should be possible. However, the enthalpy of vaporization ΔHvap is 
only 37.7 kJ/mol for Se, which is less than the heat generated by the reaction; ΔHf for CISe is -218.5 
kJ/mol and for CGSe -251 kJ/mol. Hence, volatilization leading to selenium loss can be a problem. [48] 
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The Ga/(In+Ga) ratio of 0.26 in the company’s standard targets would thus give ΔHf  ≈ 227 kJ/mol, 
assuming a linear increase between CISe and CGSe. 

5.5.1 Types of mills used in mechanical alloying 

The mills frequently used in MA can be categorized in high-energy mills (attritor ball mills, planetary ball 
mills, centrifugal ball mills, and vibratory ball mills), and low-energy tumbling mills (e.g., ball and rod 
mills). Here, a brief description of the main mill types is given. 

5.5.1.1 Planetary ball mill 

This equipment consists of a revolving disc, to which one or several vials are connected via planetary 
gears. These transfer the movement of the main disc to a simultaneous reverse, faster rotation of the vials. 
As a result, the centrifugal forces are alternately synchronized and opposite. The effective centrifugal force 
can reach up to twenty times the gravitational acceleration. The balls loaded into the vial cycle between 
rolling on the inner wall of the vessel, and being thrown across the vessel at high speed, crushing the 
sample particles.  The setup and milling principle can be seen in Figure 39. 

 

Figure 39.  Planetary ball mill. Setup with two vials, and cross-section of a loaded vial. [97] 

Planetary ball mills are versatile and may be used for almost any application in MA. One of its advantages 
is the ease with which the vials can be handled inside a glove box. The vials commonly have volumes 
between 45 and 500 ml. [97] 

5.5.1.2 Attritor or attrition ball mill 

The attritor utilizes a central rotating shaft with horizontal impellers to agitate the balls loaded together 
with the material. The rotational speed of the central shaft is usually around 250 rpm, although models 
capable of 500 rpm have been constructed. It is possible to control the oxygen content through 
continuous evacuation and flushing with inert gas, and cooling can be provided via water flow in an outer 
shell. It was originally introduced to obtain fine sulfur dispersion for the vulcanization of rubber. A sketch 
of the attritor milling setup can be seen in Figure 40. 
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Figure 40. Attrition ball mill. [97] 

This type of mill is also known as the Szigvari attritor grinding mill. The volumetric capacity of these mills 
is comparably high, several liters is common.  

5.5.1.3 Vibratory ball mill 

The vibratory ball mills usually have smaller vessels, about 10 ml, and is used mostly to prepare 
amorphous alloys. The mill moves in three perpendicular directions at high speed, up to 1200 rpm, 
agitating the balls loaded in the containers. The vibrations are created by an unbalanced weight that rotates 
with the containers. The setup is placed on springs, see Figure 41 a. Another type of vibratory mill utilizes 
a single, hardened steel ball of 6 cm diameter, see Figure 41 b. This model can be evacuated to a low 
pressure, and is suitable for oxygen sensitive or reactive substances such as rare earth metals. 

Figure 41. Vibratory ball mills. a) The most common type with smaller balls.  [97]              b) a special vibratory mill with a single, large ball.  [97]  

5.5.1.4 Low energy tumbling mill 

Tumbling mills consist of a cylindrical vessel rotating around a horizontal axis, lifting up the milling media 
that will then fall onto the specimen and crush the particles. They can be loaded with balls or rods as a 
milling media. Because of the lower energy provided by this type of mill, the milling time may be 
extended. The resulting materials are usually homogenous. Other advantages are the ease of construction, 
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operation and maintenance, as well as the relatively low price. When iron milling media are used, rods 
have shown a reduced contamination of the sample compared to balls. 

5.6 Characterization methods 

In the following section, the basic theory behind the material characterization techniques used in this 
project is presented. 

5.6.1 X-ray diffractometry (XRD) 

X-ray diffractometry is a common and versatile, non-destructive tool for characterization of crystalline 
materials. It can be used to determine the lattice parameters and type of structure, crystallinity, grain size 
and orientation, residual stresses, and the size and density of precipitates and imperfections. The x-rays are 
produced when a metal target is subjected to electron bombardment in a vacuum tube, leading to emission 
of radiation that is characteristic for the material. This is filtered to use only the K -radiation. Most 
commonly, copper targets are used. X-rays are well suited to detect interatomic distances, since both have 
dimensions of 0.1-0.4 nm. When the extra distance that a beam with incident angle θ has to travel between 
reflection from each plane in the crystal lattice coincides with an integral number of wavelengths, nλ, 
positive interference occurs. The condition for reflection and reinforcement is given by Bragg’s law, 
Equation 8 [102]: � = �                                                                                                                                         

where n is an integer, λ is the wavelength of the incoming x-rays, d is the distance between the crystal 
planes, and θ is the incident- and reflection angle. [102] An illustration can be seen in Figure 42. 

Figure 42. Reflection in a crystal lattice according to Bragg’s law. [102] 

The critical angles θ for which the law is satisfied are known as Bragg angels, and depends on the distance 
d. In powder samples, the grain orientation is random and the reflection pattern will be the result of all the 
reflections from the individual grains and their crystal planes, with 2θ as the angle between the incoming 
and reflected rays. This produces a set of concentric circles or diffraction lines around the entrance and 
exit holes of the beams. A preferred orientation in the sample will distort the uniformity of the circles and 
concentrate the intensity in certain positions on the ring. The diffraction pattern is detected and compared 
to known patterns for materials in a database, and software can be used to interpret the pattern into 
diffraction peak intensity as a function of 2θ. [102] 

5.6.1.1 Peak shifts and broadening 

Several mechanisms may contribute to broadening or shift of the XRD peaks. One is decreased grain size, 
as small grains have a lower number of diffraction planes contributing to the interference. Another is 
compositional variations; for example, the Ga atom is smaller than the In atom (1.81 Å and 2.00 Å, 
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respectively), why increasing the Ga fraction in CIGSe will lead to a smaller unit cell. This decreases the 
distances between the planes and thus shifts the peaks towards higher 2θ-angles. The pattern of a non-
uniform sample containing grains of varying compositions would then for each plane consist of a range of 
overlapping peaks, the sum of which would resemble one broad peak. Micro strains could be yet another 
source of broadening. Cold working induces strain in the individual particles as these are deformed. Some 
directions will experience compressive stress, which translates to a narrowing of the interplanar distances, 
others strain, separating the planes. Again, the result would be a range of spacings, appearing as peak 
broadening. The phenomenon is illustrated in Figure 43. 
 

 
Figure 43. Peak broadening following inhomogeneous strain. [103] 

A basic assumption in powder diffractometry is that the sample is randomly orientated, so that there are 
crystals oriented in every possible direction available. Further, that the amount of crystals is large enough 
to fulfill this assumption. Very coarse grained samples may generate poor patterns because the number of 
crystallites is insufficient to create proper statistics. If instead the particles are for example needle- or plate 
shaped, random packing may be difficult to achieve, with a favored orientation in the sample as a result. 
Also solid sample pieces often display preferred orientations due to casting structures, cold working, 
forging, or pressing. Favored orientations create a shift in the relative peak intensity [104]. 

The samples must be mounted so that the edge or surface of the sample is positioned at the correct 
height, in line with the rim of the sample holder. If not, a systematic over- or underestimation of the 2θ-
angle will be the result (with a low sample position leading to 2θ underestimation and vice versa), although 
in this case the interplanar distance is unaffected.  

5.6.2 Scanning electron microscopy (SEM) and Energy dispersive 

spectroscopy (EDS) 

In scanning electron microscopy a focused electron beam is swept across the sample area to achieve an 
image of higher resolution than would be possible with ordinary light optical microscopy (LOM). The 
incident electrons can be reflected (backscattered) or interact with the sample to eject electrons from this 
(secondary electrons). The backscattered electrons can be detected to produce an image that to some 
extent resembles that of a LOM. These electrons originate from a zone of intermediate depth, and the 
contrast is primarily due to differences in atomic number and crystallographic orientation. The secondary 
electrons are emitted from a shallow, narrow region close to the specimen surface. The contrast provided 
by secondary electrons is primarily due to topography and the edges of pores and grains and is seen as 
brightness and gray level in the micrograph. Non-conductive samples must be sputtered with a conductive 
layer to avoid distortion of the image through charge build-up in the surface of the specimen. [105] 
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Energy dispersive spectroscopy (EDS) can be used to detect and analyze the characteristic x-rays emitted 
by the specimen when outer shell electrons fall back to fill the vacancies left by the secondary electrons. 
The radiation is divided according to energy levels to reveal the elemental composition of the sample. 
However, elements with low atomic numbers may be difficult to detect due to absorption of x-rays and 
detector noise. [105] 

5.6.3 Grain- and particle size measurements 

Before continuing to the available methods, it is worth considering the difference between grains and 
particles. A commonly adopted distinction refers to grains as individual crystals, i.e. segments with a 
continuous crystal lattice, while a particle can consist of several grains with different orientations, 
separated by grain boundaries. The term agglomerate is often used to describe more loosely bonded 
collections of particles. If a separate particle consists of just one single grain, it is often called a crystallite. 

Broadening of XRD peaks can be used to evaluate the grain size of a sample. The grain size t, i.e. the size 
of areas with coherent diffraction patterns, is then estimated through Scherrer’s formula, Equation 9 [106]: 

 = . λBcosθ                                                                                                                                           

 

where λ is the wavelength of the radiation used, B is the full width at half maximum (FWHM) of the 
diffraction peaks in radians, and 2θ is the diffraction angle of the main peak. [106] Scherrer first presented 
the equation in 1918 [107]. 

The number 0.89 is a commonly adopted value for the shape factor K. The value is a reasonable 
approximation when no detailed information about the shape is at hand. The formula includes the 
assumptions that the incident x-ray beam is monochromatic, perfectly parallel, and infinitely narrow. 
Furthermore, that the sample is a monodisperse powder of cubic crystallites. [108] 

Scherrer’s formula is a commonly adopted method, but it should be kept in mind that there could be 
several reasons for peak broadening in addition to finer grains, see section 5.6.1.1. Because the relative 
contribution of other factors  to peak broadening increases with grain size, it is problematic to use 
Scherrer’s formula for grains larger than 100-200 nm [108]. 

To determine the particle size of a powder sample, the powder may be sifted through mesh with 
decreasing and known sizes of the openings. The standard way to report mesh size is to give the number 
of openings per linear inch of the mesh. If the powder has passed a certain mesh size, but finer particles 
are not excluded, the powder is reported as -(mesh size). Examples of mesh-to-micron conversions can be 
found in Table 6. For finer powders, the grain size is usually given in microns directly as the wire thickness 
gets an increasing impact as the mesh number increases. 
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Table 6. Conversion between mesh and microns.[108]  

Mesh   Microns   

25 710 

50 300 

100 150 

200 75 

325 45 

400 38 

500 25 

635 20 

Table 6. Conversion between mesh and microns.[109] 

Grains or particles visible in SEM or LOM images can be counted to estimate their size. The planimetric 
method involves counting of the grains within a known area, while with the linear intercept method, the 
number of grains intersected by a line of known length are counted. The length is then divided by the 
number of grains to estimate the average diameter of the grains. The line must be placed randomly, rather 
than over an area that is considered representative. When the line ends within a grain, this is counted as 
0.5 grains. The accuracy of the method is, as with the planimetric method, a function of the number of 
grains counted. It has proven to be relatively consistent between different persons performing the 
counting, provided that the lines are placed blindly. The linear intercept method is faster than the 
planimetric method for the same accuracy. These manual methods can be used analogously to estimate 
particle size. 

Another grain size measuring technique is the comparison procedure. This involves comparison with 
series of graded images, which can for example be obtained as clear plastic overlays. The overlay image 
where the grain size best matches the image of the sample is chosen, and the determined grain size of this 
overlay is assumed to be approximately valid for the sample. The repeatability is not as good as for the 
planimetric- and linear intercept methods. A more extensive description of the comparison, planimetric 
and linear intercept methods can be found in the ASTM international standards. [110] 

5.6.4 IV-measurements 

IV-measurements are performed under standard test conditions (see section 5.1.4) by connecting 
electrodes to the front and back of the sample and varying the applied voltage across a range. The test is 
performed under illumination and in darkness to obtain an IV-curve resembling the one pictured in Figure 
5, and can be used to calculate the cell characteristics such as VOC, ISC, FF, and efficiency. [27] As the area 
is needed to calculate the efficiency, it is necessary that the sample has a well-defined area. This is often 
achieved through scribing.  

5.6.5 Quantum efficiency (QE) measurements 

To measure the quantum efficiency, a lamp (typically a xenon- or halogen lamp) coupled to a 
monochromator is used in combination with a calibrated photodiode which measures the incident photon 
flux. The wavelength is then swept over a span, and the response of the cell as a function of the 
wavelength is measured though the generated current in the external circuit to which the cell is connected. 
QE-measurements give a picture of the losses in the cell, and can, as mentioned in section 5.1.3, be 
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performed on internal or external basis; counting only the non-reflected photons, or the total of incident 
photons. [27] 

5.6.6 Four-point probe measurements 

Four-point probe measurements are used to determine the bulk- or surface resistivity of a material. The 
setup consists of four equally spaced metal tips, each fitted to a spring which ensures contact and prevents 
damage despite minor irregularities of the material surface. A current is passed through the two outer 
probes, while the voltage across the inner probes is measured, see Figure 44. 

Figure 44. Schematic illustration of a four point probe setup. [111]  

In bulk samples, it is assumed that the sample thickness t>>s, where s is the probe spacing (commonly 

about 1 mm). The bulk resistivity ρ is then independent of the sample thickness, and is given by Equation 
10 [111]: =  (�� )                                                                                                                                       

 

5.6.7 Hot probe measurements 

The hot probe method is a way to determine the majority carrier type in semiconductors. One of the 
terminals of a sensitive current meter is attached to a soldering iron, acting as the hot probe, while the 
other terminal remains at room temperature. The conduction band energy is increased with increased 
temperature, yielding an electric field between the hot and cold parts of the material. This is illustrated in 
Figure 45. 

 

Figure 45. Conduction band increase and majority carrier movement in the hot probe setup. [112] 



-52- 

This field causes the majority carriers to flow from the high- to the low temperature area. The current will 
generally increase with increased doping and temperature gradient, provided that the material does not 
degenerate within the used temperature span. 

If the hot probe is connected to the positive terminal of the current meter, this means that in an n-type 
material the electrons will move away from this terminal and a positive current reading will be the result. 
Oppositely, a p-type material will generate a negative current. [112] 

5.6.8 Density measurements 

A simple yet accurate means of determining the density of irregularly shaped objects is by Archimedes’ 
method. This utilizes that the buoyant force on any object immersed in a fluid equals the weight of the 
fluid replaced by the object. The fluid is weighed on its own, and with the object fully immersed hanging 
in a thin line. If the density of the fluid is known, the volume of the object can be obtained from the 
increase in weight according to Equation 11 [113]: � = �− −  �                                                                                                     

The object is weighed in air, whereafter its density can be calculated from the mass and volume as 
expressed by Equation 12: = �                                                                                                                              

An entirely true experiment should calculate with the buoyancy force exerted on the object by the 
surrounding air, as shown in Equation 11. However, the density of air is often omitted if it can be 
considered negligibly small compared to that of the liquid used. In the case of water, the density is 998.2 
kg/m3 at 20˚C and 1 atm [114], while for air it is 1.205 kg/m3 at the same conditions [115]. The resulting 
error from leaving out air buoyancy would thus be about 0.1%. Likewise, the volume of the line is often 
considered negligible.  

6 Previous studies 

A literature study was performed in order to find a suitable range of process parameters; a choice of 
publications relevant to the present study are shortly presented in this section. Several reports discuss 
mechanical alloying, pressing or sputtering, although very few treat more than one of the mentioned steps 
for CIGS/CIGSSe. Though the potential advantage of MA for industrial use is widely recognized, no 
reports were found on larger scale attempts with CIGS/CIGSSe. 

