
 
 

  



 
 

 
  



 
 

Populärvetenskaplig sammanfattning 
Solcellsmarknaden har varit på stark frammarsch under många år och förhoppningarna är att denna 

trend ska hålla i sig då solceller omvandlar energi från solinstrålning till elektrisk energi och är 

därmed en förhållandevis ren energikälla. Dessutom är solceller både tysta och mer anpassade till att 

användas småskaligt än t ex vindkraft. Hittills har statliga subventioner av olika slag legat till grund för 

en stor del av expansionen p.g.a. att solceller fortfarande är förhållandevis dyra i ett ”krona per watt” 

perspektiv men framsteg görs fortlöpande både gällande högre verkningsgrad och billigare 

produktion så att solceller av egen kraft ska kunna konkurrera på den fria marknaden. 

Det finns idag i huvudsak två typer av solceller; de som är uppbyggda av kristallint kisel och 

tunnfilmssolceller. Dominerande på världsmarknaden idag är celler av kristallint kisel p.g.a. en högre 

verkningsgrad och en utvecklad produktionsindustri med betydligt större volymer och över lång tid 

effektiviserade processer. Trots detta ses tunnfilmssolceller av många som den mest lovande 

teknologin då det finns potential i den för en betydligt billigare produktion. Tack vare att tunnfilmer 

är omkring en hundradel så tjocka som kiselceller är materialåtgången mycket liten och själva 

produktionstekniken är enklare, och utöver det finns möjligheten att använda flexibla substrat som 

kan kapa både transport- och installationskostnader väsentligt och också öppna vägar till helt nya 

användningsområden. Av de olika tunnfilmsteknologier som finns är det de solceller som utnyttjar 

materialet CIGS, en förening av koppar, indium, gallium och selen, som nått de högsta 

verkningsgraderna.  

Solcellsgruppen på Ångströmslaboratoriet har lång erfarenhet av produktion av högeffektiva CIGS-

solceller genom en samförångningsprocess av de olika ämnena. Problemet med denna process är att 

den kan vara svår att kontrollera och man får sällan samma prestanda på varje cell över många 

cykler, vilket är viktiga egenskaper för en process som ska stå som grund för en kostnadseffektiv 

massproduktion. I detta avseende är sputtring en intressant process som använts inom industrin 

under lång tid för storskalig beläggning av tunnfilmer inom många olika branscher. 

I sputtring slår man ut atomer från ytan av en så kallad ”target” som består av det ämne man vill 

deponera som tunnfilm. Atomerna som frigjorts far iväg och deponeras bland annat på substratet, 

som är det man vill belägga med en film. Sputtring kräver mycket låga tryck, liksom de flesta tekniker 

för tunnfilmsdeponering, och processen måste därför förläggas till en vakuumkammare som kan 

pumpas ned till önskat tryck. Det finns dock en nackdel när det gäller sputtring av CIGS, vilken är att 

vissa partiklar under processen får för mycket energi och när dessa far emot CIGS-filmen som håller 

på att byggas upp kan de förstöra den kristallstruktur som CIGS-materialet bygger upp och som krävs 

för att bilda en solcell med bra verkningsgrad.  

Lösningen som man valt att prova är en specialvariant av sputtring kallad gasflödessputtring, 

förkortat GFS. Det är främst två egenskaper som skiljer GFS från konventionell sputtring; den ena är 

att istället för en target har man två stycken motstående targets vilket medför att de frigjorda 

atomerna inte far iväg i kammaren utan ansamlas i utrymmet mellan targets. Den andra skillnaden är 

att atomerna sen förs till substratet av ett starkt gasflöde. Dessa egenskaper leder till en potentiellt 

produktionseffektiv process för tunnfilmer som är fri från skadliga högenergetiska partiklar och 

därmed väl lämpad till sputtring av CIGS. 

I det här arbetet har de första stegen mot produktion av CIGS-solceller med hjälp av GFS genomförts. 

Nödvändig utrustning som substratvärmare, substrathållare, temperaturavläsare och CIGS-targets 



 
 

med anpassad strömförsörjning har installerats och processen har karakteriserats. En första serie 

tunnfilmssolceller med CIGS-skikt belagda med GFS har också producerats och analyserats.  

Resultatet av arbetet är en utrustning kapabel att: värma substrat under kontrollerade former till den 

för processen nödvändiga temperaturen, belägga ett substrat med CIGS-tunnfilm av beräkningsbar 

tjocklek och uniformitet beroende av parametrar som tryck och gasflöde, och producera CIGS-

tunnfilmer med rätt atomär sammansättning och kristallstruktur och av önskad tjocklek som del i en 

tunnfilmssolcell.  

Analysen av de färdiga solcellerna visade dock även på en väldigt låg elektrisk verkningsgrad än så 

länge. Den troligaste förklaringen till detta är att kristallerna som bygger upp CIGS-filmen är för små 

för att kunna utgöra goda ledare för de elektriska strömmar som uppkommer under belysning. För 

att råda bot på detta bör i nästa steg i sputtringsprojektet göra nya försök med lägre processtryck 

samt försöka hitta en enklare och kanske mer tillförlitlig temperaturgivare. 
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och jag såg min ungdom 
trampa gasen i botten 
och köra rakt in i en bergvägg 
 man måste dö några gånger innan man kan leva 
man måste genom skam 
man måste genom drömmar 
 man måste dö några gånger innan man kan leva 
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Designations used: 
CIGS Cu(In1-xGax)Se2. Semiconducting compound used 

as light-absorbing layer in solar cells. 