6.1 Studies concerning milling 

Wada and Kinoshita (2005) have demonstrated the self-propagating high-temperature synthesis, SHS, 
during the formation of CISSe. Mixing elemental powders of Cu, In and Se with 5 mm zirconia balls in a 
PET-bottle and shaking vigorously triggered an explosion-like reaction. [20] They have also found that an 
increased sulfur level should be accompanied by a higher rpm and shorter milling time for successful 
preparation of chalcopyrite structured CISSe. For powders with sulfur fraction xS=1, they recommend an 
rpm of 500 and 15 min milling time, compared to 250 rpm and 30 min for xS=0. The BPR was 5:1. Traces 
of raw materials were reported for milling conditions below these, whereas a widening of the peaks, 
explained by a decreased crystallinity, was reported for higher conditions. [116] 
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Wu et Al. (2010) milled CISe from elemental powders at 600 rpm with BPR 10:1. They recommend a 
milling time of 45 min to avoid remains of unreacted material. Volatilization of Se was noted, which could 
be compensated for by an excess of Se in the composition of raw materials. An initial composition of 
1:1.2:2.3 gave a composition of 1:1.03:1.84 in the final powder. A bright flame was noticed as well as a 
pungent odor, signaling that the SHS had started after 17-18 minutes. The grain size as well as the 
agglomerate particle size was found to decrease with milling time. [101] 
 
Vidhya et Al. (2011) fabricated CIGSe nanoparticle precursors for thin film deposition through MA. 
Starting from copper granules, selenium and indium powders, and fine chips of gallium, they reported 
single phase CIGS particles after 90 minutes of milling at 1200 rpm and BPR 5:1. Traces of In4Se3 
remained after 45 min. The grain size was found to decrease from 12.44 to 7.94 nm with increasing milling 
time from 45 to 360 min. Although stainless steel equipment was used, the powder was more Cu rich after 
long milling time, and displayed more induced stress. [48] 
Ning et Al. (2010) produced pure CIGSe compacts from mechanically alloyed binary powders. The milling 
time was varied from 120-360 min, and was found to have a great impact on the final product. Longer 
milling times, which gave smaller particles, in turn resulted in denser compacts. [19] 
 
Suryanarayana et Al. (1998) milled elemental powders of copper and selenium with fine chips of indium 
and gallium for various lengths of time, between 1-480 min. The BPR was either 20:1 or 10:1, and the rpm 
150-300. Alloying reportedly started after 5 min milling at BPR 20:1. The initial composition was 
0.95:0.7:0.3:2, which resulted in 1:0.7:0.3:2. After 5 min, some elemental Cu and In was still present. After 
20 min, only the quaternary phase remained. More than 2 hours milling time resulted in Cu-
contamination. The grains were nanometer sized, and decreased in size with milling time. Lower BPR was 
found to give more Cu and also cubic CuInSe, but resulted in CIGSe after 4 hours milling. [99] 
 
Rehani et Al. (2013) fabricated CIGSe nanocrystals from elemental powders. An initial mild roll milling 
for 30 min was followed by milling at a rotational speed of 400 rpm for 60-150 min. The BPR was kept at 
10:1, and the ball diameter was 6 mm. They report a moderate increase in temperature during the process. 
The resulting material was tetragonal chalcopyrite CIGSe although some CuSe was present, particularly 
after milling time exceeding 2 hours. The particle size was less than 10 nm at this point. An increase of the 
FWHM, indicating decreasing crystallite size, as well as a slight shift towards higher 2θ angles, explained 
by lattice distortions and internal stresses, was noted after 2h. [117]  
 
Benslim et Al. (2010) milled elemental materials at a BPR of 30:1 and 300 rpm to form CIGSe powder. 
The milling was performed under argon atmosphere at room temperature, using stainless steel vials and 
balls. Formation of chalcopyrite type CuIn0.5Ga0.5Se2 occurred after 30 min. No phase transformation 
was introduced at longer milling times; this was instead found to lead to homogenization. The agglomerate 
size in the final powder was approximately 140 nm, with a substantial compositional variation between the 
grains. [118] 
 
Liu and Chuang (2012) fabricated CIGSe nanoparticle ink from binary In-Se, Ga-Se and Cu-Se 
compounds and a propanol solvent. Small amounts of propylene glycol and diethanolamine were added 
after 1 h.  The total grinding time was 2 h. The BPR was approximately 4:1 and two different sizes of 
zirconium beads were used. Coarse grinding was performed with 0.5 mm beads, then 0.1 mm beads of the 
same total mass were used for grain refinement. The agglomerate CIGSe particle size after milling was less 
than 100 nm. [119] 
 
Vidhya et Al. (2010) produced near stoichiometric CuIn0.75Ga0.25Se2 from elemental materials through ball 
milling at 1200 rpm for 90 min. The BPR was kept at 10:1 and the milling was carried out under an argon 
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atmosphere. The resulting chalcopyrite powder with a calculated grain size of approximately 10 nm 
showed strong agglomeration. The final film was deposited through screen printing. [120] 
 
Botta et Al. (2001) studied mechanical alloying in various solid-solid and solid-gas systems for milling 
times up to 1200 min. For solid-solid systems, the BPR was fixed at 4:1 with five hardened steel balls. 
They found that, in general, the reactions completed just after a peak in temperature was measured with a 
thermocouple fixed in the external surface of the vial. This is pictured in Figure 46 below. 
 

Figure 46. Temperature curve during MA. From Botta et Al. [121] 

A broadening of the peaks with milling time was observed. Strong aggregates were found to form if the 
adiabatic temperature of the reaction was higher than the melting temperature of the constituents. A 
gradual reaction could be obtained through sufficient addition of diluent such as Al2O3. [121] 
 
Suryanarayana et Al. (1998) performed experiments under varying milling conditions: BPR 10:1 and 150 
rpm, or BPR 20:1 and 300 rpm, in a copper vial. The time was varied between 1 min and 8h. During the 
high parameter milling, alloying of the constituents into a tetragonal quaternary phase had occurred 
already after 5 min. Traces of elemental Cu and In were present at this stage, but only the quaternary 
phase remained after 20 min. Some copper contamination was picked up after milling for two hours or 
more. The grain size decreased with milling time, with the curve levelling out after 20-40 min. A minimum 
grain size of 8 nm was achieved after 40 min, beyond which the grain size was not further reduced. 
Agglomerates were in the range of 50-200 nm. The elemental raw materials were weighed to a 
composition corresponding to Cu0.97In0.7Ga0.3Se2, which resulted in CuIn0.7Ga0.3Se2. Under low 
parameter milling, longer times were necessary to alloy the raw materials. These conditions tended to 
result in the quaternary phase having a cubic structure, and more free copper was detected. Generally, 
finer CIGSe grains resulted from milling under high milling conditions. [46] The dependence of crystallite 
size on milling time revealed through their experiments is depicted below in Figure 47. 
 



-55- 

 

Figure 47. Crystallite size as a function of milling time. From [46]. 

 
Wada et Al. (2003) milled CISe from Cu2Se, In2Se3, and elemental powders corresponding to a 1:1:2 
composition. They used 10 mm agate balls, BPR 5:1, and between 200 and 750 rpm. The milling 
proceeded for 30-80 min under a nitrogen atmosphere. In2O3 was observed in the resulting powder if the 
raw materials were oxidized, but no impurity was found when fresh powder was used. Rotational speeds 
above 200 rpm was necessary to start the alloying reaction. The best result was achieved with pure 
elemental powers, 250 rpm and 60 min milling time. Chalcopyrite structured CISe was obtained during 
mild milling conditions, whereas a widening of the peaks was noticed with increasing rpm. They conclude 
that the rpm is the most important process parameter, and should be kept just above reaction starting 
level. [122] 
 
Vidhya et Al. (2010) prepared CIGSe powder through MA of elemental copper granules, selenium and 
indium powders, and gallium chips. The BPR was 10:1 and the rotational speed 1200 rpm. Various 
solvents (ethyl alcohol, tetra ethylene glycol, or ethylene diamine) were used, which except for the ethyl 
alcohol resulted in a non-stoichiometric composition, secondary phases or traces of elemental 
constituents.  Powder prepared by dry milling consisted of only pure chalcopyrite CIGSe without 
undesired phases. The grain size after dry milling for 90 min was 13 nm. Strong agglomeration was 
noticed in the final powder, the agglomerate size was 11-30 nm. [123] 
 
Mehdaoui  et Al. (2009) fabricated CISe from pure elemental powders at a 1:1:2 composition under an 
argon atmosphere. The BPR was 30:1 and the rotational speed 300 rpm. The powder was ground for 120 
min using steel balls. Single phase CISe was obtained, with some impurities present (2 unidentified peaks). 
The particle size was 5-10 nm, but large agglomerates were noticed in the alloyed powder. The resulting 
composition was 32.1 at. % Cu, 22.87 at. % In, and 45 at. % Se. The high Cu percentage may have been 
due to the TEM copper grid. [124] 

6.2 Studies concerning consolidation and deposition 

Ning et Al. (2010) compacted their CIGSe powder by using cold isostatic pressing (CIP) followed by 
pressureless sintering, alternatively hot pressing. The starting material was CuIn0.72Ga0.28Se2 powder with a 
particle size of 35.6 to 57.2 µm. It was cold pressed into 9.7 g compacts with a diameter of 20 mm, in 
which only CuIn0.7Ga0.3Se2 was detected after sintering for 2 h in 850°C in a H2 atmosphere. Fine 
powders gave low density in the pressed part, whereas coarse powders resulted in cracked samples. The 
highest relative density achieved was 89% as pressed. The raw density was found to increase with 
increased pressure (varied between 400-1000 MPa). However, very dense samples expanded during 
sintering, particularly coarse grained samples. Smaller and more homogenously distributed pores were 
obtained from fine powders and high cold pressure. A 2.5-4 % mass loss accompanied the sintering, and 
was more pronounced in the fine-grained specimens. HP of a sample which was previously cold pressed 
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at 700 MPa gave higher densities, up to 96%, as well as smaller and more finely dispersed pores. The hot 
pressing was carried out under 25 MPa pressure and 750°C for 2h, in a graphite die under nitrogen 
atmosphere. Only pure CIGSe was present in the final target after hot pressing. [19]  
 
Suryanarayana et Al. (2001) compared HIP and FAST for consolidation of CIGSe powder with the initial 
composition Cu0.95In0.7Ga0.3Se2. HIP was carried out at 750°C for 2h under 100 MPa pressure. The same 
temperature was used for FAST, with a 50 MPa pressure for 10 min. The experiment was performed in 
air. The samples exposed to HIP displayed more fine cracks than the FAST treated samples, however this 
may be due to the cooling rate not being sufficiently controlled in the former case. The authors suggest a 
cooling rate below 40°C/min. Both techniques resulted in CIGSe solids without secondary phases and 
little hardness variation across the samples. Some interstitial oxygen was present. The grain size was 50 
and 62 nm for the samples prepared by HIP and FAST, respectively. [89] 
 
Piekoszewski et Al. (1980) used chalcopyrite type CuInSe2 powder produced in quartz ampoules to 
fabricate sputter targets. The raw material crystals were either used as-produced, or ground to a particle 
size of less than 74 nm. The fine powder was consolidated under 125,000 psi (862 MPa), and the coarse 
polycrystalline material under 100,000 psi (689 MPa). The fine powders gave crack free targets, while the 
coarse material generated not well fused targets with fine cracks. The powder particle size was found to 
have great influence on the sputtering performance. Fine powders rendered Se poor and In rich films that 
were not of a single phase. Coarse powders gave nearly stoichiometric films of single phase chalcopyrite 
or sphalerite CISe. [125] 
 
Suryanarayana et Al. (1998) used HIP to consolidate their mechanically alloyed CIGSe powder with grain 
size 10 nm and agglomerate size from 50 to 200 nm. The pressing was performed at 750°C for 2h under 
100 MPa pressure. The authors argue that nano-sized grains can be consolidated to high density at lower 
temperatures than can coarse grains. The grain size increased during HIP from 10 nm to 50 nm. 
Irrespective if the starting material was tetragonal or cubic, full density recrystallized tetragonal 
CuIn0.7Ga0.3Se2 was produced. [99] 
 
Majumdar et Al. (2009) used CIP followed by pressureless sintering, alternatively HIP to consolidate 
mechanically alloyed powders of Mo–0.6Ti–0.2Zr–0.02C. They found HIP to be superior in achieving a 
near-theoretical density of 99.9%. [90] 
 
Reynaud et Al. (1992) used acoustic emission to detect flaw formation during uniaxial pressing of ceramic 
Al2O3 and UO2-PuO2 powders. A statistical analysis of amplitude distributions and direct examination of 
the cumulative counts of the acoustic events made detection of flaws, determination of their types, and 
determination of the type of powder used possible. A piezoelectric transducer (f=300 kHz) was fixed to 
the top surface of the die, close to the hole. A thin layer of silicon grease ensured the acoustic coupling. 
They found that the ejection of the compact was the most critical part of the process with respect to the 
flaw generation. [126] 
 
Kodash et Al. (2007) used FAST to consolidate skutterudite Co-Ni-Sb-Te powders with a particle size of 
less than 0.5 µm. Pulsed direct current with a cycle of 12 pulses on and 2 pulses off was employed. The 
pulse duration was 3 ms. A graphite die and punch was used to sinter samples of 8 mm diameter under a 
uniaxial pressure of 45 MPa. The samples were heated at a rate of 450°C/min up to 550°C, when the 
power was switched off and the samples allowed to cool. A density around 88% of the theoretical density 
was achieved. The grain size in the densified skutterudite was found to be close to that of the initial 
powders, despite the material being highly prone to coarsening. [94] 
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Delaizir et Al. (2012) have compared SPS, HIP and microwaves sintering on p-type Bi2Te3 with 
thermoelectric properties. They found no difference in the XRD pattern depending on the sintering 
technique. Microwave sintering gave lower relative densities (90.5%) than the other methods, but the 
highest figure of merit in terms of thermoelectric properties. SPS gave the highest density (99%) followed 
by HIP (97%). SPS gave finer grains due to the shorter sintering time and lower temperatures used, and 
HIP showed higher conductivity and carrier density. All samples contained some oxide precipitates, but 
HIP gave lower concentrations. [82] 
 
Tamura et Al. (2013) used HP to consolidate a 120 mesh CIGSe powder. The material was heated at 
10˚C/min to 750˚C, held for 3 h before allowing to cool naturally to room temperature. A pressure of 200 
kgf/cm2 (equivalent to 19.6 MPa) was applied 30 min after reaching 750˚C, and maintained until the 
heating was interrupted. The resulting target had an oxygen content of 150 ppm. The density was 5.55 
g/cm3, which corresponds to 98% of the theoretical density, and the phase was identified as pure 
Cu(In,Ga)Se2. 

7 Choice of materials and process parameters 

The standard composition in the company’s CIGSe targets is 22.8/20/7/50.2 at% Cu, In, Ga and Se. The 
aim was to come close to this composition. Smaller deviations can be tolerated – the composition always 
varies from one target to another, and the final composition of the film can to some extent be tuned in 
the sputtering process. This standard composition corresponds to a Ga/(In+Ga) ratio of 0.26, also 
equivalent to CuIn0.88Ga0.31Se2.2. 

High purity raw materials (99.999%) were chosen for manufacturing of the test target. Previous studies 
show no adverse impact on efficiency when moving from 6N to 5N purity of the In source [127]. Many 
target suppliers state a 99- 99.999% purity for their targets [128][129][130]. 

There are several ways to report purities. In theory, absolute purity means that the product is free from all 
other elements to the extent stated by the purity limit. This is not feasible in reality; the product is in 
general not tested regarding all foreign elements. Rather, the most common or detrimental substances are 
chosen for scanning. Another commonly adopted way to report purity is on metals basis, which excludes 
non-metallic species such as oxygen and sulfur. Naturally, this means that a relatively high level of, for 
example, oxides may be present in the raw material. While for some applications this may not pose a 
problem, it is potentially fatal for solar cell performance. 

There are some indications that elemental powders may be more readily processed through MA than 
binary compounds [122]. No evidence was found in literature to support that the use of a solvent could be 
beneficial; on the contrary, this could leave unwanted residues in the powder [123]. Thus, exclusively dry 
milling of elemental materials was chosen for the present study. 

Powdered materials have a large surface area per weight unit, and are thus more prone to react with 
species in the surrounding. Pieces of indium, gallium, sulfur and copper were initially used to keep the 
amount of oxides present as low as possible. However, selenium powder was chosen to simplify precise 
weighing to close compositions, as this was the species that could be purchased at the highest purity level 
in powder form. As the work proceeded, it proved necessary to introduce copper powder for complete 
milling. Likewise, samples were prepared using indium powder in an attempt to obtain the desired reaction 
under milder milling conditions; see section 9.4 for further details. 

All raw materials were characterized prior to further processing for an equal judgment of the purity level. 

Ferrous alloys have a strong negative impact on solar cell performance, why stainless steel was not 
considered for vial and balls. Copper has in some cases been reported to leave traces of elemental copper 
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in the milled powder. Agate balls and vials have not been proven to leave impurities in the prepared 
materials. Zirconia is regarded as superior to agate in terms of chemical resistance and mechanical 
durability, and has a high thermal shock resistance [131]. For the current application, zirconia was 
considered appropriate.  

Previous studies display a wide variety of milling times and rotational speeds. Some report conversion to 
CIGSe already at 150 rpm, although with some traces of elemental copper and a tendency to achieve the 
metastable cubic phase [46][99]. Others have used rotational speeds up to 1200 rpm [123][48][120]. The 
suitable time appears to be in the range of 30-120 min, depending on rpm and BPR. Frequently used ball 
to powder ratios appear to be in the range suggested by Soni [21]; between 5-30. None of the cited 
previous studies have employed a range of ball sizes, however Soni suggests that a distribution could 
enhance the rate of collisions. Additionally, loading the mill with different size balls is recommended by 
the mill manufacturer. Hence, the recommended settings for the mill used in the present study were 
employed. 

A fine grain size is in the pressing stage reported to enhance density and distribute pores more evenly, to 
reduce the likelihood of cracks in the samples, but also to increase the risk of contamination from the vial 
and balls during milling. Selenium deficiency in the resulting film has been reported in sputtering of fine-
grained targets. As the grain size is rapidly reduced for the first time after completed reaction, followed by 
a levelling out of size reduction, a reasonable assumption is that the milling should be continued for a 
relatively short time once the desired phase is obtained. Selenium volatilization introduced by fine grains 
in the target and resulting deficiency in the film was, in the present case, considered possible to control 
through appropriate sputtering conditions. A well recrystallized tetragonal phase in the final compact has 
been proven, irrespective of the nature (tetragonal/cubic) of the starting powder [99][46]. This allows for a 
certain freedom of choice of ball-to-powder ratio, as its connection to metastable cubic or tetragonal final 
powder may not be of great importance in respect to the resulting compact. 

HIP has in earlier studies given higher density than cold pressing and sintering [19][90], and is generally 
recommended when a uniform microstructure is desired. The ejection phase has proven to be the most 
critical part of the pressing process. [126]. It is possible that the ejection from a HIP mold is gentler than 
from a HP die, and therefore less likely to introduce flaws. Thus, HIP could be considered for compaction 
of the final target, while HP was employed as a cheaper evaluation method to find a suitable pressure level 
and time. FAST could be an interesting alternative as the technique has proven capable of achieving high 
densities and good throughput rates. The compaction temperature should be kept below 0.8 times the 
melting temperature, i.e. below approximately 800°C, in order to avoid development of liquid phases. 