PS Power Supply. The supplier of power in the form 
of direct- or pulsed direct current to the targets.  

pbase Chamber pressure after pre pumping, no argon 
flow 

p Chamber pressure during process 

q Argon flow during process 

P Power delivered to cathode 

PT Setting on the power supply driving the heater 

f Frequency of pulses delivered with a pulsed PS 

trev Period of time that a pulse has a reversed 
voltage 

U voltage over the targets during process 

I current through the targets during process 

T Measured temperature 

t Elapsed time or total sputtering time 

ε Set emissivity on pyrometer or simply emissivity 

d Distance between source and sample 

s Pump speed  

slm Our gas flow unit of choice. Stands for Standard 
Liters per Minute.  

sccm Another gas flow unit used in this text. Stands for 
Standard Cubic Centimeters per Minute.  
1 slm = 1000 sccm 

SLG Stands for Soda-Lime Glass. The most common 
glass material and the glass used as substrate for 
our solar cells  

MSL The Micro Structure Laboratory. A cleanroom 
environment were all process work and most of 
the analytical work in this project were carried 
out 

CBD Chemical Bath Deposition. The thin film 
technique used to deposit the buffer layer in 
most of the solar cells produced by the solar cell 
group at Ångström and in this project. 

SEM Scanning Electron Microscope. Instrument used 
to get pictures on the nanoscale. 

XRF X-Ray Fluorescence. Instrument used to find out 
the composition of materials without damaging 
them. 

UHF connector A common coaxial RF, Radio Frequency, 
connector type for coaxial electrical cables. UHF 
stands for Ultra High Frequency  
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1. Introduction to- and purpose of the project/thesis 
As fossil fuels have an established negative environmental impact and, perhaps more motivating, 

reserves are diminishing, with accompanying worries about future prices and availability, the search 

for alternative energy sources are becoming increasingly important.  

Solar cells or PV, photovoltaics, is a technique that has seen a great expansion the last decade, see 

figure 1.1, and has a great potential to be an even bigger supplier of electric power in the world since 

it transform solar power 

directly into electric power 

and the energy supplied to 

the earth from solar 

irradiation greatly exceeds 

any energy demand human 

kind could have in a 

foreseeable future. Solar cell 

systems are also quite 

maintenance free and do not 

disturb humans visually or 

audibly so they can be 

installed almost anywhere.  

There are different types of solar cells. The clearly dominating type today is cells made of crystalline 

silicon. The competing technique is thin film solar cells that, as might be guessed, use a very thin film, 

1-2 µm, of a semiconductor that compensate the thinness with a more efficient photon absorption 

than the crystalline silicon. In the field of thin film solar cells there are different techniques 

competing as well. The defining difference between them is the choice of semiconductor with the 

three biggest today being: amorphous silicon, cadmium-telluride and CIGS. A chart is presented in 

figure 1.2 to give an overview of efficiencies for the different technologies today. 

Figure 1.1: Depiction of the recent rise of the solar cells measured in cumulative 
installed solar cell power, MW, in the world between the year 2000 and 2012. [1] 

Figure 1.2: Chart of record efficiencies for different solar cell technologies. Note that these numbers refers to research 
cells with an area often smaller than 1 cm

2
. Efficiency of installed and ready to use modules are many percents lower. [2] 
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As can be seen in the chart, solar cells made with thin film technologies are trailing crystalline silicon 

cells when it comes to efficiencies. The trump card of the thin films is instead the potentially low 

manufacturing cost. There are a few different cost benefits, the first being the low cost of material 

inherent with the extremely small amount of material used in each cell, even if the material might be 

quite expensive. The second is the processing costs where the process to reach the high grade of 

purity needed for the silicon cells requires a lot of energy and the wafers, the name of one silicon-

plate that is divided into many connected cells, is limited in size and therefore many wafers need to 

be gathered and electrically connected to form a complete module. Thin film solar cells can be 

manufactured with many different techniques less energy intensive then the silicon purification 

technique, there are no limitations, theoretically, to the size of the “wafers” produced and modules 

are easily formed by scribing one such “wafer” into many connected cells. Thirdly, thin films also 

have the potential to be used on flexible substrates enabling much lower transportation and 

mounting costs, efficient roll to roll production and the use of solar cells in new fields.  

Today the reality is that no thin film production technique has reached the same level of refinement 

or scale of mass production as the crystalline silicon production. The decreased production cost 

coming with this experience and the sheer quantity, together with the fact that much crystalline 

silicon, and process equipment, can be acquired quite cheap as second hand goods from the many 

times bigger electronics industry, prevents the thin film solar cells from truly competing with the 

silicon cells economically so far. To close the cost per watt gap, thin film companies have in recent 

years started to use process techniques more suitable for mass production and larger production 

volumes. 

Sputtering is an established process for mass production of many different thin films but due to the 

occurrence of high energy particles in the process, which could damage the CIGS crystal structure, it 

was deemed unfit for solar cell production until GFS, gas-flow sputtering, a slightly different, and less 

known, sputtering technique, where the particle energy is lower, was noticed.  

Goal 
The purpose of this thesis is to get the sputtered CIGS project started. Make the GFS equipment 

ready, investigate the basic characteristics of the process, produce the first sputtered prototype CIGS 

solar cells and evaluate them and the process. The purpose of the report is to give as much detailed 

information about the equipment and process as possible to facilitate for the successor of the 

project.  

2. Theory 

2.1 Solar cell basics 
To transform the solar energy carried by photons into electric energy a photovoltaic solar cell 

basically uses a pn-junction. This junction is made up of two semiconducting layers, one layer with an 

excess of electrons, n-type, and one layer with an excess of holes, p-type. To create the necessary 

excess of charge carriers, materials are normally doped, meaning suitable impurities are 

incorporated into the material to create n- or p-type semiconductors. Between the two layers an 

electric field will form, as a consequence of the different carrier concentrations, and a so called 

depletion region is created. If a photon, energetic enough to create a free electron in the specific 
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material, enters a solar cell and gets absorbed by an atom, an electron-hole-pair is created. If the 

absorbing atom is in the vicinity of the depletion region the charges will be separated by the electric 

field and an electric potential is created. As more photons are absorbed this potential increases. The 

potential can be used as electric power by connecting the two sides of the junction to a load. To be 

able to connect the pn-junction to an external load a metallic “back contact” is connected to the side 

not facing the sun, on the front side, facing the sun, a conducting and transparent so called “window 

layer” is used together with a metal grid, that is a better electrical conductor but opaque, as contact. 

In figure 2.1 the complete solar cell and its principle is crudely depicted.  

  

Figure 2.1: Very simplified picture of how the energy transformation in a solar cell works. [3] 

2.2 CIGS solar cells 
Thin film solar cells making use of CIGS materials as absorption layer and 

p-type layer for the pn-junction is what this thesis aims to produce. CIGS 

stands for Cu(In1-xGax)Se2 and this material can form a crystal lattice, see 

figure 2.2, known as a chalcopyrite structure, which has very good 

semiconducting properties when deposited under the right conditions. As 

seen in the chart in figure 1.2 it is the thin film technique boasting the 

highest cell efficiency. The (In1-xGax) means that either one or the other of 

the elements Indium and Gallium can occupy the blue positions in the 

lattice, and the relative proportion of these elements determines the 

band gap energy, the minimum required energy for a photon to create an 

electron-hole-pair, of the material which is a very important property for 

solar cells. A CIGS absorption layer is so called auto-doped, meaning it is a 

p-type semiconductor by default, no doping process is needed. It is also 

quite insensitive to small variations in the atomic composition, in regard 

to performance, which is beneficial when talking large scale production. 

[4] 

To make solar cells with high efficiency the crystal grains in the polycrystalline CIGS film must be 

quite large, somewhere between 0,3 - 1 µm is normal, to minimize losses that occur at grain 

Figure 2.2: Unit cell of 
crystalline CIGS in the 
chalcopyrite phase. The color 
of the spheres correlates to 
the different elements. 
Green: Selenium, red: 
Copper, blue: Indium or 
Gallium. [3] 
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boundaries. To be able to create large grains, energy must be supplied during the deposition process 

to the atoms that reach the substrate so that their chance of reaching the right position in the lattice 

is improved. The energy is supplied by heating up the substrate to around 500 °C. 

Even though this project and this thesis in particular is focused on the deposition of the absorber in 

the CIGS-cell, other layers still have a subordinate part in the thesis and the big picture is always 

important. So a quick review of what more is needed to get a functioning CIGS solar cell is 

appropriate. There are different ways, e.g. material combinations, to create a complete cell but the 

one presented here is the composition of the base-line cells produced at the Ångström Solar Centre 

which will also be used to complete the absorbers created in this thesis. The layers and structure of 

the complete cell can be seen in figure 2.3. Beginning from the bottom there is the substrate, the 

mechanical foundation and sodium source of the cell, made of SLG, Soda Lime Glass, better known as 

the standard material for windows, it is cheap and has the right properties.  Upon the substrate the 

back contact, made of metallic molybdenum, is deposited; the thickness of the layer is designed to 

manage the current expected to be generated by the cell. Next layer is the absorber which enough 

has been said about. After the absorber an n-type layer is required to complete the pn-junction. The 

n-type side of a CIGS-cell is actually made up of three different layers. The first is a very thin so called 

buffer layer made of cadmium sulfide, upon this layer are two layers of zinc oxide, the top one being 

heavily doped with aluminum and the bottom being non-doped/intrinsic, the intrinsic layer prevents 

emergence of internal shunt paths between the back and front contacts in a cell, while the doped, in 

addition to providing the necessary electron excess to the junction, act as the front side conductor. 

Important properties for all of the latter three layers are high transmittance of photons and energy 

bands that combines well with the neighboring layers energy bands.  

And that is how a complete CIGS solar cell can be made. 

 

Figure 2.3: Schematic figure of the different layers that make up a CIGS solar cell. [3] 
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2.3 Thin film technology 
Definition of thin film: a thin film is a film of a material from one to several hundred molecules thick 

deposited on a solid substrate [5]. 

Thin films can be deposited through a wide range of different techniques depending on what you 

wish to deposit, where you wish to deposit it and how fast etc. These techniques can be divided into 

two groups; chemical and physical. 