 

7.1 On safety 

The most important safety issues were identified as 1) proper handling of the materials, their properties 
and possible toxicity, and 2) the risk of explosions or broken equipment due to exothermal reactions, heat, 
pressure, or a combination hereof. 

7.1.1 Material properties and handling 

Working with fine powders means that the risk of inhalation has to be considered, as well as the risk of 
accidental skin contact or oral intake. A glove box provided protection not only for the samples from the 
atmosphere, but also for persons handling the materials. Nitrile gloves were used for material handling 
outside the glove box. Material safety data sheets for the raw materials in short state the following:  
 
Copper in its pure powder form is flammable and very toxic to aquatic life, with long lasting effects. 
Symptoms of copper poisoning in humans may include capillary damage, headache, cold sweat, weak  
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pulse, vomiting and diarrhea, kidney and liver damage, central nervous system excitation followed by 
depression, jaundice, convulsions, paralysis, and coma. Death may occur from shock or renal (kidney) 
failure. Chronic copper poisoning may cause damage to many of the inner organs. [132] 
 
Indium is flammable and harmful to the respiratory system. It can cause skin- and eye irritation. Symptoms 
of exposure may involve cough, shortness of breath, headache, and nausea and vomiting. The knowledge 
of the material’s properties and toxicity is limited. [133] 
 
Gallium can cause severe skin burns and eye damage, and if inhaled it may seriously damage the mucous 
membranes of the respiratory tract. It may inhibit DNA repair, and damage the bone marrow. Cough, 
shortness of breath, headache, nausea, vomiting, and metallic taste are among the known symptoms of 
exposure. [134] 
 
Selenium is associated with acute toxicity upon inhalation or oral intake, as well as chronic aquatic toxicity. 
Danger of cumulative effects has been reported. Among the symptoms of intoxication are anemia, 
vomiting and diarrhoea, skin eruptions, cough, and breathing difficulties. The teeth may be discolored or 
decayed, and partial loss of hair and nails can occur. Chronic exposure by inhalation can produce liver and 
spleen damage, as well as any of the other previously mentioned symptoms. Chronic contact with 
selenium compounds may give rise to emotional instability, nervousness, or depression. [135] 
 
Sulfur is irritating to the skin and toxic to aquatic organisms, although it only carries a warning symbol. 
Symptoms of exposure may include a burning sensation, coughing, wheezing, eczema, shortness of breath, 
headache, nausea, and vomiting. [136] 
  
Exposure to indium, gallium or selenium in more than very small doses is extremely rare, why long-term 
health effects such as carcinogenicity or reproductive disorders are not well known. The exposure should 
thus be kept minimal. 

7.1.2 Exothermal reactions and pressing 

Because the formation of CIGSe is strongly exothermic, it was important that the reactions took place 
under controlled forms. Very small material quantities were used in the initial stage. The risk of smoke 
generation and possible inhalation of fumes had to be considered, as well as the risk of an overpressure 
being generated inside the mill or press. 

Before further processing of the milled powders, it was essential to ensure that no elemental materials or 
binary compounds remained. The sample must be completely reacted to avoid safety hazards during the 
compaction. Pressing of Cu, In, Ga and Se combined in their elemental forms has been known to cause 
powerful explosions. 

The risk of breakage of the pressing equipment as a consequence of the applied heat and pressure had to 
be considered, thus the equipment materials were test pressed prior to the experiments. Further, a cold 
pressing experiment was carried out before moving on to hot pressing. 
 

8 Experimental 

The procedures for sample preparation, including acid pickling, and raw material characterization are 
described in the following section. Before moving on to the milling and pressing stages, spent targets were 
investigated.  
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8.1 Sample preparation 

The raw materials were delivered vacuum packed and were put in a glove box purged with nitrogen gas 
before opening in order to avoid oxidation. The samples were entered into the characterization equipment 
within 15 minutes of removal from the protected atmosphere. Loading of the milling vials was performed 
inside the glove box, which was constructed from 6- and 10 mm electro-static dissipative (ESD) 
polycarbonate (PC) sheets delivered by Nordbergs Tekniska AB. The sheets were joined together using 
Acrifix 108 solvent, and sealed with silicon. A very light overpressure was maintained inside the box to 
prevent air leakage from the surrounding into the box. A transfer chamber with a Venturi vacuum pump, 
that converts pressure supplied by compressed air into suction at the chamber end, was used for moving 
samples between protected and ambient atmosphere. A rough pressure reading in the transfer chamber 
was achieved through a manometer with an operating range of -1 to +2 bar. When the pressure had been 
decreased to -0.3 ~ -0.5 bar, the vacuum pump was turned off and nitrogen let into the chamber until 
atmospheric pressure was reached. This procedure was repeated at least 5 times before opening the gate to 
the main chamber. The glove box can be seen in Figure 48. 

 

Figure 48. The glove box used for material handling. [79] 

For additional protection, a Menuett vacuum sealer for food preservation was used to seal the material 
bags in a nitrogen atmosphere between uses. Weighing of samples was performed with a Fisher Scientific 
SG-123 (120 x 0.001 g) scales. The temperature and humidity inside the box were monitored with a Lascar 
EL-USB-2 data logger, combined with Lascar EasyLog Software. 

To be able to mount the specimens in the SEM, double-sided carbon tape specifically designed for the 
purpose was employed. For identification of contributions from the tape, an EDS scan was performed on 
the tape. Powder samples were poured onto the tape, pressed slightly to achieve good adhesion between 
the particles and the tape, and the excess powder was removed through gentle tapping of the sample 
holder followed by blowing with compressed nitrogen. 
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For mounting samples prior to XRD, Faber Castell tack-it was initially used. It was later replaced with 
4Office glue stick and all scans were repeated using this mounting material, after discarding paraffin and 
beeswax as candidates for this purpose. The choice of material is further described in section 9.1. The 
sample to be examined was partially inserted into the glue, and the surface was pressed level with the 
sample holder edge using the bottom of a clean glass beaker. A scan of the plastic sample holder was 
performed to identify any additional peaks. A sample holder can be seen in Figure 49. 

Figure 49. Sample holder. 

Powdered materials subjected to XRD were crushed with a spoon to rid lumps, then poured into a clean 
sample holder. The surface was levelled by running the handle of a spoon across the top of the sample 
holder. Sulfur was examined both as-is, i.e. in lump form, and crushed to a powder. 

The metallic raw materials were examined both in untreated state, and cut with a wire cutter to expose a 
new, clean surface. Only the indium shots were too small to cut prior to diffractometry. In the case of 
gallium, whose droplets had a different appearance on the top and bottom side respectively, it was 
examined on these two sides separately. 

Copper pieces were pickled using glacial acetic acid (chemical formula CH3COOH) in an attempt to 
remove surface oxides, a method described by Chavez and Hess (2001) [137]. The copper was placed in a 
beaker with undiluted glacial acetic acid (Scharlau AC0342, extra pure) on a Bibby Scientific CB162 
magnetic stirrer hotplate and heated to 30°C. The treatment was continued for 10 minutes under stirring 
at 330 rpm. The reason for using a lower stirring rpm than Chavez and Hess was that the 500 rpm 
suggested by them was found to lead to splashing of the acid. The pieces were rinsed with DI (deionized)  
water and blow dried using compressed nitrogen. 

Another method tried for removal of surface contaminants was pickling in hydrochloric acid (HCl). 
Copper pieces were placed in 25% Scharlau reagent grade HCl (corresponding to density 1.124 g/cm3 
[138]) diluted with 40% water by volume at room temperature. The solution was mildly shaken by hand 
for 3 minutes, then the copper was rinsed thoroughly in DI water and blow dried with N2. The method 
for pickling of copper in HCl is described in the ASM Specialty handbook - Copper and Copper Alloys 
[139]. Here, HCl of 1.16 g/cm3 specific gravity is suggested (approximately corresponding to 32% 
concentration), diluted with water to 40-90 vol%. The molar concentrations were calculated for 
comparison, based on the molar mass (M) of HCl, 36.458 g/mol, and Equations 13 and 14.  = � ·                                                                                                                                      = �                                                                                                                                              
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The HCl solution used for copper pickling in the present experiment was slightly stronger than a 40 vol% 
solution of  1.16 g/cm3 HCl (4.6 M and 4.1 M respectively), and thus falls within the suggested span [139]. 

Indium shots and gallium metal were etched using 25% HCl in a 10 vol% solution for 3 minutes at room 
temperature under mild shaking by hand. The metals were rinsed first in DI water and then in acetone, 
before blow drying with N2. The etching process for indium has been described by the Indium 
Corporation of America [140]. Reports of etching or pickling processes for pure gallium were not found. 
In lack of such, the same method as for indium was used, as gallium is dissolved by hydrochloric acid 
[141]. 

The zirconia vials and balls were ultrasonically cleaned in the standard substrate cleaning bath used by the 
company; this consists of 10 ml YES washing up liquid, 15 ml sodium phosphate dodecahydrate (Baker), 
and 75 ml of 25% ammonia solution (analytical reagent grade , Fisher Chemical) dissolved in 25.7 l water. 
The cleaning was performed for 10minutes at 70°C, and the balls and vials were thoroughly rinsed in DI 
water, then rinsed in acetone, blow dried, and baked at 220°C for 15 minutes. A vial cleaning process 
including acetone rinsing and baking has been described by Wurl and Obbard (2005) [142]. The heating 
process was stopped for 15 minutes at 100°C before proceeding to higher temperatures to ensure that 
thermal cracks would not be induced due to rapid heating. 

For practical reasons, the vials and balls were not cleaned between samples. Different vials were used for 
milling of CIGSe and CIGSSe to avoid contamination. 

Metallic mesh of 200 and 325 mesh was glued with silicon to the end of two pieces of copper tube. When 
required, these were used for sifting the powder prior to pressing. 

8.1.1 Uncertainty in the weighing procedure, composition, and density 

The uncertainty in the weighing procedure was estimated using the root sum square (RSS) method for 
independent and random uncertainties in a sum, presented in Equation 15 [143]: � =  √ � + ⋯ + �                                                                                                     

In this case, q would be the error of the total weight, and x… n the errors of the weight so f each of 
the elements. The formula does not account for any calibration errors or other systematic errors.  

A sensitivity analysis of the compositional deviations was performed based on a 2 g sample. 

In a product or quotient, the sought fractional error is the square root of the sum of fractional errors 
according to Equation 16 [143]: �| | = √( x) + ⋯ + ( x)                                                                                                     

Concerning the density measurements, the analysis was based on the average mass of the weighed 
samples, and on the average mass of the water replaced when the samples were immersed. 

8.2 Material characterization 

The raw materials were delivered by China Rare Metal Material Co., Ltd (hereafter the abbreviation CRM 
will be used) in the form of copper chunks (<3 mm), indium shots (1-2 mm), gallium metal droplets, 
selenium powder (-200 mesh), sulfur lumps, and CuInGaSe powder (ordered composition Cu22.8, In20, 
Ga7, Se50.2 at %), -200 mesh. The purity stated by the supplier was 99.999% for all materials except 
selenium powder 99.995%. Also copper powder (60-100 mesh 99.99%), and indium powder (200 mesh 
99.99%) from Guangzhou Youyuan Metals & Chemicals Co., Ltd were used; these powders were not 
vacuum packed. 
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A Hitachi S-4800 scanning electron microscope with Bruker Quantax 800 EDS was used to characterize 
the samples. An acceleration voltage of 20kV was employed, and the working distance for EDS was 14 
mm. To ensure a fair comparison between samples, material specific methods for background adjustment 
and element identification were developed. All samples of a certain material were characterized using the 
same method. Hence, it was ensured that errors originating from the methods were equal in all samples of 
the same material. Three EDS scans from slightly different locations were taken for each of the milled 
powders, and the average composition for each sample was calculated. Carbon and oxygen were excluded 
in the calculation of average compositions to allow for comparison with the composition aimed for. 

The particle size of the milled materials was determined using the linear intercept method. A ruler was 
placed randomly over the micrograph three times, and the average grain count and corresponding size was 
calculated. 

For XRD, a Siemens Kristalloflex D500 diffractometer combined with DiffracPlus EVA software for 
evaluation of the results was used. The equipment was operated at 20 mA and 40 kV with copper K -
radiation. In addition to the built-in databases, a user specific database was created from the peaks found 
in the raw materials.  

4-point probe measurements were used to estimate the bulk resistivity of the pressed materials. For this, a 
Tencor 50-0002-01 type A probe with a tip spacing of 1 mm (40 mil) was used. The voltage range was set 
to 2 V (-1 to 1). The step was 0.1 V, and the time interval between steps was 0.5 s. The probe was 
connected to an Agilent U2722A Source Measure Unit used with Agilent Measurement Manager software. 

The carrier types of the pressed samples and spent target pieces were determined through hot probe 
measurements. A soldering iron heated to 350˚C was attached to the positive probe of a Fluke 187 True 
RMS Multimeter with resolution 0.01 µA. The probes were held as close to each other as possible, yet 
only brought into contact with the sample material. A test of the setup was performed on a p-type boron 
doped silicon wafer from MEMC Korea Company. The spent target pieces were examined both on the 
top (sputtered) side and on the bulk material side. 

The density was determined by Archimedes’ method. A Fisher Scientific SG-123 scales with 0.001 g 
resolution was used for weighing. The scale pan was covered with a crystallizer glass turned upside down 
to reduce draft, and to facilitate centering of the material on the scales. A small hole through which the 
line could pass was drilled in the center of the crystallizer. The setup was enclosed in a metal box to 
reduce static and electromagnetic interference. The fluid used was water, with a tiny drop of washing up 
liquid for surface tension reduction. A single hair was used as the line supporting the measured material. 

8.3 Examination of spent targets 

Target samples were taken from two targets used at the company, one of which performed well during 
sputtering, and one with poor sputtering performance. The performance is judged both on basis of the 
obtained quality of the sputtered film (cell performance) and the possibility to tune the sputter parameters. 
In some cases, it may not be possible to find process settings that will allow the target to sputter at all, or 
the target is damaged (eg. pinholes, cracks, or deposition on the target surface). The high performance 
target was labelled target 1, and the low performance target will be referred to as target 2. The samples 
were chipped off the target surface at four locations: near the center of the target (r=1 cm), around half 
the radius (r=6 cm), near the edge (r=11 cm) and at the race track (approximately r=9 cm). The positions 
were labelled a, b, c, and RT, respectively. The target pieces were examined on the unexposed side, as the 
initial properties of the target material, before any substantial depletion or other altering mechanism has 
taken place, are of greatest interest to this project. All pieces were subjected to SEM and EDS, but only 
the edge pieces were large enough to be examined by XRD. The oxygen and carbon contamination was 
measured through EDS, but these peaks were excluded when the composition was compared to the aimed 
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for standard composition. Further, the bulk resistivity and density were determined for the target edge 
pieces, and the carrier type for the pieces from all locations, employing the same equipment and methods 
as for the pressed samples. 

8.4 Milling 

A Nanjing University Instrument Plant QM-3SP04 Planetary Ball Mill was used for milling. The maximum 
rotational speed was 600 rpm. It was equipped with four zirconia vials, which must be loaded into the mill 
in even pairs to maintain balance during operation. When it was desired to use only one vial at the time, an 
empty vial was mounted opposite the loaded one. Zirconia balls with 10 and 6 mm diameter were used as 
a grinding medium. The manufacturer recommended a mixture of 16 large balls per 100 small for most 
efficient grinding; this corresponds to approximately 50 wt% of each ball size. This setting was used for 
the experiments. The vials were not cleaned between batches. 

The rotational speed was between 250 and 600 rpm, and the weighed up ball to powder ratio was either 
5:1 or 10:1. However, this changed as part of some of the samples were taken out at various times. Milling 
was conducted for up to 480 min. A list of the samples is presented in Table 7 - Table 11. 
 

Table 7. List of milled samples prepared with copper chunks and indium shots. 

Sample Vial Milling 
time 

[min] 

BPR Rotational 
speed 
[rpm] 

Initial 
weight  

[g] 

Starting 
composition [at%] 

s1 1 120 10 250 5.509 23/20/7/50.1 

  60  500   

  45  600   

s2 2 90 10 250 4.182 22.7/20/7/50.3 

  60  500   

  285  600   

s3 3 240 9.7 600 14.532 Cu 

  120 12.3 600  Cu 

s4 1 120 10 600 16.898 22.8/20/7/50.2 

Table 7. List of milled samples prepared with copper chunks and indium shots. 
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Table 8. List of milled samples prepared with copper powder and indium shots. 

Sample Vial Milling 
time 

[min] 

BPR Rotational 
speed 
[rpm] 

Initial 
weight  

[g] 

Starting 
composition [at%] 

s5 2 30 10 250 5.509 22.8/19.9/7/50.3 

  30  300   

  30  350   

  30  400   

  30  450   

s6 1 30 5 450 9.305 22.8/20/7/50.2 

s7 2 30 5 400 6.668 22.8/20/7/50.2 

  30  400   

  30  450   

s8 2 30 5 600 9.372 22.8/20/7/50.2 

  30 10 600   

  30 11.2 600   

s9 1 120 5 450 5.352 27.7/13.6/7/51.7 

  30 10 500   

Table 8. List of milled samples prepared with copper powder and indium shots. 
 

Table 9. List of milled samples prepared with copper powder and indium powder. 

Sample Vial Milling 
time 

[min] 

BPR Rotational 
speed 
[rpm] 

Initial 
weight  

[g] 

Starting 
composition [at%] 

s10 1 30 5 400 3.384 24.9/17/7/5.1 

  30 5.3 450   

  120 5.8 450   

  120 6.2 450   

s11 2 30 9.8 400 1.801 23.8/19.1/7/50.1 

  30 11.3 450   

  120 13.5 450   

  1209 16.7 450   

s12 1 30 4.9 600 1.688 23.9/19.1/7/50 

  30 6.1 600   
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Table 9. List of milled samples prepared with copper powder and indium powder. 