In chemical depositions a precursor undergoes chemical reaction(s) at the substrate surface and thus 

deposits a solid film. An example is CBD, Chemical Bath Deposition, the most common method to 

deposit the buffer layer in CIGS solar cells. The cells to be deposited are immersed into an aqueous 

solution containing a cadmium salt, ammonia and thiourea and through chemical reactions a film of 

solid cadmium sulphide is grown on the solar cell surfaces [6]. Chemical depositions are often used to 

yield very thin and very conformal films. 

Physical depositions on the other hand use mechanical, electromechanical or thermodynamic ways 

to deposit a film. These processes normally require a vacuum chamber, low pressure, to function and 

forms a directional film. In most of them the material to be deposited goes through a gaseous state, 

these techniques are called Physical Vapour Deposition- or simply PVD-techniques. In the PVD-group 

we find the two dominating physical deposition techniques, namely thermal evaporation and 

sputtering. In thermal evaporation the material is simply heated until the vapour pressure is 

sufficient and the gaseous atoms traverse to the cooler substrate where they condensate and form a 

solid film. The other dominating technique is sputtering which is our deposition technique of choice. 

2.4 Sputtering basics 
In sputtering, energetic particles/Ions are used to release atoms from a solid target consisting of the 

material one wish to 

deposit. A metaphor 

often used for 

sputtering is as “atomic 

pool”. Just like in 

normal pool where a 

cue ball is hit with large 

momentum to scatter 

the racked up billiard 

balls, a particle, most 

often a positive ion, is 

accelerated towards a 

target to hit the surface 

and scatter (or sputter) 

the surface atoms, 

hopefully resulting in 

one or more target 

atoms being released 
Figure 2.4: Schematic depiction of how the sputtering process works. [7] 
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from the target, see figure 2.4.  The released, now gaseous, atoms spread around the chamber and 

deposit on surfaces such as chamber walls or substrates. The number of atoms that are sputtered per 

hitting particle is called sputtering yield and is of course crucial in determining the deposition 

efficiency. Like a game of pool, sputtering is about momentum transfer, from the incident particle to 

the surface atoms of the target. Since momentum is a vector            the sputtering yield is 

dependent on the mass, velocity and incident angle of the incoming particle, but also the mass of the 

target atoms, as well as the bond strength between the surface atoms of the target, in literature they 

refer to surface binding energy meaning the energy required to release an atom from the rest [8]. 

2.5 Plasma 
There are a few different ways to create a flux of particles bombarding the target surface, one way is 

to use an ion gun, but the most common way, which is also used in this thesis, is a plasma, also 

referred to as glow discharge. 

The plasma is created by, partially, ionizing a gas at low pressure. Partially means that a factor 

between      and     of the atoms are ionized. One property of a plasma is that it is quasi-neutral, 

which means the total number of negative and positive charges is about the same in the plasma but 

can vary on a small scale within it and at the edges. Any charge imbalance will cause electrons to 

move rapidly, the electrical resistance is relatively low, to compensate the imbalance; ions also move 

but considerably slower due to their larger mass. As a consequence of this a plasma will always have 

a higher potential than any object in contact with it since the electrons, with their high mobility, will 

leave the plasma at a higher rate than ions until the potential of the plasma is positive enough to 

hold them back enough to match the leaving rate of the positive ions. The potential an object in 

contact with the plasma gets as the rate of electrons and ions have reached a steady state is called 

floating potential. 

Average electron energy in the plasma is about 1 – 10 eV which is enough to excite atoms and 

molecules and break chemical bonds meaning the chemical activity will be high at any surface in 

contact with the plasma. Average energy for ions is lower, 0,02 – 0,1 eV, since they interact with, and 

transfer energy to, the background gas a lot more. Temperature is between room temperature and a 

few hundred degrees [9]. 

So how does a plasma form? If a voltage is applied across a closed space filled up by a gas, usually 

inert, at low pressure, the few charged 

particles that initially exist will start to move. 

Electrons will travel towards the anode and 

ions to the cathode. As electrons are moving 

they may collide with neutral gas atoms and, if 

the energy is high enough, produce new free 

electrons and ions before starting to 

accelerate towards the anode again and 

maybe causing another collision. If the energy 

of the electrons is high enough when they 

collide this will give rise to a chain reaction 

known as a Townsend discharge. There are 

three variables governing the probability of 

Figure 2.5: Example of a Paschen curve. [10] 
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ionization. Distance between and applied voltage over the electrodes, and the pressure. Voltage and 

distance determine the strength of the electric field and consequently the acceleration of the 

electrons. The pressure determines how often an electron will collide with a gas atom, if the pressure 

is too high electrons will not have time to accelerate enough between collisions to gather the 

required energy, if it is too low it will not be a lot of ionization due to the fact that it will not be a lot 

of collisions. Figure 2.5 is a Paschen curve that plots voltage vs. pressure·distance to start a 

Townsend discharge, this voltage is known as breakdown- or striking voltage. The Paschen curves for 

different gases differ a little but all have a minimum point and a less steep slope to the right. 

To use a plasma, e. g. for sputtering, it has to be self-sustained, as a Townsend discharge fades away 

as soon as all electrons has reached the anode, and here is the link to the previous sputtering 

section. The positive ions traveling in the electric field against the cathode is, when talking plasma 

driven sputtering, the flux of particles bombarding the target surface. As described previously these 

positive ions will release free atoms from the target, from here on the cathode will be known as the 

target, and with them electrons, called secondary electrons, that will travel towards the anode, and 

collide, and ionize, and the discharge is thereby self-sustained and known as a glow discharge.  

As a sustained plasma is formed it consists of different regions, the most important can be seen in 

figure 2.6 and are briefly explained below.  

A: Cathode dark space, also called Cathode Fall or Crookes dark space or sheath. This is the 

region over which virtually all of the potential difference between target and plasma occurs and 

where the acceleration of secondary electrons, towards the bulk of the plasma, and positive ions, 

towards the target, mainly takes place. It is dark because of the strong electric field which quickly 

accelerates electrons into the bulk of the plasma and any collisions with gas atoms transfer 

energies of a magnitude too large to give rise to visible radiation.  

B: Negative glow, the region 

from where the 

characteristic light of a 

plasma mainly originates. 

Also where most of the 

ionization of background gas 

atoms takes place. As the 

electrons come crashing in 

from the sheath they can 

ionize a number of atoms 

and also lead to a general 

heating of the plasma which 

leads to random electrons 

getting enough energy to 

ionize. The ionization from 

heating can actually often be 

the dominating ionization 

mechanism [9]. Electrons in 

the region are not subject to 

Figure 2.6: Schematic diagram of a glow discharge, and the regions that make it 
up, in a tube with two electrodes having a voltage applied between them. The 
electric field strength and varying potential across the regions can also be seen. 
[11] 
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a strong electric field any more so their energies are decreasing with collisions and often capable 

of just exciting an atom enough to radiate visible light. 

C: Faraday dark space, in this region electrons no longer have enough energy to even excite gas 

atoms enough to radiate visible light.  

D: Positive glow, same as negative glow except a lot less energy, excitation and light. 

E: Anode dark space, same as cathode dark space except a lot less potential difference and 

electric field strength.  

2.6 Conventional sputtering 
In conventional sputtering the target surface atoms are sputtered into the chamber following a 

cosine distribution, implying that the most likely angle for sputtered atoms is perpendicular to the 

target surface, and are deposited when they reach a surface. The substrate is normally placed 

opposite of the target and a film of the targets atoms is grown on the surface, see picture 2.7.  

One problem with plasma 

driven sputtering has been the 

low secondary electron yield of 

incoming positive ions, which is 

dependent on material but can 

normally be estimated to be 

about 0,1, meaning a released 

electron has to ionize an 

average of about ten 

background gas atoms to 

sustain the process [9]. In 

conventional sputtering 

magnetrons, strong magnets, 

are used behind the target to 

create magnetic fields around 

the target that bend the 

electrons so that their pathway 

in the strong electric field 

becomes longer and chances of ionizing collisions are increased and with that the deposition rate 

increases. 

When it comes to deposition of fragile crystal structures like CIGS as absorption layer in solar cells 

there is another problem with conventional sputtering. Some of the atoms released from the target 

in the sputtering process get a larger amount of energy than others and if they hit the growing film 

they may damage the crystal structure, the same goes for negative gas ions, e.g. oxygen or sulphur, 

that sometimes form close to the target and are accelerated by the sheath towards the anode with 

high energy. 

Figure 2.7: Crude schematic diagram of a conventional sputtering system. [12] 
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2.7 Gas flow sputtering 
GFS is a quite new type of sputtering technique with the first article on the subject being published 

1988 [13]. There are primarily two features that differ from conventional sputtering. In GFS a hollow 

cathode is used as material source instead of a planar cathode. The technique is therefore also 

known as hollow cathode sputtering. The other feature is that a large gas flow transports the 

sputtered atoms from the source to the substrate.  

A general hollow cathode can be any 

cavity within a cathode material and 

what makes it interesting is that the 

geometrical confinement of the plasma 

in this cavity makes it more intense since 

electrons that are accelerated away from 

the sheath on one side of the cavity are 

slowed down and then accelerated back 

as they reach the other side and the 

sheath there, see figure 2.8. This 

oscillating effect on the electrons makes 

them travel a much longer way in a highly 

energetic state, like in the magnetic field 

of magnetrons, and leads to a high 

degree of ionization in the plasma [14] 

resulting in a high sputter rate.  

The type of hollow cathode 

used in this project is known 

as a linearly extended cavity 

[15] or just linear HC, which 

means that two long, 

theoretically indefinitely long, 

rectangular targets are set up 

opposite to each other to 

create an elongated passage 

between them. As a large gas 

flow of an inert gas is 

directed through this passage 

sputtered gas atoms trapped 

in the negative glow in the 

hollow cathode are 

transported towards a 

substrate located a short 

distance away from the 

source, see figure 2.9. If this 

substrate is moving a 
Figure 2.9: Schematic diagram of a GFS system using a linear source. [15] 

 

Figure 2.8: Schematic depiction of how an electron behaves in a 
hollow cathode compared to a planar cathode. HCD: hollow cathode 
discharge, CF: cathode fall or sheath, NG: negative glow, PC: positive 
column or positive glow, AF: anode fall or anode dark space. [14] 
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uniform film may be deposited on the surface. A much simplified circuit diagram for a GFS system is 

shown in picture 2.10. 