 

Table 10. CIGSSe sample prepared with copper powder and indium powder. 

Sample Vial Milling 
time 

[min] 

BPR Rotational 
speed 
[rpm] 

Initial 
weight  

[g] 

Starting 
composition [at%] 

s14 1 30 5.1 600 2.013 25,5/18/7/10/39,5 

  30 6 600   

  120 7.4 600   

  120 10.3 600   

Table 10. CIGSSe sample prepared with copper powder and indium powder. 

Table 11. Sample with binary starting composition, prepared with copper powder and indium 
powder. 

Sample Vial Milling 
time 

[min] 

BPR Rotational 
speed 
[rpm] 

Initial 
weight  

[g] 

Starting 
composition [at%] 

s15 2 60 5 600  In+Se 

  30 5.4 600 7.538 23.9/19.1/6.9/50.1 

  30 6 600   

  120 6.7 600   

  120 7.7 600   

  120 8.8 600   

Table 11. Sample with binary starting composition, prepared with copper powder and indium powder. 

The intensity of the (101) peak as percent of the (112) peak was calculated for sample 10-13 using net 
height calculation in DIFFRACplus EVA. 

  120 8.2 600   

  120 12.9 600   

s13 2 30 9.9 600 1.838 25.6/17.9/7/49.6 

  30 12.1 600   

  120 15.8 600   

  120 22.1 600   

s16 2 30 5 350 7.146 23.2/19.5/6.5/50.8 

  270 5 600   

s17 2 30 5 300 9.984 23/20/6.2/50.8 

  270 5 600   
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In sample 9, the powder was heavily stuck to the vial walls after finalized milling. It was carved off 
through energetic striking with the blades of a pair of stainless steel scissors. This treatment triggered a 
SHS, described in Section 9.4.  

A similar reaction was intentionally caused in samples 16 and 17 through milling at a relatively low 
rotational speed (300-350 rpm) for 20-30 minutes. Scraping with the scissors almost immediately 
initialized the reaction. 

8.4.1 Annealing of milled samples 

Samples 4 and 12 were chosen for an annealing experiment aimed to relieve micro stresses induced in the 
powders during milling. The annealing was performed in a converted household oven with a nitrogen inlet 
and control valve. No sealing of the atmosphere was fitted, instead the oven was continuously purged 
during operation. The samples were placed on the lid of one of the milling vials during annealing. 

Sample 4 was placed in the oven, which was then purged with nitrogen at maximum flow rate for 1 hour 
before heating. The nitrogen flow was reduced slightly during the heating process. The temperature was 
increased to 150˚C, held for 15 minutes, and then increased to the maximum temperature of the oven, 
approximately 300˚C. After holding at this temperature for 2 h, the sample was allowed to cool naturally 
inside the oven. The nitrogen flow was maintained until the sample was removed. 

Sample 12 was treated the same way as sample 4, except that the temperature was only maintained for 1h, 
and the nitrogen gas flow was kept at maximum flow for the entire process. 

8.5 Pressing 

The pressing equipment consisted of two metal punches fitted into a graphite cylinder with a 10 mm 
diameter hole. This was in some cases split lengthwise in two parts to facilitate the removal of the pressed 
piece. The graphite cylinder was placed into a steel tube providing additional support to the graphite. The 
steel tube was surrounded with kanthal wire electric resistance heaters connected to a Delta Elektronika 
power supply SM 300 – 10 D. Zircar SALI-2 porous alumina/silica refractory boards provided insulation 
and protection around the heating elements. A refractory collar was placed around the top punch for 
insulation, and a Macor3 plate was placed under the bottom punch for the same reason. A metal plug was 
used in the center of the Macor to relieve excess pressure and avoid cracking of the material. Between the 
metal punches and the sample, small rounds of graphite sheet were placed. A small funnel was used to 
pour the powder into the graphite cylinder. The temperature was measured using a K-type thermocouple 
inserted into a small hole drilled in the graphite, as close to the center of the piece as possible. The 
thermocouple was connected to a Pico TC-08 Thermocouple Data Logger giving a 0.025˚C resolution, 
and PicoLog Recorder software was used for data acquisition. A 10 ton hydraulic press supplied the 
pressure. The front was covered by PMMA doors for safety. Photographs of the pressing equipment can 
be seen in Figure 50 and figure 52. Additionally, Figure 51 shows a cross sectional sketch of the kiln with 
the die and punches inserted. 

                                                      
3 A glass ceramic with good high temperature performance and relatively low heat transfer coeffincinet (1.46 
W/(mK))[144]. 
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Figure 50. Pressing equipment. Front row from the left: Macor slab with steel center, bottom punch with thermocouple, graphite mold, and top punch 
with alumina refractory collar. In the background: SALI-2 kiln containing the resistance heating elements and steel tube. [79]   

 

 

Figure 51.Cross sectional sketch of the kiln with all internal parts in place: 1. The CIGSe pellet, 2. Steel punches, 3. Thermocouple, 4. Graphite die, 5. 
Insulating refractory collar. These parts are surrounded by the supporting steel tube, heating elements and refractory walls. 
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Figure 52. The pressing tools and heater mounted in the press. [79] 

 

8.5.1 Pressing experiments 

The Macor used for insulation was subjected to a pressure test prior to involvement in the pressing setup. 
Both a large plate, covering most of the press cylinder, and an approximately 1x1 cm piece were put under 
increasing pressure until fatal fracture was induced. 

A cold pressing experiment was carried out to test the equipment before hot pressing was attempted. 
1.154 g of CRM CIGSe powder was poured into the pressing die, and approximately 0.5 ton pressure 
(corresponding to 62 MPa) was applied. The pressure was held for 2 hours before the sample was 
removed. 

For all of the hot pressing events, the power supply was stepped up manually attempting to maintain a 
heating rate of maximum 10˚C/min. An overview of the process parameters can be found below in Table 
12. Dwell time here refers to the time for which the sample was held at constant peak temperature before 
pressing. 
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Table 12. Process parameters employed for pressing of samples p1through p6. 

Sample 
Temperature 

[˚C] 
Pressure 
[MPa] 

Dwell time 
[min] 

Pressing 
time [min] 

Powder 
mesh size 

Initial 
pressure 

p1 750 25 - 120 200 No 

p2 700 100 - 180 -200 Yes 

p3 700 25 30 150 -325 No 

p4 750 25 30 150 200 No 

p5 627 25 - 120 200 No 

p6 630 62 - 10 200 No 

Table 12. Process parameters employed for pressing of samples p1through p6. 

For sample p1, 2.016 g of the CRM CIGSe powder (200 mesh) was poured into the pressing die. When a 
temperature of 750˚C was reached, the press was set at 0.2 ton (corresponding to 25 MPa). After the two 
hours, the power was switched off and the sample was allowed to cool naturally in the press. 

Sample p2 was prepared using -200 mesh powder from sample 15, milled for 480 minutes. The graphite die 
was not split prior to pressing. A barely noticeable pressure was applied from the start. After reaching 
700˚C, 100 MPa pressure was immediately applied. This was adjusted at several occasions during the 3 h 
pressing. The sample was allowed to cool naturally with the pressure remaining. 

For sample p3, 2/3 of s16 and 1/3 of s17, both -325 mesh, was used. After reaching 700˚C, 30 min dwell 
time was allowed before pressure was applied. 25 MPa was maintained for 2.5 h with several adjustments, 
then it was released and the temperature was slowly reduced to room temperature. A split graphite die was 
used. The steel tube was reshaped after finished pressing before any further experiments were attempted. 

For sample p4, the supporting steel tube was coated with graphite slurry (Acheson colloidal graphite in 
water, batch no. 460) to facilitate extrusion of the graphite die. Mica sheets were placed between the metal 
punches and the graphite sheet protecting the sample. 200 mesh CIGSe powder with 60% s16 and 40% 
s17 was used as the starting material. The sample was held at 750˚C for 30 min before application of 25 
MPa pressure. This was adjusted several times. After 2.5 h, the heating was stopped and the sample 
allowed to cool naturally without relieving the pressure. 

Sample p5 was pressed using a steel tube with thicker walls (5 mm). This tube was slightly too short for the 
present setup, resulting in the heating zone being placed above the center of the tube. The temperature 
could not be increased above 627 ˚C with the current settings of the power supply. Graphite slurry was 
used as a coating between the stell tube and the graphite die, and Mica sheets were placed next to the 
metal punches. The sample was prepared using 200 mesh powder from sample 17. 25 MPa pressure was 
applied as soon as the temperature reached its maximum. It was not adjusted any further. After 2 h, the 
sample was left to cool naturally. 

Sample p6 was pressed in a thick walled steel tube without any internal graphite die. The powder used to 
prepare the sample consisted of 50% s16 and 50% s17, 200 mesh. Graphite slurry was applied on the steel 
tube, and Mica sheets followed by graphite sheets were placed between the punches and the powder. No 
initial pressure was applied. The maximum temperature was approximately 630˚C. 62 MPa pressure was 
immediately applied, and maintained until the sample reached approximately 250˚C, which took just over 
10 min. Natural cooling started directly at reached maximum temperature. 
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9 Results and discussion  

This section presents the results from the various steps in the process, starting with the sample 
preparation and uncertainty analysis. This is followed by the examination of raw materials and used 
targets, to get an overview of what the starting point and goal was. The milling section is divided into sub-
groups according to the used raw materials and the order in which these were combined. The resulting 
compositions and grain sizes are analyzed, and the results from the annealing experiment are presented.  

The results from the pressing stage are presented starting with the test pressing of equipment that was 
performed prior to starting the experiments. Also, a cold pressing test was performed before the hot 
pressing experiments. These are first described in terms of the findings during the pressing and resulting 
microstructures, then the compositions and their relation to the raw materials and milled powders are 
analyzed. Finally, the results concerning the electrical properties and density measurements are discussed. 

9.1 Results concerning the sample preparation procedures 

It can be concluded that the protective atmosphere in the glove box was reasonably well maintained. The 
temperature exhibited a weekly as well as a daily variation, with lower temperatures during the weekends 
and nights. The relative humidity (RH) was below 5% at all points and close to zero most of the time; this 
can be compared to the normal outdoor RH value in July in the Stockholm region, which is approximately 
80% [145]. The observed peaks can be related to periods when materials were frequently transferred 
between the box and the surrounding environment. None of the peaks match the weekends, as seen in 
Figure 53. 

 

Figure 53. Temperature (red) and relative humidity (blue) measured inside the glove box between June 26th and October 18th. 

High carbon content in the EDS spectra of the material samples may partially result from carbon 
contamination in the sample chamber, which is an unavoidable effect of outgassing from the samples 
(present sample as well as previously analyzed) due to the chamber vacuum, and subsequent re-deposition 
on the surface [146]. Furthermore, the carbon tape is likely to have contributed to excessive carbon 
readings. The EDS of the double sided carbon tape used for sample adhesion in the SEM indicated, as 
expected, mainly carbon and oxygen.  

A scan of the Faber Castell tack-it employed for sample mounting for XRD revealed distinct crystalline 
peaks which matched well with those of zinc oxide, aluminum silicate, and titanium oxides.  

As the tack-it displayed relatively sharp peaks at several angles, it had to be replaced with a material with a 
more amorphous structure and peaks that would minimize the risk of overlapping with those of the 
examined samples. The mounting material must allow good adhesion to the sampe, and be moldable 
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enough to allow sample insertion and adjustment to a level parallel with the sample holder top. It must 
further be durable enough not to deform or melt during the course of the experiment. 

Beeswax was examined as an alternative for its suitable sticking and molding properties. However, the 
diffractogram displays significant peaks around a 2θ-angle of 21 and 24 degrees, along with some less 
distinct peaks at higher angles. The main peaks correspond reasonably well to a variety of sugars and 
hydrocarbons. A 4Office glue stick was found to have appealing properties in terms of both sticking and 
moldability, as well as a diffractogram lacking sharp peaks. Only a soft hill in the low range is visible, likely 
originating from a variety of hydrocarbons.  

The superior properties of the glue stick compared to the wax and tack-it are clear to be seen when the 
diffractograms are plotted in the same graph as in Figure 54. 

 

 

Figure 54. Diffractograms of tack-it (black), beeswax (blue) and glue stick (red) plotted together. 

The glue stick contributes with soft peaks in the low regions of the XRD scale, particularly a peak around 
a 2θ-angle just under 23°. This has to be kept in mind during the interpretation of the other 
diffractograms; peaks in this area may not originate from the sample but from the mounting material. 
Powder samples, which were not fastened using glue but poured straight into the sample holder, will not 
exhibit these additional peaks.  

A scan of the XRD sample holder was performed to exclude additional peaks originating from this. The 
result is shown in Figure 55; only a soft hill under 30˚ is present. 
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Figure 55. Diffraction pattern of the sample holder used at the company. 

 

9.1.1 Results and discussion concerning the uncertainty in the weighing 

procedure, composition, and density 

The scales used for weighing the materials had a resolution of 0.001g. Under the present conditions, 
however, it must not be expected to reach that level of accuracy. The confined atmosphere of the glove 
box meant that the pressure in the box was altered whenever the operator moved the gloves, which was 
noticed as considerable fluctuations of the readings. These fluctuations could reach several hundredths of 
a gram. It was thus essential to keep absolutely still for at least 10-20 seconds before every weighing, and 
to move as little as possible when placing the specimen on the scales. By doing so, it was estimated that 
the accuracy could be kept within +/-0.003 g. Approximately the same accuracy range could be held in 
the material handling; because of the difficulty in hitting the exact amount, a material specimen was 
accepted when the reading on the scales was close enough to the goal. Particularly when using copper and 
indium in chunk and shot form, good accuracy proved impossible to obtain. The powders were easier to 
handle in terms of weighing to precise amounts. Gallium could not be bought in powder form. Therefore, 
a gallium piece was weighed first, and the amounts of the other elements were calculated based on this. 

It was assumed appropriate to consider the errors in the weighing independent and random; the 
fluctuations in readings due to pressure changes were not systematic, and the acceptance of off-target 
values could lead to a higher weight just as well as to a lower. Thus, the use of the root square sum 
formula was justified. Assuming a 0.003 g error due to instability of the reading for each of Cu, In, Ga and 
Se, and an additional 0.003 g each for accepting readings that were off target, Equation 15 would become  � = √ ∙ . ≈ .                                                                                                                     
meaning that the maximum error in the total weight would be 0.008 g. In a 2 g sample, this represents 
0.4%, and obviously less in a larger sample. 

Gallium was the element that was present in the smallest amounts. If this was weighed with a 0.003 g 
error, and the instability added error in the same direction, this would for a 2 g sample of standard 
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composition (requiring 0.119 g Ga) mean that the maximum percental error in Ga is described by 
Equation 17:   �  = ∙ .. ∙ = . %                                                                 

The lowest resulting fraction of Ga would then, along with the 0.4% error of the total, be described by 
Equation 18: �  �   = . ∙ .. ∙ = .  %                                          

Thus, the final composition will at most deviate 0.06 percentage points for any of the constituents. 
Considering that most samples were larger than 2 g total weight, the errors here would be even smaller. 

Some material from the previous run were inevitably left on the vial walls and balls. This could lead to an 
additional error, particularly if the composition of the previous sample was very different. Cleaning of the 
vials between runs might have reduced the error originating from left material. However, whether or not 
such a treatment would have improved the overall accuracy can be disputed; a clean vial could have 
caused preferential deposition on the vial walls of some element, likely the soft metals In or Ga. With a 
previously used vial, this layer may already have formed, leaving all of the new material free to react. 

The weighing accuracy in the density measurements was supposed to be equal to that of the raw material 
weighing; 0.003 g. The average sample weight was 0.398 g, and the average weight of the replaced water 
was 0,075 g. Thus, Equation 16 becomes: 

�  �  = √( .. ) +  ( .. ) ≈ .                                            
i.e. the final error in the estimated density is approximately 4%. The sample sizes were, however, rather 
different; some were as small as 0.1 g, while samples p1 and p5 were both around 1 g. Hence, the error in 
the latter would be substantially smaller, around 1.5%. In the remaining samples could, on the other hand, 
errors could be expected to be very large. These calculations are, however, based on the estimated 
maximum inaccuracy of the weighing procedure, why the calculated densities are still presented. 

The volume of the hair was considered negligible, as it gave no response on the scales when immersed in 
water on its own. Another source of error is the possibility of trapped air on the material surface, which 
would lead to an overestimation of the density. The samples were moved up and down in the water until 
no bubbles could be seen. 

9.2 Results and discussion from the raw material 

characterization 

As received the raw materials showed signs of oxidation; eg. copper pieces, initially dull, showed a metal 
luster when cut or after acid treatment. A batch of raw materials prepared for milling can be seen in Figure 
56 a). In this case, copper powder and indium shots were used. To the right, in Figure 56 b), the indium 
powder that later replaced the indium shots. 
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 56. a) Raw materials. Clockwise from the left: copper powder, indium shots, selenium powder, and gallium droplet.     b) Indium powder. 

The copper pieces had a deep, reddish color without much luster. When cut, a brighter and shinier surface 
was revealed, indicating that an oxide layer may be present on the original surface. After treatment in 
acetic- or hydrochloric acid, the surface resembled that of the freshly cut pieces. The difference in 
appearance before and after acid treatment is shown in    Figure 57 Figure 57 a) and b). 

    Figure 57. a) HCl-pickled copper chunks (left) and untreated (right).               b) Acetic acid treated copper chunks (left) and untreated (right). 

Quantification of carbon by EDS is notoriously ambiguous, not least due to the used carbon tape. 
However, oxygen quantification is more accurate and the oxygen content in Cu showed a 70% relative 
reduction after acid treatment, which is consistent with an originally oxidized surface. The compositions 
are graphically presented in Figure 58. 
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Figure 58. Composition of copper samples after various treatments. 

Gallium did not show any significant response to acid treatment, see Figure 59 below. 

 

Figure 59. Composition of gallium samples with various treatments. 

Indium showed a similar picture as copper; the acid treatment significantly reduced the oxygen content as 
shown in Figure 60. 
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Figure 60. Composition of indium shots before and after HCl-treatment. 

Reported XRD peaks for the same material may differ significantly between different sources, why it can 
in some cases be difficult to choose an appropriate source; using all of the available may lead to peaks at 
almost every angle. Creation of a user specific database, where the obtained diffraction pattern from a 
material is used to designate the position and intensity of the peaks, ensured better identification of the 
raw elements in the milled materials. Indium is used to exemplify the principle, see Figure 61. 

 

 

Figure 61. Peaks identified in the user database (blue) compared to those of the built-in database (red). 

In this case, the correspondence between the built-in data and the user defined peaks is relatvely good. 
However, there are a few discrepancies: the user database displays a small peak just after 16°, that is not 
present in the built-in matching. Likewise, there are two built-in peaks at 2θ-angles of about 77° and 84°, 
that do not show up in the examined material. Hence, these peaks were not included in the user database. 
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Some of the database materials may have been scanned over a smaller range than the 10-90° used in the 
present study, which may explain some of the differences. 

The diffractogram from the selenium power did not show very distinctive peaks, but a curve that had an 
amorphous appearance, see Figure 62. Comparison to the database could only confirm weak selenium 
characterisitcs. 

 

Figure 62. Diffractogram of CRM selenium powder, with expected selenium peaks marked in red. 

The soft curve indicates that the selenium may to some extent be amorphous. Bindu et Al. (2002) report a 
resembling XRD pattern for their amorphous selenium films prepared by chemical bath deposition [147]. 

The resemblance with the expected sulfur diffractogram was difficult to determine because of the amount 
of peaks of similar intensity, both in the current sample and in the database. Figure 63 below shows the 
XRD pattern of sulfur pieces mounted in glue stick, and that of the same material in pulverized form. 
Light elements such as sulfur are in general more difficult to analyze, which can be the reason that there is 
a substantial variation among sulfur lines from different reports. None of the sources reported the peaks 
at the high angles observed in the current samples, possibly because these sources may have used a limited 
scan range. 

Crushing the sulfur pieces was expected to eliminate orientational preferences through increasing the 
number of randomly oriented pieces. Furthermore, the contribution from the glue stick would be 
removed, as the powder could be packed directly into the sample holder without using glue for adhesion. 
The approach was to some extent successful; the correspondence with the database values was better in 
the powder sample. In particular, the peak intensity was shifted in the chunk shaped sample. Note for 
example that the main peak is situated at 2θ≈23˚ in the powder sample and database, while the strongest 
peak is at approximately 27˚ in the chunk sample. This may be interpreted as anisotropy in the latter. 
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 Figure 63. Diffractogram of sulfur pieces mounted in glue stick (black) and the same material in power form (green). 

The gallium droplets were, as mentioned, examined on both top and bottom sides and on a freshly cut 
surface. The diffractogram of the fresh gallium surface and that of randomly oriented droplets can be seen 
in Figure 64. The matching with known gallium peaks was more obvious in the sample with a fresh 
surface.  

 

 

Figure 64. Diffractograms of a fresh gallium surface (red) and randomly oriented droplets (black). 
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Examination of the top and bottom surfaces and of the HCl-treated sample gave very weak signals 
compared to the newly exposed surface. No peaks significant enough to draw any conclusions regarding 
the structure were visible. 

All of the indium samples were found to be in good accordance with the database, see Figure 65. The 
indium shots were very small and cutting them for diffractometry was not viable, why only the original 
surface and the acid treated samples was examined through XRD. The indium powder showed all of the 
characteristic peaks, while the two smaller peaks just above 77˚ and 85˚ were barely visible in the patterns 
generated by the shots. No additional phases or impurities were identified. 
 

Figure 65. Diffractogram of untreated (black) and HCl-treated (blue) indium shots mounted in glue stick, and indium powder (red). The curves are 
shifted along the y-axis to improve visibility, and the expected indium peaks are marked. 

Copper chunks were scanned untreated and cut to expose a fresh surface, as well as pickled in 
hydrochloric- or acetic acid. The resulting curves can be seen in Figure 66, shifted along the y-axis for 
improved visibility. The additional peaks in the acetic acid treated sample can be attributed to the tack-it. 
Only the expected copper peaks were present in the other samples, disregarding the smaller peaks above 
2θ≈16˚ for which the glue stick is likely responsible.  

It can be seen that all samples mounted in glue stick display the small peak just above 16˚, while the pure 
powder samples and those mounted in tack-it do not. Intriguingly, this peak was not observed in the pure 
glue stick pattern (see Figure 54), although everything else points in the direction of the peak originating 
from the glue. 
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Figure 66. Diffractograms of untreated copper chunks (black), treated with acetic (blue) and hydrochloric (purple) acid, and a fresh copper surface (red). 
All were mounted using glue stick except the acetic acid treated sample, which was mounte in tack-it. The curves are shifted along the y-axis, and 

identified copper peaks are marked in black. 

 

The CIGSe powder from CRM was used as a reference for the milled CIGSe powders. EDS of the CRM 
material gave a composition of 21.4/20.5/6.2/52.0 at% measured on normalized carbon- and oxygen free 
basis.  

XRD of the same powder showed good agreement with the expected CIGSe pattern. In addition, indium 
selenide and traces of pure copper seemed to be present. The pattern, with all known CIGSe peaks from 
the database marked, is presented in Figure 67. 
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Figure 67. Diffractogram of CRM CIGSe powder with the expected CIGSe peaks marked. 

 

9.3 Results and discussion from the examination of spent 

targets 

In all the comparisons between pressed materials and spent targets, the fact that the targets were 
investigated in the used condition should be kept in mind. Thus, all properties may to some extent have 
changed during sputtering. They may, anyhow, give an indication of the desired target properties, and this 
was the only way to get a comparison of targets with proven performance levels.  

The high-performance target had slightly finer grains than the low performance target, and the shape of 
the grains appear to be slightly less sharp, see Figure 68 a) and b). The largest grains in the poor target are 
about 80 µm, compared to 60 µm in the good target. Tamura et Al. have suggested that the grains should 
ideally be 20-60 µm for optimum sputter performance [84]. Pores can be seen in the grain boundaries of 
the low performance target, but not in the high performance one. No obvious difference in the 
microstructure can be seen between different locations in the same target. 
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Figure 68 a) and b). Micrographs of a poor target (left) and good target (right) at 300 times magnification. The width of each picture is about 420 µm. 
These samples were taken at r=6cm (position b) 

Average compositions concerning only Cu, In, Ga and Se were 22.6/20/6.7/50.6 and 22.4/19.3/6.3/52, 
respectively; closer to the requested composition in the high performance target. The radial compositional 
trend is plotted in Figure 69 a) and b) respectively for the high- and low performance targets. Here, the 
compositions were normalized with respect to Cu, In, Ga and Se to allow for easy comparison with the 
goal composition. The good target was slightly more homogeneous over the measured range. 

          
        Figure 69. a) Radial composition development for target 1(good)                      b). Radial composition development for target 2 (poor) 

 
As seen in Figure 70, the position of the peaks match the expected CIGSe peaks well both for the high 
performance target (1) and the low performance target (2). The intensity, on the other hand, shows signs 
of structural orientation in the samples. Normally, in a fully isotropic sample, the (112) peak is the 
strongest line. Here, both the (220/204) and the (312/116) peaks have higher intensities. The result is not 
surprising; a part manufactured through axial pressing would be highly likely to display a non-uniform 
orientation of the microstructure. The small peak around 23˚ can be attributed to the glue stick that was 
used for sample mounting. It can be noted that the expected low intensity (101) peak above 17˚ is not 
observed. 
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Figure 70. XRD patterns from target pieces 1c (green) and 2c (black). The curves are shifted along the y-axis. 

 

9.4 Ball milling: Results and discussion 

First, it should be noted that the antistatic treatment on the PC glove box was of great benefit. The milled 
powders became statically charged and tended to stick to all plastic surfaces. All other equipment in the 
glove box, such as the scales, gloves, and vacuum sealer, were quickly covered with black CIGSe dust 
which was not readily removed. The box itself, however, did not attract dust in the same manner which 
was important to keep the view clear. Dust and spilled material on the glove box floor was easily swept up 
without leaving any marks. 

The most promising results were achieved from sample 10 and onwards, when only raw materials in 
powder form were used except for gallium. 

Because a substantial part of the powder was stuck to the vial and balls after milling, a higher ball-to-
powder ratio than 10:1 was not used. The material yield would then probably have been very low. In some 
of the samples, the material was very heavily stuck to the walls and had to be carved loose with a pair of 
stainless steel scissors. This treatment revealed a shiny metallic surface beneath the stuck powder, see 
Figure 71. Both indium and gallium are soft, malleable metals that could easily stick to the vial and give 
rise to the described phenomenon. 

All samples processed at or above 400 rpm for at least 30 minutes displayed a red or brown-red circle or 
layer inside the vial lid, except sample 9 where the composition had been drastically altered. This circle was 
found to be indicative of a SHS-type reaction; if the red tone was not present, a chalcopyrite structure 
could not be identified. As soon as the circle or layer appeared, the samples were found to be almost pure 
chalcopyrite. This is consistent with the findings of Wada and Kinoshita [20], who produced chalcopyrite 
structured CISe through SHS. The reaction was later triggered manually to confirm the connection 
between the red color and SHS, see section 9.4.3.1. 
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Figure 71. Emptied vial after milling.  

9.4.1 Samples with copper chunks 

Sample 1 and 2 were prepared according to the company’s standard CIGSe composition (Cu 22.8, In 20, 
Ga 7, Se 50.2 at %). The BPR was held at 10:1 with approximately 50% by weight each of small and large 
balls, as recommended by the mill manufacturer. Rotational speed and milling time was varied. It soon 
became apparent that the copper chunks were too large or tough to be processed by the planetary ball 
mill. Despite operation at 600 rpm, which is the upper limit of the equipment, the copper chips were 
almost intact after finished milling. Accordingly, the resulting powders were very copper poor, see Table 
14, section 9.4.6. 

Sample 3 consisted of copper chips only, milled using a BPR of 9.7:1 and later 12.3:1 and large balls only. 
The experiment aimed to reduce the size of the chunks to a level that the mill was able to process. The 
result was slightly smaller copper pieces, which were first rounded and after enough milling obtained a 
flattened appearance. Copper chunks milled for 240 and 360 min can be seen in Figure 72. After 360 min, 
the smaller copper pieces showed signs of electrostatic charge; bringing a plastic spoon close to them 
could make them fly out of the container. 

 

Figure 72. Copper chunks milled for 240 (left) and 360 minutes (right). [79] 

After extended milling, EDS of the copper pieces showed signs of zirconium contamination from the vial; 
about 3% after 240 min milling time, and 3,5% after 360 min. No traces of zirconium were found in the 
milled CIGSe-powders. 
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Sample 4 was prepared using milled copper chips from sample 3. This was done to investigate the 
possibility to achieve a more complete reaction when the size of the copper chunks was reduced. The 
effort was fruitless; the copper chips used for sample 4 were almost unaffected by the milling. They were 
covered with black powder, but did not seem to react further. The copper pieces were separated from the 
powder before characterization, and again the overall composition of the obtained powder was very low in 
copper. 

The diffractograms of samples 1, 2, and 4 can be seen in Figure 73 along with the bought CRM CIGSe 
powder. The peaks were very broad, with some characteristics from CIGSe but missing the peak at 2θ just 
over 17˚. A reasonable match with the copper indium selenide (Cu2Se)x∙(In2Se3)1-x was found. In this 
compound, x should be in the range 0.14<x<0.17, which corresponds well to the copper poor 
composition. In contrast to the bought powder, no traces of elemental Cu were detected. 

 

Figure 73. Diffractograms of samples 1(green), 2 (red) and 4 (blue), together with CRM CIGSe powder (black).  

Figure 74 shows the same sample curves, but with other possible binary matches. It appears likely that the 
powders are composed of a variety of binary, ternary and quaternary compounds. No elemental materials 
were found. As can be seen, through adding binary and ternary compounds it is possible to achieve almost 
the same diffractogram as for CIGSe. 
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Figure 74. Diffractograms of samples 1(green), 2 (red) and 4 (blue), together with CRM CIGSe powder (black), showing possible matches of binary 
compounds. 

9.4.2 Samples with copper powder and indium shots 

In samples 5 through 9, the copper chunks were replaced by copper powder because the chunks were not 
fully processed by the mill. Sample 4 to 8 were prepared according to the standard composition, while in 
sample 9, the composition was altered in an attempt to come closer to the goal composition in the milled 
powder.  

Sample 5 was milled for short times at low rotational speed at first, to see if the reaction causing the red 
circle would appear at an earlier stage when the copper was in powder form. This was not the case, the 
circle appeared at 400 rpm, accompanied by a noticeable heating of the vial. Some indium pieces remained 
at this point. The circle was wiped off, but continued milling at further increased speed did not cause any 
additional reaction of this kind. At the end of the milling, a substantial part of the material was stuck to 
the vial walls and had to be scraped off. The scraped off material chunks were examined on the outside 
that had been next to the vial wall, and on the inside that had been facing the vial center. The loose 
powder in the vial center was also examined. Examination via SEM showed that the inside had rough and 
smooth areas, why these were investigated separately with EDS. No significant differences between the 
smooth and rough areas were found. Instead, the composition of the outside stood out: it was much 
richer in indium and selenium, and had a lower copper content. This could possibly be seen as an 
indication that indium selenide forms initially even when all elements are mixed, as discussed in section 
5.2.1 in the case of layered constituents. It could also be a sign of indium out-diffusion, mentioned in 
section 5.3.3. In any case, it is consistent with the metallic layer visible when scraping the vial which would 
likely consist of indium to a large extent. The diffractograms of the different parts of the sample are 
presented in Figure 75. The outer surface has no clear CIGSe match, many of the expected peaks are 
missing. Instead, it has a distinct peak at 2θ≈43.5˚, which could possibly belong to copper zirconium. The 
inner surface and powder display most of the characteristic CIGSe peaks, although they are broad and of 
low intensity. Further, some peaks match copper selenate. 
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Figure 75. Diffractograms of the inside (green), outside (red), and powder (black) of sample 5. The curves are shifted along the y-axis. 

As initially mentioned, a red circle was observed on the inside of the vial lid in many samples. This was 
found to require rotational speeds of 400 rpm or above, regardless of the shape of the raw materials. The 
phenomenon of red smog rising to the top of the container has previously been described by Wu et Al., 
who upon examination of the red deposition found that it consisted mainly of Se [101]. Sample 6 was 
milled for a short time only, at 450 rpm which would be enough to trigger the exothermal reaction causing 
the red circle. The vial was hot at the end of the run, and no visible indium pieces were left. The red circle 
was subjected to EDS. Surprisingly, the composition was found to be rich in copper rather than selenium. 
Figure 76 shows the red circle from sample 6.  

 

Figure 76. Red deposition on the lid after milling of sample 6. [79] 

EDS of a large particle discovered in the SEM showed that this was In-rich and Ga-poor compared to the 
rest of the sample. This could mean either that the indium was not fully processed, and the particle was 
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the remains of an indium shot, or that indium has a higher tendency to form agglomerates. Considering 
the amount of elemental indium indicated by the XRD, it is not unlikely that the shots were not fully 
pulverized. 

Sample 8 was milled at the maximum rotational speed. From here onwards small portions of the sample 
were taken out at various times. This caused the initial ball to powder ratio to change during the course of 
the milling; removing the exact amount of balls would have been very difficult. The advantage was that 
more information could be collected from the same sample, giving a clearer picture of the development of 
the sample over time. Additionally, the process was quicker and more efficient this way.  

Figure 77 shows how the diffraction pattern of sample 8 evolved with milling time. After 30 min, 
elemental copper, indium and possibly gallium remain, as do some copper selenide. These peaks become 
weaker and are practically gone after 90 min. Also the (101) peak from CIGSe can be seen after 30 min, 
but is almost gone after 90 min. The broadening of the peaks with milling time is obvious.  

 

 

Figure 77. Diffractograms of sample 8 milled for 30 (green), 60 (black) and 90 (blue) minutes, shifted along the y-axis. 

Samples 5 to 8 all had copper deficient compositions after milling, and sample 5 and 6 were indium rich. 
Based on this, the composition of sample 9 was altered in an attempt to get closer to the aimed for 
composition in the milled material. It was milled for a long time, 120 min, at 450 rpm, to allow enough 
time for the elemental materials to react. Still, there was no red circle present after this time. The material 
was stuck to the vial and had to be carved out with substantial force. This induced a SHS which produced 
a bright flame and a considerable amount of red smoke, accompanied by a pungent odor. The flame 
travelled around the vial until the available material had reacted. The reaction was over in a few seconds, 
leaving the vial hot to the touch.  

The reacted material was milled for a shorter time once the material had been cleared off the vial walls. 
The final composition was not close to the target, the compensation in the initial composition had 
obviously been too strong.  
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9.4.3 Samples with copper powder and indium powder 

The difficulty in processing the indium and the caking problems lead to the decision to try indium powder 
instead. Samples 10-13 were milled for the same length of time, and small samples were taken at 30, 60, 
180 and 300 min. The initial BPR was either 5:1 or 10:1, and the rotational speed was either 400-450 rpm 
or 600 rpm. The indium powder reduced the sticking of the powder to the walls significantly, but the 
regular stopping and stirring may also have been beneficial. The composition was tuned between each 
sample, aiming for the standard composition in the final powder.  