 

Figure 2.10: Circuit diagram for a general GFS system 

Except the earlier mentioned benefits, this technique offers a way of getting rid of target poisoning 

during reactive sputtering, a scientific area not so important for this thesis so it will be left for the 

interested reader to find out what it is. Finally it also offers a sputtering process free from the 

energetic particles, described previously, which comes with conventional sputtering. This comes as a 

result of the very energetic sputtered specimens, as well as the negative gas ions, getting trapped 

within the cavity of the hollow cathode and from the relatively high processing pressures which 

cause the atoms to collide enough to lose excessive energy. 

2.8 Sputtering of insulating materials  
When sputtering an insulating material, such as an amorphous composite CIGS target, positive ions 

reaching the target may cause charging effects on the target surface [16]. If a steady DC voltage is 

applied over the target a buildup of positive charges on the target surface will take place, and an 

equally strong negative image charge, see figure 2.10. The electric field, which is created between 

the positive charge and the cathode, will eventually be strong enough to create a so called electric 

breakthrough. This means the layer between the charges suddenly breaks to become electrically 

conductive. As this happen a visible arc appears at the point of breakdown, as a result of the intense 

electron flow which bridges the sheath together with positive ions in the opposite direction. As a 

consequence of these events, small pieces of the broken target can be spread, to either damage the 

substrate film or give rise to new arc events at the target. Arc is a term used for a low impedance 

condition in the sputtering process, which is registered by the PS as a sudden lowering of the voltage 

over the target. The arc described above is an example of a so called hard arc. Hard arcs can also 

occur between the target and the sputter source housing, which is the shielding of the target(s). 

There are also soft arcs, or micro arcs, that occur between charges at the target surface. These arcs 

are not as detrimental to the target as hard arcs but should be avoided.   
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The solution to arcing problems is either 

to use pulsed DC or RF power for 

sputtering of insulating materials. They 

basically work in the same way but pulsed 

DC has a much higher potential for high 

deposition rate and is the power source of 

choice in this project. The idea is to 

reverse the target voltage periodically and 

by that neutralize the positive charge 

buildup by attracting electrons from the 

plasma. In figure 2.11 a schematic 

description of the voltage delivered to a 

target by a pulsed DC PS can be viewed. 

Every pulse is made up of a longer period 

of negative voltage, normal sputtering and 

charge buildup, and a shorter period of 

positive voltage and neutralization of the 

accumulated charges. The shape and 

effects, e.g. amount of arc events, 

deposition rate, plasma dynamics, of the 

pulsed power is governed by four 

parameters. The pulse frequency, f, 

decides how many pulses there are during 

a time period, and consequently how long 

the pulses will be. The reverse time, trev, is 

the time the voltage is reversed, positive, 

during each pulse. The duty cycle is the 

relative proportion of sputtering time 

during each pulse,  
   

           
. Lastly the 

reverse voltage, Urev, is the magnitude of the positive voltage, normally stated as a per cent of the 

negative voltage. To prevent arcing it is important to have a high enough frequency and a low 

enough duty cycle, and consequently a high enough reverse time, even though the importance 

between them differs in the literature [17] [18].There is a critical limit, that depends on target 

material and power delivered to target, that must be exceeded for the frequency and that the duty 

cycle must be less than.  

Unfortunately there is little, actually none that has been found by me, information about appropriate 

parameter choices for pulsed sputtering of composite CIGS targets.   

Figure 2.11: Schematic description of the charge buildup on a low 
conductive target. [16] 

 

Figure 2.12: Schematic description of the voltage delivered to a 
target by a pulsed DC PS. τrev = reverse time, τon = normal 
sputtering time, τcycle = time for one period. [17] 
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3. Equipment 
In this chapter I will go through all the apparatus used in the project. It is divided into three 

categories. The equipment used for the CIGS (or copper) depositions, other equipment that I have 

been introduced to and which has been used in this project, and lastly the analytical equipment used. 

3.1 Deposition equipment 
Below are two pictures of the equipment used for the CIGS deposition step, figure 3.1 and 3.2. Some 

parts were replaced, added or removed throughout the project but almost all of the essential parts 

are in the pictures and are listed and briefly explained below, as is other essential equipment not 

shown in the pictures. 

 

 

Figure 3.1: Shows the equipment in the CIGS deposition room with the GFS to the right and the rack to the left. 
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Figure 3.2: The inside of the vacuum chamber.  

1. Controls for the gas flow. Custom made on and off switches for the argon gas, or any other 

carrier gas one would wish to use, as well as for any reactive gases used. In this project no 

reactive sputtering was executed. 

 

2. Mass flow controller. mks type 247. Or more precisely the controller, power supply and digital 

readout of two mass flow controllers located at 17. Can adjust the carrier, or reactive, gas flow 

with an accuracy of a few sccm. The maximum Ar gas flow is 10 slm, for O2 it is 0,5 slm. Both 

use Swagelok
© 

6mm tubes. 

 

3. Pressure display. mks PDR 2000. Dual digital power supply and readout for the Baratron 

transducer located at 11. The pressure can be displayed in some different units; we used 

mTorr as pressure unit in this work since it suits our pressure region. We had an additional 

pressure reader initially that had a greater range than the Baratron, that has an upper limit at 

one Torr, but since its higher range only was of use for a brief moment during the start of 

pumping it was removed as we needed the space.  