Sample 10 resulted in a smooth, black powder without large lumps already after 30 min. A smaller amount 
of material was stuck to the vial, although not very hard. It was easily removed before continued milling. 
The balls were covered with a thick, furry black layer that was not easily removed. The diffractograms 
after different milling times can be seen in Figure 78. The CIGSe match is good, even the (101) peak 
above 17˚ is visible. Elemental Cu and In are present after short milling times, but decreases as the process 
continues. At 300 min, most of the elementals have disappeared. At the same time, the peaks have 
broadened. No signs of indium selenide are visible. 

 

Figure 78. Diffractograms of sample 10 milled for 30 (red), 60 (green), 180 (blue) and 300 min (black). The rotational speed was 450 rpm and the 
BPR was 5:1. 

Sample 11 displayed almost the same features as the previous sample, the XRD-patterns are presented in 
Figure 79. 
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Figure 79. Diffractograms of sample 11 milled for 30 (red), 60 (green), 180 (blue) and 300 min (black). The rotational speed was 450 rpm and the 
BPR was 10:1. 

Sample 12 came very close to the goal composition, see Table 15, section 9.4.6. Else, the apparent 
difference of this powder compared to sample 10 and 11 was that the balls were shiny and completely 
without stuck material. The resulting diffractograms are presented in Figure 80, all with good CIGSe 
matching and a clear (101) peak. However, elemental In and Cu are distinct even after 300 min milling. 

 

Figure 80. Diffractograms of sample 12 milled for 30 (red), 60 (green), 180 (blue) and 300 min (black). The rotational speed was 600 rpm and the 
BPR was 5:1. 
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Sample 13 did not differ significantly in appearance compared to sample 12; also here the balls were clean 
and shiny. The powder was a little glittering. An EDS scan was performed on the brownish red layer 
present in the lid after 30 min milling. This residue did not differ much in compositin from the rest of the 
powder in the sample, unlike in sample 6 where the red circle was found to be copper rich. The resulting 
XRD-patterns from sample 13 can be seen in Figure 81. 

 

 

Figure 81. Diffractograms of sample 13 milled for 30 (red), 60 (green), 180 (blue) and 300 min (black). The rotational speed was 600 rpm and the 
BPR was 10:1. 

Figure 82 shows the difference in the appearance of the balls after milling of sample 11 and 12. Sample 11 
left a thick black coating, while the balls were clean and shiny after preparation of sample 12. The result 
was similar when comparing sample 10 and 13, indicating that the higher rotational speed was favorable in 
terms of sample extraction from the vial. 

Figure 82. The appearance of the zirconia balls was different after milling of samples 11 and 12. 

When comparing the diffractograms generated from sample 10-13, it can be concluded that in the two 
first samples, peaks attributed to elemental materials were present after short milling times but reduced to 
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very low intensities after 300 min. In sample 12 and 13, elemental In and Cu appeared to remain even 
after long milling. It could mean that a low rotational speed, used in the early samples, is more efficient 
when it comes to reducing elementals. A more likely explanation could be provided by the compositional 
differences; samples 10 and 11 were slightly over-stoichiometric with regard to Se both in the initial 
composition and the resulting powders, while samples 12 and 13 had selenium contents on or just below 
50%. Deficiency in selenium content appears natural to cause incomplete reaction of the metals. Another 
difference noticed in the comparison between samples 10-13 is that the low intensity peaks, such as the 
(101) peak at about 17°, are more distinct in samples 10 and 12. These were milled with a lower BPR than 
samples 11 and 13. To achieve low presence of elemental materials, distinct peaks also in the low intensity 
range, and minimum material loss due to sticking to the milling media, it appears favorable to use a slightly 
over-stoichiometric composition, a high rotational speed, and a low BPR. 

9.4.3.1 Controlled initiation of SHS 

The connection between SHS and the red circle or layer, and thereby to the chalcopyrite structure, was 
investigated in samples 16 and 17. The thought was to provide enough energy to the material to bring it 
close to, but not beyond, the point of reaction. Therefore, a rotational speed below the previously noted 
400 rpm limit was chosen, and the milling was interrupted within 30 minutes. Stirring the sample at this 
point almost immediately triggered a SHS. Again, a bright flame and thick red smoke was noticed. The 
course of the reaction was captured using high-speed sequential photographing, and is shown in Figure 83 
a-d. 
 

Figure 83 a-d. Induced SHS in sample 16 developing over time. [148] 

The observed red circle in the vial lid was strong in samples s1- s6, and s8. In samples s7 and s10-s13 it 
was lighter and more brownish. In sample 7, it may be attributed to the short milling time combined with 
a relatively low rotational speed and BPR (30 min and 400 rpm, BPR 5:1). The other samples were 
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prepared with a variety of milling parameters, which fail to explain the difference in color. Instead, the 
reason may be sought in the composition: there appears to be a correlation between high copper content 
and suppressed SHS. In particular, sample s9 had a very copper rich starting composition. This sample 
had not reached the critical point even after 120 min milling at 450 rpm, which was more than sufficient 
in other samples, but ignited upon scraping. Considering the lower formation enthalpies of Cu-Se 
compounds compared to In-Se or Ga-Se compounds (see Table 2), the finding seems reasonable. 

Some of the smoke produced from the reaction settled on the scissors that were used to trigger the 
reaction. This condensed layer was collected, and was upon examination via EDS found to consist mainly 
of selenium; this accounted for almost 90%, with traces of Cu, In and Ga. Only a few percent of oxygen 
were detected. The condensed smog on the scissors can be seen below in Figure 84, and the inside of the 
vial after completion of the reaction is shown in Figure 85. The result is consistent with the expectations, 
considering the low heat of vaporization of selenium. The visual appearance of the deposited layer 
corresponds well with the red selenium powder pictured in Figure 27. 

 

Figure 84. Red smog from sample 16 settled on scissor blades. [79] 

 

 

Figure 85. Inside of the vial after SHS of sample 16.[79] 
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In this case, as opposed to in sample 6, the substance was not involved in any additional milling between 
the reaction and examination. Another difference between the reaction conditions was that the triggered 
SHS in sample 16 was performed with the lid open inside the glove box, thus the pressure could be 
released. In sample 6, the reaction occurred in the sealed vial. 

The diffractogram of samples 16 and 17 can be seen in Figure 86. Possibly some indium and copper is 
present in sample 17, while sample 16 appears to be pure CIGSe. The (101) peak is weak in both samples, 
but less so in sample 17. 

 

 

Figure 86. Diffractograms of samples 16 (black) and 17 (red), both milled for 300 min. 

9.4.3.2 Measurement of the (101) peak 

As previously mentioned, it is possible to construct almost the whole CIGSe diffraction pattern only from 
binary and ternary compounds, see Figure 73 and Figure 74. The (101) peak just above 2θ = 17˚, however, 
was only found reported in ternary CISe compounds except for in CIGSe. As the reaction from CISe and 
CGSe to CIGSe is reportedly diffusion controlled [64] and not associated with any major energy level 
changes, the presence of CISe was not expected to pose a problem during pressing. Therefore, the (101) 
peak intensity was measured to ensure that the obtained pattern belonged to CIGSe/CISe rather than to 
binaries.  

The procedure of net height calculation with DIFFRACplus EVA software is visualized in Figure 87. The 
left and right boundaries for peak fitting are manually entered, why the obtained values are approximate. It 
should also be kept in mind that the net height is measured at the highest measured intensity, which could 
be subject to local count rate variations, and is not a fitted curve. 

It has been debated that the peak position and intensity data in the diffraction databases should be 
updated to figures calculated from Rietveld analyses of the patterns [149][150]. These intensity values 
would then be based on the integrated intensities rather than the peak maximum, and the d-spacings 
would be weighted with respect to the full peak shape. In more recent database versions, such calculated 
entries are more frequently used. However, the PDF-2 database used in the current case was based on 
peak heights, why net height intensity measurements should provide a relevant comparison. 
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Figure 87. Calculation of the peak net height in DIFFRACplus EVA. 

According to the database, the intensity of the (101) peak should be 7% of the strongest (112) line in 
CuIn0.7Ga0.3Se2. Net height measurements for sample 10-13 generated the percentage values presented in 
Table 13. 

Table 13. (101) peak intensity in percent of (112) peak intensity. 

Milling time Sample 10 Sample 11 Sample 12 Sample 13 

30 2.3 0.9 3.3 1.6 

60 1.7 2.5 2.6 1.5 

180 2.7 2.0 1.6 1.4 

300 2.2 0.6 1.3 1.1 

Table 13. (101) peak intensity in percent of (112) peak intensity. 

The (101) peak was not visible in all the samples, and as shown in Table 13, the intensity never reaches the 
predicted 7%. In some, as in sample 8, it appears after short milling time but disappears after extended 
milling. Because it is a low intensity peak, the disappearance could be a consequence of a general 
broadening of peaks and flattening of the curve after long milling.  

Many published papers state that the desired tetragonal CIGSe phase has been obtained, despite the (101) 
peak not being clearly identified [99][118]. Others do not extend the diffractogram to these low angles 
[19][119]. 

9.4.4 The CIGSSe sample 

In order to obtain some experience from the pentary CIGSSe compound, 10 at% of the selenium was 
replaced by sulfur in sample 14. For CIGSSe, there is no predefined standard composition, and few 
indications on suitable sulfur concentrations in literature. Hence, the value 10% was chosen to have a 
large enough share to possibly notice a difference, yet being able to utilize the experience from the CIGSe 
samples. 
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The sample was milled at 600 rpm for 30 min without any heating of the vial being noted.  Nor was the 
red circle present in the lid when the vial was opened. The material was relatively strongly stuck to the vial.  
Scraping caused immediate SHS, with the previously noted red flame and smoke. Sparks kept flying from 
the material when scrape loose after the self-sustaining reaction had finished, indicating that the reaction 
was not complete. After repeating the same milling procedure with the loosened material, some sparks still 
ignited upon scraping. Sulfur containing compounds thus require higher milling energy to complete the 
reaction, compared to CIGSe.  Figure 88 shows the interior of the vial after the first SHS. Red scales can 
be seen on the vial bottom and on the balls. 

 

Figure 88. The interior of the vial after SHS in sample 14. 

Figure 89 shows the resulting diffractogram of sample 14. All expected CIGSe peaks can be found, but 
also strong peaks from elemental indium also in the 300 min sample. Signs of copper and copper selenide 
are also present. EDS indicated that the sulfur content decreases somewhat with prolonged milling. 
 

 

Figure 89. Diffractogram of sample 14 milled for 30 (red), 60 (green), 180 (blue) and 300 min (black). 
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SEM examination reveals a coarser microstructure than in the CIGSe samples, and the particles appear to 
have sharper edges. Another interesting finding is that after the initial, rapid decrease, the particle size was 
increased with continued milling, opposite to the observed behavior in other samples. High milling 
parameters but short milling time compared to pure CIGSe appears necessary for CIGSSe processing.  

9.4.5 Sample with pre-milled binary powder 

In previous samples, it proved difficult to bring indium to complete reaction, and to eliminate the 
elemental indium in the processed powder. Additionally, the most frequently reported reaction pathway 
leading to CIGSe formation seems to be via various indium-selenium compounds. Based on these 
findings, an attempt was made to process only indium and selenium before adding remaining elements. 
This way, it was thought that complete consumption of the elemental indium could be secured. 

All of the indium and selenium required for sample 15 was measured into a vial. Because the vial had 
previously been used for CIGSe processing, trace amounts of Ga and Cu would be present, but probably 
not in amounts that would interfere severely with the In-Se binary formation. As no new Cu or Ga was 
added, excess Se would be available at all points of the initial stage. After 60 min milling at 600 rpm, most 
of the powder was loose, and the material that was stuck to the vial was not difficult to remove. The balls 
had obtained a thick, black coating. Metallic speckles could be seen in the vial lid, these are shown in 
Figure 90. 

Figure 90. The vial lid after milling of indium and selenium for 60 min. 

A small portion of the sample was taken out and examined via SEM and XRD. The resulting composition 
was 1.7/27.6/0.6/70.2 at%, i.e. with small amounts of Cu and Ga present from the previous sample. 
Indications of InSe, In2Se3, and In4Se3 are present, but not of elemental indium. The diffractogram can 
be seen in Figure 91. 
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Figure 91. The diffractogram of sample 15 after 60 min milling of In and Se only. 

After milling of the binary compound, Ga and Cu were added, and milling was continued for 30 min. A 
problem with the mill lead to an unplanned interruption in less than one minute. Already at this point, the 
vial was hot. The milling was continued for the rest of the 30 min run. After this time, a black, smeared, 
sticky- looking circle had appeared on the lid inside, see Figure 92. The powder was stuck to the vial walls, 
although it was relatively easily removed. 

 

 

Figure 92. The vial lid when Cu and Ga had been added to the In-Se mixture and milling continued for 30 min. 

The milling was continued to a maximum time of 480 min including the first binary milling. Samples were 
taken and the powder scraped off the walls at 120, 240, 360 and 480 min, apart from the already 
mentioned. The diffractograms at different milling times can be seen plotted together in Figure 93. The 
CIGSe match is good, however the (101) peak is negligible or absent. Elemental copper is present after 90 
min, i.e. 30 min after copper and gallium were added to the binary material, and reduced over time. At 360 
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min, it appears to be eliminated. No sign of elemental In peaks are visible in any of the curves, hence the 
indications are that the method managed to resolve the problem. 
 

 

Figure 93.  Diffractograms of sample 15 milled for 90 (black), 120 (red), 240 (blue), 360 (purple), and 480 min (green). 

9.4.6 Composition and particle size of milled powders 

After EDS of the milled samples, Table 7 - Table 11 could be completed with the resulting compositions 
and particle sizes, see Table 14 - Table 17. The final weight of the milled material was measured from 
sample 7 and onwards and is also presented here. From sample 9 and onwards, the initial compositions 
were adjusted considering the resulting compositions of the previous samples, aiming for the standard 
composition in the product. What was consistent in all samples was that the copper percentage decreased 
during milling. The possible reasons for this observation will be further discussed in section 9.5.3.1.  

Considering the additional contributions from strain and compositional variations, which were likely to be 
substantial but difficult to estimate, the linear intercept method was chosen above the Scherrer formula. It 
was thus the particle- rather than the grain size that could be appreciated, as only the particles were visible 
in the powders. However, for the subsequent compaction, the particle size may be more relevant. The 
resulting size estimate from the linear intercept method would be affected by the magnification of the 
images; the higher the magnification, the more particles could be distinguished. The magnification chosen 
for each individual sample was based on an attempt to fit a high enough number of particles into the 
image to get a reasonable count, yet distinguishing as fine particles as possible. The method leaves no 
information about the size distribution. Hence, sieving through a metallic mesh was additionally used 
before pressing, to exclude excessively large particles. 
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Table 14. Results from samples prepared with copper chunks and indium shots. 

Sample Milling 
time 

[min] 

BPR Rotational 
speed 
[rpm] 

Starting 
composition 

[at%] 

Final 
composition 

[at%] 

Particle 
size 
[µm] 

s1 120 10 250 23/20/7/50.1   

 60  500    

 45  600  6.8/24.7/7.8/60.7 3.4 

s2 90 10 250 22.7/20/7/50.3   

 60  500    

 285  600  3.1/25.5/8.9/62.5 2.1 

s3 240 9.7 600 Cu 3% Zr  

 120 12.3 600 Cu 3.5% Zr  

s4 120 10 600 22.8/20/7/50.2 7.4/24.6/9.1/58.9 2.2 

Table 14. Results from samples prepared with copper chunks and indium shots. 

Table 15. Results from samples prepared with copper powder and indium powder. 

Sample Milling 
time 
[min] 

BPR Rotational 
speed 
[rpm] 

Starting 
composition 

[at%] 

Final 
composition 

[at%] 

Particle 
size 
[µm] 

s10 30 5 400 24.9/17/7/51.1 23.5/16.7/7.3/52.5 2.5 

 30 5.3 450  23.5/17.4/6.1/53.0 1.4 

 120 5.8 450  22.4/17.1/6.5/54.0 0.7 

 120 6.2 450  23.4/18.0/6.1/52.5 0.5 

s11 30 9.8 400 23.8/19.1/7/50.1 18.5/22.8/7.3/51.4 3.2 

 30 11.3 450  19.3/22.5/7.2/51.0 2.4 

 120 13.5 450  19.0/22.2/7.7/51.1 0.7 

 120 16.7 450  19.4/21.8/6.8/52.0 0.7 

s12 30 4.9 600 23.9/19.1/7/50 23.3/19.6/7.4/49.6 18.2 

 30 6.1 600  22.7/20.2/7.5/49.6 8.4 

 120 8.2 600  22.4/19.7/7.4/50.6 8.6 

 120 12.9 600  22.8/20.6/7.2/49.5 8.6 

s13 30 9.9 600 25.6/17.9/7/49.6 23.3/20.7/6.4/49.5 3.7 

 30 12.1 600  23.6/19.7/6.7/50.0 2.2 

 120 15.8 600  23.4/18.9/7.0/50.7 2.0 

 120 22.1 600  23.3/20.7/6.4/49.5 1.2 
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s16 30 5 300 23.2/19.5/6.5/50.8  - 

 270 5 600  22.5/19.5/7.2/50.9 0.7 

s17 30 5 300 23/20/6.2/50.8  - 

 270 5 600  20/24.3/6.1/49.5 0.7 

Table 15. Results from samples prepared with copper powder and indium powder. 

Table 16. Results from CIGSSe sample prepared with copper powder and indium powder. 

Sample Milling 
time 
[min] 

BPR Starting 
composition [at%] 

Final composition 
[at%] 

Particle 
size 
[µm] 

s14 30 5.1 25.5/18/7/10/39.5 23.7/16.7/6.7/10/42.9 4.7 

 30 6  24.9/18.3/6.5/9.8/40.6 8.2 

 120 7.4  23.9/17.7/7.1/9.1/42.2 9.6 

 120 10.3  22.8/18.1/6.6/8.8/43.6 14.2 

Table 16. Results from CIGSSe sample prepared with copper powder and indium powder. The rotational speed was kept constant at 600 rpm. 

Table 17. Results from sample milled with indium and selenium first. 

Sample Milling 
time 
[min] 

BPR Rotational 
speed 
[rpm] 

Starting 
composition 

[at%] 

Final 
composition 

[at%] 

Particle 
size 
[µm] 

s15 60 5 600 In+Se 1.7/27.6/0.6/70.2 7.3 

 30 5.4 600 23.9/19.1/6.9/50.1 19.5/18.9/8.4/53.3 1.8 

 30 6 600  19.3/20.7/7.4/52.7 1.2 

 120 6.7 600  22.9/19.9/6.7/50.5 0.5 

 120 7.7 600  22.6/19.9/6.9/50.5 0.9 

 120 8.8 600  22.8/19.5/6.6/51.1 0.6 

Table 17. Results from sample milled with indium and selenium first. 

The particle size was found to decease rapidly during the first 30-60 minutes of milling, from 200 mesh 
powders (equivalent to 75 µm) to around 2 µm after 60 min. With longer milling times, the particle size 
was not reduced as quickly, but reached 0.5 µm after 300 min in some of the samples. A plot of the 
particle size as a function of milling time for samples 10, 11 and 13 can be seen in Figure 94. Sample 12 
shows a similar development, but was left out as the particles were bigger in this sample and would have 
required a coarser grading of the axes if included. Note also that the y-axis is cut at 4 µm, so the slope is 
very steep in the first 30 minutes. 
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Figure 94. Particle size plotted against milling time for samples 10, 11 and 13. 

The necessary milling time will not be controlled by the particle size reduction, but mainly by the time 
required to achieve full phase transformation.  

In the CIGSSe sample, however, the particle size appeared to increase after the initial drop; after 30 
minutes milling, the average size was 4.7 µm, but had increased to 9.6 µm at 300 min. The raw materials 
were 200 mesh or larger. 

9.4.7 Results from the annealing of milled samples 

The aim with the annealing experiment was to relieve stresses, thus reducing this contribution to the peak 
broadening and hopefully obtain a better resolution of the peaks, in particular the (101) peak. Further, to 
determine whether annealing facilitate full conversion into the chalcopyrite structure. 

 

Figure 95. Sample 4 after annealing.  

Figure 95 shows sample 4 after annealing. XRD of the sample gave a pattern where the previously broad 
and smooth peaks are split into several, more narrow peaks. It appears that some of the peak broadening 
is caused by overlap of nearby peaks of related compounds. The curve of annealed powder can be found 
plotted with that of the original material in Figure 96. The (101) peak, that was difficult to verify in many 
of the milled samples including the present, shows up in the annealed material. 
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Figure 96.  Diffractogram of sample 4, annealed (black) and as milled (red). 

Both CIGSe and CISe match the pattern relatively well. The peak above 25˚ is only explained by CISe, 
while the peak around 17˚ is more frequently reported in CIGSe. Possibly, elemental Cu could provide a 
match as well. Considering the Cu-poor composition of the sample, it is likely that indium selenides or the 
Cu-poor CuIn2.4Ga0.6Se5 should contribute largely to the composition. Both elemental gallium and its 
compounds with selenium have less distinct patterns with a wide range of peaks of rather low intensity. 
Although it is known that some of these must be present, they are difficult to either identify or reject. In 
none of the cases, the heating lead to any noticeable odor being released. 

The composition of sample 4 after annealing was 3.4/30.4/11.5/54.7 at% Cu, In, Ga and Se. This means 
that the copper content more than halved during the treatment. Also selenium was reduced while In and 
Ga increased. A decrease of selenium appears natural considering its low melting point and heat of 
vaporization (see Table 1). The same does not translate to copper, which has the highest melting 
temperature and vaporization enthalpy of all the constituents. A possible explanation to the apparent 
decrease in Cu content could be melting of In and Ga, whose melting temperatures are below the used 
annealing temperature. As can be seen in Figure 95, the sample consists of coarse chunks that were 
scraped off the vial surface. The molten phases may move to the surface of the particles, why the 
measured percentage of In and Ga would be higher than the particle average. 

Sample 12, which was annealed at the same temperature as sample 4 but for shorter time and with full 
nitrogen flow, did not show any visible changes in color or appearance after annealing. XRD 
characterization revealed a clearer CIGSe match after the treatment, with an obvious (101) peak. The 
elemental indium peaks that were present in the sample after milling had disappeared, see Figure 97. Even 
this moderate temperature increase appears to facilitate the completion of the CIGSe formation reaction 
in a controlled manner, leaving a powder free from binary compounds and elemental materials. The milled 
materials should thus be safe to press. 
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Figure 97. Diffractograms of sample 12:300, as-milled (blue) and after annealing (black). 

9.5 Results and discussion from the pressing step 

In all of the pressing experiments, pressure readings were taken from an analogue manometer. This was 
graded up to 10 tons, but the pressures used in the current experiments required no more than 0.5 tons. 
Consequently, the readings would be highly dependent on the reading angle, and must be considered 
rather inaccurate. Also, the pressure dropped significantly over time, and was restored numerous times 
during the course of a pressing event.  

9.5.1 Results from the test pressing of construction materials 

The test pressing was performed to avoid failure of the construction materials during operation. The 
graphite was supported by the steel tube, why it would not pose a serious problem if cracking occurred in 
the graphite. The unprotected Macor slab placed underneath the press setup was considered the crucial 
part.  

The 10x10 mm piece shattered when the applied weight reached approximately 2 ton, corresponding to 
just under 200 MPa. A larger piece, which covered about half of the 45 mm diameter ram piston, was 
tested. This piece broke at around 4 ton applied weight, which translates to approximately 50 MPa. 
Numerous cracks were noticed in both tests at about half the measured fracture stress. The safety limit of 
a Macor slab covering the entire piston area was estimated to 2 ton. 

9.5.2 Results from the cold pressing experiment 

When the cold pressed sample was removed after 2 h, the graphite parts were stuck in the steel tube, and 
the sample in the graphite die. The material could not be removed without crumbling; no solid chunks of 
CIGSe were obtained. A crack was visible in the graphite die near the drilled hole for the temperature 
sensor, but the parts still held together. Obviously, cold pressing would require substantially higher 
pressures, which would require other construction materials. Pressures between 400-1000 MPa have been 
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reported in cold pressing [19]. The XRD pattern of the cold pressed sample was almost identical to that of 
the raw material, see Figure 98. 

 

 

Figure 98. Diffractograms of the cold pressed CRM CIGSe (red) and untreated material (black), shifted along the y-axis. 

9.5.3 Results from the hot pressing experiments 

During all the hot pressing events, the temperature ramping was performed manually. No abrupt changes 
in the power required for a uniform temperature increase were noticed, indicating the absence of 
exothermal reactions during the pressing. It was, however, noted that every time the pressure was adjusted 
(increased), the temperature dropped. An example of a temperature profile can be seen in Figure 99. The 
pressure was in this case adjusted at approximately 8 000 and 11 000 s, where dips in the temperature 
curve can be observed. 
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Figure 99. Temperature curve from pressing of sample p3. 

The press cooled down to room temperature within around 500 s after the heating was stopped. 
Particularly in a larger target, it is possible that this could lead to problems with cracking due to thermal 
stress. In many of the hot pressed samples, a strong selenium smell was noticed when the temperature 
reached about 225˚C, which is consistent with the melting point of Se at 217 ˚C and its low evaporation 
energy (26.3 kJ/mol). The smell was more pronounced in fine grained samples.  

An overview of resulting key properties of the pressed materials and target samples is compiled in Table 
18. 

Table 18. Properties of pressed materials and target samples.  

Sample Maximum 
grain size 

[µm] 

Relative 
density [%] 

Resistivity 
[MΩcm] 

Carrier type Color, appearance 

p1 50 95 1.2 p Grey, solid 

p2 10 99 2.7 p Dark grey 

p3 25 105 - p Dark grey 

p4 20 98 0.7 p Dark grey 

p5 50 92 1.0 p Greyish black, solid 

p6 15 99 2.1 n Light grey, flaky, shiny 

Target 1c 60 91 9.3 Mainly n Dark grey 

Target 2c 80 90 0,6 p Dark grey 

Table 18. Properties of pressed materials and target samples. 

After finished pressing of sample p1, the graphite die was heavily stuck inside the steel tube. The surfaces of 
these parts seemed to have fused together; open cracks were visible between the graphite parts, why it can 
be excluded that the parts were only mechanically stuck. The die was pressed out of the tube using a solid 
steel punch with a large enough diameter to cover most of the graphite die. It came out cracked in several 
parts. Also the graphite sheet had stuck to the punch after finished pressing, see Figure 100. The graphite 
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of the die was burnt out along the edges, where oxygen had seeped into the pressing setup. A shiny band 
was visible where the target material had been situated. These features are shown in Figure 101. 

Figure 100. The upper punch with stuck graphite sheet after pressing. Figure 101. Graphite die after pressing. 

Part of the CIGSe material was stuck to the graphite sheet, or crumbled during the removal process. An 
approximately 2 mm thick solid pellet could be successfully extracted. The material was grey and solid, 
with the cracked surfaces on the bulk side looking slightly rough. A picture of the pellet is shown in Figure 
102. 

Figure 102. Sample p1. 

SEM micrographs of sample p1 at different magnifications are presented below in Figure 103. The 
microstructure appears relatively homogenous, and the largest grains are approximately 70 µm. Pores are 
visible between the grains at 1000x magnification, thus full density was not obtained. The structure largely 
resembles that of target sample 2 (low performance target). 
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Figure 103. a) Pressed sample p1at 300x magnification                                  b) Pressed sample p1 at 1000x magnification                                   

(picture width 420 µm).                     (picture width 125 µm). 

The average composition of the side next to the graphite sheet was fairly close to the powder 
composition. The copper percentage was increased by 1.3 at%, and In and Se were likewise slightly 
increased. Ga was the only constituent being reduced during the pressing. The content of oxygen was 
6.3% and of carbon 49.4%. 

Further into the pellet, where the material was not directly exposed to the graphite, the composition was 
22.2/19.4/6.7/51.7, with a much lower carbon content (27.5%).  

The diffractograms of the pressed sample p1 and original CIGSe powder can be seen plotted together in 
Figure 104. The peaks are almost identical, apart from that the indium selenide peak at approximately 21˚ 
present in the powder is gone in the pressed part. Further, the CISe peak to the left of the (112) peak is 
more distinctly separate after pressing, but not of greater intensity. A small peak has appeared beside the 
(101) peak in the pressed sample; this is likely to belong to the CuIn2.4Ga0.6Se5 phase which is closely 
related to the chalcopyrite structured CuIn0.7Ga0.3Se2. This peak is the only one distinguishing between the 
two phases, only the intensities vary in the remaining peaks. Considering the slightly copper poor overall 
composition, it seems reasonable that a less copper rich phase should be present in addition to the 
CuIn0.7Ga0.3Se2. 

Here, the shift in peak intensity that was noticed in the spent target pieces was not present. This may be 
attributed to the fact that the pressed sample was small enough to be examined whole in the XRD. Hence, 
there may still be an orientational preference, but as all directions around the sample circumference 
contributed to the reading, these may have cancelled each other. 
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Figure 104. XRD pattern of pressed sample p1 (black) and the original CRM CIGSe powder (red). 

Sample p2 would likely contain quite a large fraction of grains smaller than 200 mesh, as the powder was 
not passed through any finer mesh and the starting powder had an average particle size of approximately 
0.6 µm. In this experiment, a solid graphite die was used. The reason for this was that cracking was likely 
to occur anyway, as had happened during the pressing of sample p1. Hence, new die was manufactured 
for each pressing event. A slight initial pressure was applied, just enough to sense the punches pushing 
against the material. A strong selenium smell was sensed at around 200˚C, and at 500˚C a quirking sound 
was noticed. As soon as the temperature had stabilized around 700˚C, about 0.8 tons pressure 
(corresponding to 100 MPa) was applied. Simultaneously, a quirking sound, thought to originate from 
either the escape of gases or the friction between the graphite and the punches, was heard again. At this 
time, the selenium smell was less pungent. The pressure dropped over time and was adjusted several 
times. After 3 h, the power was turned off, but the pressure was not released until the sample was 
completely cooled down.  

Upon removal from the die, it became clear that the powder had been pushed out of the intended 
compartment and down the sides of the punches, between the metal and the graphite. Only fragments of 
target material were recovered. The graphite film was buried in the pressed material at some locations. 
This was obvious also in the obtained EDS scans, where all the surfaces contained very high shares of 
carbon. The cross sections, on the other side, did not. SEM examination revealed a very fine 
microstructure with plenty of finely dispersed pores, see Figure 105.  
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Figure 105. a) Sample p2 at 300x magnification.                                           b) Sample p2 at 1000x magnification                             
(picture width 420 µm).                           (picture width 125 µm). 

A very strong selenium smell was observed during pressing of Sample p3 when the temperature reached 
about 200˚C. The pressure was adjusted several times during the duration of the pressing. At the end of 
the process, the temperature was decreased gradually, attempting to maintain about 10˚C/min. The 
supporting metal tube was severely deformed after finished treatment. As the metal punches were 
removed, it appeared as if a solid pellet was present inside the die. Due to the heavy deformation of the 
equipment, the extraction process was not smooth enough to keep the material intact; it fractured into 
small pieces. SEM images of the obtained material are shown in Figure 106. The sample has a fine, dense 
microstructure, without visible pores. The maximum grain size is approximately 25 µm. EDS of the bulk 
and surface of the material revealed a fairly close composition in the bulk, while the surface displayed 
highly increased indium and gallium content (see Table 19). This might, just as the heavy selenium smell, 
be connected to the finer grain size. 
 

Figure 106. a) Sample p3 at 300x magnification.                                           b) Sample p3 at 1000x magnification                             
(picture width 420 µm).                           (picture width 125 µm). 

Despite reshaping of the metal tube before continued pressing, the original size of the tube proved 
impossible to regain. Because it was stretched and enlarged after previous pressing events, the graphite die 
did no longer have a close fit inside. This probably caused increased problems with material being pushed 
between the sides of the metal punches and the inner graphite die. 

Sample p4 did not generate as strong a selenium smell as the two samples immediately before, likely 
because of the slightly coarser powder. Again, the pressure had to be adjusted to keep the initially applied 
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25 MPa. The setup was left to cool naturally at the end of the test. The pressure was not released, but had 
fallen below the level where any value could be read from the manometer. Upon extraction, the tube, 
which this time was pre-treated with graphite slurry, looked cleaner; however, it was equally deformed. 
Figure 107 shows that the microstructure of sample p4 is fine and dense, no visible pores are present even 
at 4500x magnification. The largest grains are about 20 µm.  

Figure 107. a) Sample p4 at 300x magnification.                                           b) Sample p4 at 4500x magnification                             
(picture width 420 µm).                           (picture width 28 µm). 

Sample p5 was pressed using a steel tube with thicker walls, in an attempt to reduce the deformation of the 
steel. This tube was slightly too short for the kiln, why the heating zone was a bit off center. As a 
consequence - and probably also because of the increased losses from the steel - the same temperature 
increase as in previous samples required higher power, and only 650˚C could be achieved with the 
maximum current setting of 7 A. Only a moderate selenium odor was noticed during the heating. When 
the pressure was applied, a quirking sound was noticed. As soon as full pressure was reached, a cracking 
noise was heard and the pressure dropped abruptly to zero. A likely reason would be cracking of the inner 
graphite die. To avoid squeezing the material out of the pressing compartment, the pressure was not 
adjusted. This means that the sample only experienced the 25 MPa pressure for a few seconds, and 
resulted in a less dense compact. The setup was allowed to cool naturally at the end of the 2 h heating 
cycle. 

Figure 108. Sample p5, with the Mica sheets still attached to the flat ends. 

From this sample, a whole solid pellet was produced, shown above in Figure 108. The appearance of the 
resulting material was dense and black. The Mica and graphite sheets were removed, and the end surfaces 
of the material were ground flat and clean using a diamond pad. After finished grinding, the remaining 
pellet was approximately 3 mm thick. SEM images reveal a structure with some remaining porosity, see 
Figure 109. This was reflected in the comparatively low density. The largest grains were about 50 µm. 
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Figure 109. a) Sample p5 at 300x magnification.                                            b) Sample p5 at 1000x magnification                             
(picture width 420 µm).                           (picture width 125 µm). 

Apart from sample p1, this sample was the only pressed part which produced large enough pieces for 
examination through XRD. The diffractogram can be seen in Figure 110, and matches CuIn0.7Ga0.3Se2 
closely in terms of both diffraction angles and expected intensities. Also the (101) peak is clearly visible. 
Next to this, a small peak belonging to the related 1-3-5 ordered defect compound CuGa0.6In2.4Se5 can be 
seen; not unexpected in a copper poor overall composition. No signs of other phases are found. 

 

Figure 110. Diffractogram of sample p5 and the found matches. 

Because Sample p6 was pressed in a steel tube with thick walls without a graphite die, the heat losses were 
increased. The heating was very slow, and the maximum power setting had to be adjusted to manage to 
heat the setup above 600˚C. At a maximum of about 80 V, 8 A the kanthal wire elements burned, 
resulting in a sudden loss of power. As a result, cooling started immediately at the maximum temperature 
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of about 630˚C. Despite prompt pressure application, the pressure could only be maintained for 10 
minutes before the temperature had dropped drastically. When the temperature passed 250˚C, the 
pressure was released. After cooling to room temperature, the sample was extracted. During this process, 
the pellet cracked. The material seemed very brittle, and had a layered texture forming flakes upon 
cracking. The color was light grey, and the surfaces seemed smooth and shiny, see Figure 111. External 
surface composition measurement was not possible due to the shape of the pieces. 