 

4. Pulsed DC power supply. Advanced Energy Pinnacle Plus. The power supply we used for the 

CIGS depositions. Capable of delivering pure DC as well. Maximum power 5 kW, maximum 

voltage 625 V, maximum current 15,4 A, frequency 5 – 350 kHz, reverse time 0,4 – 5 µs, 

reverse voltage is 10 % of pulsed voltage. Connected to the targets at 13 with a RF cable. On 

the cable we constructed an UHF connector “switch” to facilitate changing between different 

power supplies. Acknowledgements to Midsummer AB that lent it to us. 
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5. Pulsed DC power supply. ENI RPG-50. There were at least two good reasons to have two 

pulsed power supplies. We had plans to use one to generate a substrate bias and 

redundancy is always a good thing, vital to us as it would prove. The ENI works like the 

Pinnacle Plus in many ways and has quite similar specifications as well. Maximum power 5 

kW, maximum current 10,5 A, frequency 50 – 250 kHz, reverse time 0 – 40 % of duty cycle. 

Both pulsed supplies can be regulated by either power, current or voltage, have automatic 

arc detection and can be programmed to run after a programmed sequence to facilitate and 

lessen the manual work during a process like a slow ramp up of power. 

 

6. DC power supply. Advanced Energy Pinnacle MDX. Before we had access to the pulsed power 

supplies we used this supply together with copper targets to characterize the process. The 

upper part is the preamplifier where you can choose your settings and the lower part is the 

amplifier.  

 

7. DC power supply. A simpler PS we used to make a first attempt with substrate bias. Limited 

in power but enough to provide the bias. 

 

8. Heater controls. Custom made at Midsummer AB to power and control the heater. There are 

two knobs on the right side that control the power to the inner and outer loop respectively. 

There are no readouts on the controls though so information about the resulting power 

delivery and heat buildup needs to be predicted or measured or preferably both. 

 

9. Pump connection. Metal pipe, custom made for this equipment.  

 

10. Pyrometer. Mikron M90-O. Portable infrared thermometer. It estimates the temperature at 

the spot/surface it is focused on by collecting and measuring the objects heat radiation and 

using Stefan-Boltzmanns law. The temperature is shown digitally on the display. The 

emissivity of the object/surface measured needs to be set manually. Measurement range is 

250 to 2000 degrees Celsius, linear FOV, field of view, ratio is 60:1 which is the same as an 

angular FOV of 3,44°, this means the object to be measured needs to be bigger than the 

distance between pyrometer and object divided with 60, so for us bigger than 0,42 cm, 

wavelength range measured, 1,0 – 1,6 µm. Also the manual states that the pyrometer cannot 

measure accurately at distances shorter than 75 cm, we have 25 cm from window to 

substrate and around 40 cm from pyrometer to middle of substrate. This could lead to the 

M60 displaying a slightly higher temperature than the true one. 

 

11. Pressure transducer. mks Baratron capacitance manometer.  
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12. Window. 

Newport sapphire optical 

window. To be able to use a 

pyrometer you have to see 

inside the chamber. A special 

window is required though 

since it needs to have a high 

transmittance of the heat 

radiation in the wavelength 

range the pyrometer 

measures and also be able to 

withstand heat and high 

pressures. We chose a 

sapphire window since it fulfills all the requirements. As can be seen in the picture below it 

has a high and quite uniform transmittance for a wide range of wavelengths even though the 

best transmittance is at wavelengths slightly higher than where the pyrometer works. As long 

as it is known how much radiation the window stops it is easily compensated for in the 

calculations later though so the uniformity is actually more important. We have calculated 

with an IR radiation loss of 88 % at the window based on figure 3.3. 

 

13. Source. On the other side of the door the sputter targets and gas inlets are situated. On the 

outside we can see double, one for each target, tubes for the cooling water and return 

water, smaller tubes for carrier and reactive gases and the cable delivering power to the 

targets connect to the source behind a plastic protective barrier.    

 

14. Vacuum chamber. Made of steel, not initially made for this specific process but it suited our 

needs since it had the right size and had a multitude of flanges where we could install feed 

throughs, windows etc. Not air tight enough for higher vacuum processes but tight enough to 

reach the mTorr region necessary for our process. 

 

15. Valve. A valve that is used for ventilation to atmospheric pressure quickly after a run. A 

simple screw with a big head for good grip that is loosened when you wish to let in air and 

tightened before you wish to pump down the chamber.     

 

16. Pump remote. On and off switches controlling the pump that is located in the room behind 

the wall. 

 

17. Mass flow controllers. mks. Control the mass flow of argon- and reactive gas to the chamber. 

 

18. Feed through. This is where we connect the heater to its power supply and also where we 

connected the substrate bias DC power to the substrate. Vacuum compatible custom made 

cables connect to the sockets on the inside and ordinary cables connects the power supplies 

to the spikes on the outside. 

 

Figure 3.3: diagram over a typical sapphire windows transmittance at 
different wavelengths. Pyrometer measures radiation between 1,0 and 
1,6 µm. [19] 
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19.  Shutter control. Turnable rod connected to the shutter. Marked so it is easily seen at which 

angle the shutter is blocking the substrate. 

 

20. Pump throttle. A wheel that can withdraw or push in a disc that blocks the pipe connecting 

the pump to the chamber, with the effect of decreasing or increasing the effective pump 

speed. Transmission is rather low; it takes about twenty-four full turns of the wheel to go 

from maximum speed to fully closed. 