Figure 111. Sample p6 after pressing 

The SEM images of sample p6 reveal a dense, finely textured material with a maximum grain size of 
around 20 µm. As shown in Figure 112, no pores are visible even at 5000x magnification.  

                    Figure 112. a) Sample p6 at 300x magnification.          b) Sample p6 at 5000x magnification 

Considering the fine microstructures obtained in all of the pressed materials, there appears to be no 
reason to use a grain size finer than 200 mesh. As previously mentioned, it has been suggested that a grain 
size of 20-60 µm would be ideal [84]; most of the samples were found to be within this interval, some had 
even finer grains. The shape of the grains was in all cases softer and more rounded than in the examined 
pieces from spent targets, particularly the low performance target displayed sharper grains (see section 
9.3). If any conclusions should be drawn from these findings, they speak in favor of the mechanically 
alloyed material. Soft grain edges could potentially reduce the risk of crack development in the material 
during sputtering. 

In all samples, the extraction of the pellet from the die was a crucial step, requiring complete alignment 
and dimensional stability of the equipment in combination with careful material choices. 
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9.5.3.1 Results and discussion concerning compositional variations 

All of the pressed samples obtained compositions fairly close to the desired standard composition. Further 
tuning could probably improve the accuracy of the resulting compositions to be within a few decimal 
points. Based on the average deviations of each component from raw material to pressed part, an initial 
composition of 23.2/20/6.5/50.3 is suggested. The changes in composition from mixed raw materials to 
pressed target materials are presented in Table 19. For sample p1, for which CRM CIGSe was used, the 
initial composition is unknown. 

Table 19. Compositional variations from raw material to target. 

Sample Raw material 
composition [at%] 

Powder 
composition [at%] 

 Bulk composition 
[at%] 

Surface 
composition [at%] 

p1 - 21.4/20.4/6.2/52.0 22.2/19.4/6.7/51.7 22.7/19.8/6.7/50.7 

p2 23.9/19.1/6.9/50.1 
 

22.8/19.5/6.6/51.1 23.8/18.7/6.9/50.5 21.3/26.3/11.8/40.6 

p3 23.1/19.7/6.4/50.8 21.7/21.1/7.0/50.4 23.0/19.2/7.2/50.6 18.0/47.1/13.7/21.2 

p4 23.1/19.7/6.4/50.8 21.5/21,4/6.8/50.3 23.2/19.7/7.1/50.0 32.2/35.8/10.7/21.3 

p5 23.0/20.0/6.2/50.8 
 

20.0/24.3/6.1/49.5 21.8/21.0/6.8/50.4 16.2/32.5/10.9/40.4 

p6 23.1/19.8/6.4/50.8 21.3/21.9/6.7/50.2 22.3/19.7/7.0/51.1 - 

Table 19. Compositional variations from raw material to target. 

A comparison with Table 15 reveals that the compositional changes are roughly opposite of those seen 
from raw material to powder; during milling, the copper content is apparently lowered while indium is 
increased, and during pressing copper increases on the behalf of indium. The surface composition of the 
pressed material is generally indium rich and selenium poor. A theory originating from these findings is 
that indium sweating occurs in a macro scale during pressing, but also in the individual particles during the 
milling process. The change in composition during milling would thus be an apparent rather than a real 
phenomenon. It appears reasonable that the composition of the material that enters the vials should not 
be substantially altered during the process, as it is enclosed in the milling vials. A share could of course be 
stuck on the walls and milling media (balls), but the indications are that it is predominantly indium that is 
prone to sticking. This would thus, if anything, lead to a reduction in indium ratio. This too speaks in 
favor of the theory that indium moves towards the surface upon heating, whether on macro- or micro 
scale. Also the annealed samples showed a tendency of increased indium measurements after heat 
treatment. No obvious tendency in indium content can be observed between different milling times of the 
same sample. Possibly, part of the explanation may be provided by the interaction depth of the electron 
beam in the SEM. This was 1.6 µm, which is to be compared with the average grain size of the powders. 
The grain size is in many cases of the same order of magnitude as, or sometimes smaller than, the 
interaction depth. This is more often the case in samples milled for longer times, where the grain size has 
been further reduced, and the readings would thus no longer be concentrated to the outer layers of the 
grains to the same extent. 

The measured carbon content is generally on par with or lower than that of the spent targets; around 2% 
in the bulk material. The final purity could be improved by using high purity raw materials in combination 
with inert gas atmosphere in the pressing stage. 

In Figure 113, the radial change in composition of sample p5 is plotted. Please note that the distances 
between data points are not equally distributed; a higher resolution was chosen close to the surface where 
the main changes were expected. The carbon content decreases rapidly up to 200 µm into the material, but 
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decreases further until 1 mm where it seems to level out. Note also the previously discussed indium 
surplus at the surface. 

 

 

Figure 113. Radial change in composition of sample p5. 

9.5.3.2 Results from the electrical characterization 

For some samples, four-point probe measurements were not possible because of the size and shape of the 
material pieces. The equipment is designed mainly for characterization of flat surfaces, why it was difficult 
to achieve a good contact for all of the probes in the uneven target samples. The readings varies 
substantially depending on how the probes were placed. When possible, at least two measurements were 
made and an average of the readings was calculated based on the V/I slope according to Equation 10, 
with s=1 mm. An example of the curves rendered by Agilent Measurement Manager can be seen in Figure 
114, and the resulting resistivities measured for the samples can be found summarized in Table 18, page 
94. The high performance target displayed a higher resistivity than the others, 9.3 MΩcm, while the low 
performance target was measured to the lowest resistivity of all with 0.6 MΩcm. The pressed samples had 
intermediate resistivities; between 0.7 and 2.7 3 MΩcm. No pieces large enough for resistivity 
measurements were obtained from sample p3. The measured resisitvities deviate significantly from the 50-
100Ωcm suggested by Tamura et Al. [84]. Here, it should be remembered that the reasons for varying 
resistivity are complex; impurities, porosity, composition, grain size, and doping all contribute to the total. 
What more is, considering the difficulties in obtaining a good contact during the measurement, the results 
could be heavily biased. It is unclear what factor is dominant in this comparison, why it may be more 
relevant to focus on the performance of the spent target pieces contra the pressed materials, as these were 
measured under similar conditions.  

0

10

20

30

40

50

60

70

80

90

surface edge 50 µm 100 µm 200 µm 500 µm 1 mm 2mm 3mm 4mm center

A
t%

 

Compositional change from surface to center 

Carbon Selenium Oxygen Copper Indium Gallium



-117- 

Figure 114. An example of a measured IV-curve, here from sample p5. 

The hot probe measurements performed on the boron doped Si-wafer confirmed p-typeness, through a 
negative current between -0.04 and -0.1 µA. The intensity of the measured current varied slightly with the 
quality of the contact achieved between probe and material, the probe distance, and the time for which the 
material was allowed to heat up. The probes were at all points kept as close to each other as possible 
without touching, a distance that because of the thickness of the probes was about 2 mm, and kept in 
position long enough to allow the multimeter to stabilize (a few seconds). At no point, the measurements 
varied more than 0.1 µA, and never between positive and negative readings. The procedure was repeated 
at least three times for each measured sample. The resulting average currents are presented in Table 20 
and Table 21. 

 

Table 20. Measured hot probe current in spent target pieces. 

Sample Current, bulk 
side [µA] 

Current, top 
side [µA] 

1a +0.01 +0.02 

1b +0.01 +0.01 

1c +0.02 +0.02 

1RT +0.02 -0.1 

2a -0.33 -0.23 

2b -0.23 -0.15 

2c -0.49 -0.57 

2RT -0.38 -0.50 

Table 20. Measured hot probe current in spent target pieces. 
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Table 21. Measured hot probe current in pressed target materials. 

Sample Current [µA] 

p1 -0.02 

p2 -0.02 

p3 -0.02 

p4 -0.06 

p5 -1.2 

p6 +0.03 

Table 21. Measured hot probe current in pressed target materials. 

According to these measurements, the majority of the samples are, as would be expected, p-type (negative 
current). However, target 1 shows mostly weak n-type behavior, except for the sputtered side of the edge 
piece. Also sample p6 was found to be weakly n-type. The pieces from the low performance target were 
more strongly n-type. As was the case with the measured resistivity, the pressed materials place themselves 
in between the high- and the low performance targets. The exception is sample p5, which shows the most 
pronounced p-type behavior of the measured samples. It can be noted that this sample was significantly 
darker than the rest; most of the samples were grey, but sample p5 was black. Sample p6, the only pressed 
material that was found to be n-type, was light grey and shiny. However, the samples are not numerous 
enough to state that the color is indicative of the carrier type. 

9.5.3.3 Results from the density measurements 

Initially, density measurements were attempted in open air. This resulted in heavy fluctuations of the scale 
readings, which could be reduced through the insertion of the scales into a grounded metal box. At this 
point, it became apparent that the glove box had not only provided protection from movements of the 
surrounding air, but the conductive layer had also acted as a Faraday cage shielding the contents from 
static and electromagnetic noise. Despite the pressure changes introduced through moving the gloves 
inside the box, the measurement repeatability inside the box was superior compared to open air. 
Employing the metal box, the estimated accuracy was the same as in the glove box.  

As mentioned in section 5.2, the density of CIGSe decreases with increasing Ga ratio due to the lower 
molar mass of Ga compared to In. The composition aimed for in this work has a Ga/(In+Ga) ratio of 
0.26, and a fully dense compact with this composition should thus have a density of 5.70 g/cm3. The 
theoretical density for each achieved composition was calculated based on a linear decrease with increased 
Ga content. The measured density was then compared to this value to obtain the relative density, 
presented for each sample in Table 18, page 94.  

The average density measured in the spent target samples was considerably lower than the density 
reported by the target manufacturers, where 98-99% average relative density has been stated. The 
properties of the targets may have changed during the sputtering process. The uncertainty in the present 
measurements may also account for some of the divergence. In any case, the densities of the pressed 
materials are as high as, or higher, than that of the spent targets. The measurements indicate that fully 
dense targets can be achieved through the presented method. Moreover, according to the results, high 
density solids may be processed through the use of high temperature (750˚C) and moderate pressure (25 
MPa), or high pressure (>60 MPa) and moderate temperature (<700˚C). What proved crucial was to allow 
enough time at elevated temperature for outgassing of the powder; sample p1, p2 and p5, which were 
pressurized immediately, included more porosity than the others. Although the measured density of 
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sample p2 was high, the presence of small pores was obvious from the SEM micrographs. Sample p6 
reached 99% density despite pressure being applied immediately when maximum temperature was 
reached. However, as the heavy steel tube used in this case required increased power settings, the ramping 
was very slow. Thus, the sample was still maintained at relatively high temperatures for an extended time.  

Here, the inaccuracy in the density measurements (see Section 9.1.1) should be remembered; only samples 
p1 and p5 were large enough to give reasonably accurate results. From these two, however, it can be 
concluded that densities above 90% were certainly obtained. Considering the porosity visible in the 
micrographs of these samples, it does not seem unlikely that the densities of the other pressed materials 
were in reality close to the measured values, which were near full density. 

 

10  Conclusions 

To summarize, the project has proven that mechanical alloying combined with hot pressing provides a 
promising route towards efficient sputter target manufacturing, without the complicated and expensive 
casting procedure used in conventional target production. The method allows for production of small 
batches for research purposes with easy compositional tuning. A range of suitable process parameters for 
target manufacturing was identified. From all measurements performed, there is nothing to indicate that 
the prepared target material should not be capable of performing on par with a bought target. Further, the 
reduction of process operations entails an optimistic economic outlook. Additionally, the following 
conclusions were reached: 

 The raw material oxygen content can be reduced through acid treatment of copper and indium 
chunks. Gallium, on the other hand, does not respond well to acid treatment. 

 Powder materials are more easily processed and lead to less caking when milled using a planetary 
ball mill. Copper chunks cannot be processed by the mill used in this project, and indium shots 
require rotational speeds above 400 rpm. 

 MA provides good process control and repeatability. The method allows for easy control of the 
atmosphere, and no toxic fumes are released to the surroundings during milling, as the vials are 
sealed. No smelting or high temperature treatment is needed prior to pressing, thus one process 
step less is needed compared to conventional manufacturing methods. The composition and grain 
size are easily tuned, why the technique is well suited for research purposes. 

 It is possible to reach a high relative yield from the milling step; almost no losses were recorded 
once the vial was coated. The amount of material that can be processed using the current 
experimental setup is limited to approximately 40 g powder per run. Thus, a larger mill would be 
required for industrial scale-up. Increased batch size and amount of released energy will in turn 
necessitate grading of the SHS to avoid violent reactions. 

 A rotational speed above 400 rpm is necessary to achieve SHS within 30 min milling. It is possible 
to manually induce the reaction by keeping the milling parameters below these limits, and then 
stirring the powder. A high Cu/(In+Ga) ratio inhibits this reaction to some extent, and demands 
slightly higher milling parameters for the same result.  

 The carbon and oxygen impurities remaining in the final target material largely seem to originate 
from the raw materials, in this case particularly the indium powder. Milling does not impair purity, 
however the contaminant levels increase slightly during pressing under the employed conditions. 
The final oxygen content is between approximately 4 -9%, i.e. slightly higher than in the used 
targets (approximately 3.5%). The measured carbon content is generally on par with or lower than 
that of the spent targets; around 2% in the bulk material. The final purity could be improved by 
using high purity raw materials in combination with inert gas atmosphere in the pressing stage. 
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 Indium appears to be the most difficult element to fully incorporate in the CIGSe phase. Indium 
peaks often remain after milling, especially for under-stoichiometric samples (with selenim 
shortage). Milling of binary In+Se before addition of remaining constituents can eliminate the 
elemental indium peaks in the final powder. 

 Annealing of milled powders can reduce the peak broadening and allow for better definition of 
low intensity peaks. It also reveals if the broad peaks are in fact made up of several closely spaced 
peaks, rather than one main peak. In the case of doubt, it can provide a valuable contribution to 
the understanding of the involved phases. The heat treatment assists the completion of the 
CIGSe formation. 

 Particle refinement is easily achieved through mechanical alloying. The size is very rapidly reduced 
to around 2 µm in first 30-60 minutes of milling, and prolonged milling can reduce the size to the 
nano scale. The pressing experiments indicate no need to use finer powders than 200 mesh, why 
the milling time is determined by the phase transformation rather than the particle size reduction. 

 Processing of CIGSSe requires higher milling parameter, but shorter milling times compared to 
pure CIGSe. 

 High density compacts can be achieved through hot pressing, either under high pressure and 
moderate temperature (60-100 MPa, 630˚C), or under high temperature and moderate pressure 
(700-750˚C, 25 MPa). It is important to allow time for outgassing of the sample at peak 
temperature before pressure is applied. 

 The pressed materials are generally p-type with intermediate resistivity. Most of them are 
measured to fall in a range between the high- and low performance target. 

 The physical extraction of the pressed target from the die is a crucial step, requiring complete 
alignment and dimensional stability of the equipment in combination with careful material 
choices. 

 The final composition is measured to be within one percentage point of the desired atomic ratios. 
It is estimated that even higher accuracy can be achieved through further tuning of the initial 
compositions. The finished target would need machining down to at least 200 µm into the 
material to reach compositional uniformity. Carbon from the graphite die diffuses into the target 
up to the given distance limit; further, there is an indium surplus in the outermost layer. Minor 
gradients remain up to 1 mm into the material. 

 It is suggested that the increase in indium content during the milling stage is only an apparent 
effect caused by preferential outdiffusion of indium upon heating. The combined indications 
from milling, pressing, and annealing point towards this being a general phenomenon, whether on 
macro- or micro scale.  

 Suggested process parameters are as follows:  
 For milling: 600 rpm, BPR 5:1, 60-120 min 
 For pressing: 650-750˚C, 1-2 h, 25-60 MPa, 30 min dwell time at peak 

temperature 
 Initial composition: 23.2/20/6.5/50.3 at% of Cu, In, Ga, and Se, respectively.  

11  Suggestions for future work  

The current project has proven the potential of the methods as such. At the same time, several areas are 
identified where improvements could be made, or where further understanding would be desired. 
Additionally, application of the methods on an industrial scale would demand further development and 
adaptations. Some suggestions for future work are listed below. 
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 Test sputtering and evaluation of the resulting film, as well as the performance of the target 
during sputtering in terms of arcing, depletion etc., would provide valuable information. As a first 
step towards scale up of the production, a small research target allowing for test sputtering could 
be produced. A diameter of approximately 25-35 mm would be sufficient for this purpose. To 
produce full-size targets, a mill with higher capacity would be needed.  

 Further investigations of methods to control the SHS and achieve a gradual reaction are advised. 
These could include more extensive modeling of the required and released energy during 
mechanical alloying and milling. Continuous temperature measurement of the vials during milling 
is suggested as a part of this work. 

 The possibility to use process agents to reduce caking during milling could be further investigated. 
A starting point could be to use previously processed powder, which would eliminate the risk of 
contamination. This could potentially also provide a means of grading the SHS. 

 The incorporation of sulfur in the compound was only briefly touched on in the current project, 
and would need additional investigations. 

 Further refinement of the pressing method is imperative, particularly of the extraction step. 
Controlling the atmosphere during pressing to reduce oxygen content could be considered. 

 A more extensive evaluation of the electrical properties is recommended for further development. 

 A more detailed economic evaluation is suggested once sputter performance and production on 
larger scale are proven. 
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