 

21. Shield. Custom made at the Ångström laboratory workshop after our design. Made of steel 

and its function is to prevent gas flow, and with that deposition, reaching interior parts of the 

heater. 

 

22. Steel plate originally designed for the substrate holder we use. In our set up it works as an 

adaptor that holds our SLG substrates and fits the real substrate holder. 

 

23. Thermocouple. An instrument used for heat measurements. Looks like a wire and is made of 

two materials with differing conductivities that, when heated, generates a voltage between 

them that is dependent on the temperature; they are used with a special multimeter that 

translates the voltage across the thermocouple to a temperature that is shown on the 

display. This thermocouple has a special design since it consists of three thermocouples 

integrated in a baseline CIGS sample which is where the 23 arrow in picture 3.2 is pointing, 

the cables associated with each of the integrated thermocouples can be seen as the white 

strings. 

 

24. Screws. Holds the shield in place. There are four holes but three screws are enough to hold 

the shield firmly in place. They need to be removed and put back between each run. 

 

25. Screws. Holds the SLG substrate against the steel plate “adaptor”, even though they act as 

holders for two copper wires that hold the CIGS thermocouple in place in picture 3.2. There 

are four screws, two beneath the substrate and one on each side.  

 

26. Thermocouple. A second thermocouple that is more of a standard type than the one 

described in 23. Used primarily for measuring temperature at the steel plate “adaptor”. 

 

27. Steel rod and the holder of the heater/substrate holder. The heater is mounted on a holder 

that has a ring at the bottom that fits the steel rod that is fastened through a flange to the 

chamber. The rings position on the rod, and thereby the substrate to target distance, can be 

altered a few cm back and forth. 

 

28. Cables. Process compatible cables that connect the heater with the electrical feed through 

seen at 18 in picture 3.1.  

 

29. Pump outlet.  
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30. Heater/substrate table. The heater inside consists of two, an inner and an outer, winding 

loops of graphite embedded in ceramics behind plates of metal and carbon based material. 

Four resilient metal arms, one on each side, are fastened in the heater and dimensioned to 

hold a square metal substrate, see 22, in place about a cm away from the heater surface.  

 

Pump: Aerzen GMa 12.5 HV. Combined roots and rotary vane pump. As mentioned earlier the pump 

is located behind the wall in a so called service finger. A roots pump cannot be used on its own since 

it does not work with atmospheric pressure at the exhaust, so a rotary vane pump, or some other 

mechanical pump, must be connected behind it. Another attribute special to the roots pump is that 

the pump speed has a maximum point unlike other mechanical pumps where the pump speed simply 

increases with the pressure, see figure 3.4. 

 

Figure 3.4: Difference between roots pump and other mechanical pumps when it comes to pump speed depending on 
pressure. It can also be seen how the roots pump behavior depends on the mechanical pump connected to the exhaust. 
Note: This is not specific data our roots/rotary vane pump. [20] 

3.2 Other equipment used 
This is procedures that are prerequisites for the CIGS deposition. Since we used the baseline 

procedures for everything but the CIGS layer these steps were sometimes made by other in the solar 

cell group but to ensure a planned deposition would not fail because of a third party being 

indisposed  it was better to have the knowledge and option to perform it ourselves. 

 Substrate cleaning. To be sure there is as little contamination as possible on the SLG 

substrates prior to depositions there is a dedicated washing room in the process part of the 

MSL where the substrates are repeatedly rinsed and cleaned with soap and water in an 

ultrasonic bath before they are stored in a locker containing a nitrogen atmosphere until 

utilization.  

 Molybdenum deposition.  The molybdenum back contact is the single layer under the CIGS 

absorption layer in the solar cell and it was deposited by conventional sputtering. Four 
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substrates at a time could be mounted on a pallet with screws and then suspended in the 

load lock. You chose your settings in the computer control panel and then the sputtering 

process was performed automatically. The whole process took less than one hour with little 

need of supervision. 

 CBD procedure. When the CIGS layer had been deposited and the substrate had cooled down 

it was necessary to quickly deposit a buffer layer on top of the CIGS to prevent it from 

oxidizing, unless of course it could be stored in a non-oxidizing atmosphere. So far the base 

line buffer layer consists of cadmium sulphide at Ångström and it is deposited by CBD which 

is a wet chemical deposition method that is performed in a fume hood. Here follows a rough 

description of the procedure.  At least one hour before the deposition, as the CIGS started to 

cool down, we prepared the solutions needed for the process. Just before the CIGS could be 

handled and unloaded, the solutions were mixed and everything else made ready. The CIGS 

was then taken out and as fast as possible transported to a glass cutter and cut to 5 * 5 cm 

samples and then immersed in the solution-mix. When the deposition was done after eight 

minutes the sample was rinsed and then dried with a nitrogen gas gun.  

 

3.3 Analytical equipment 
Listed below are the instruments used to analyze the films. Most of them are situated in the MLS but 

some are located elsewhere in the Ångström laboratory. The profilometer, XRF and the 4-point-

probe were managed by the writer, after going through a compulsory introduction for each of them, 

while the other equipment were managed by others.  

 Profilometer. Veeco Dektak 150. Setting used: standard scan, stylus radius 5 µm, force 10,00 

mg, profile valleys, display range auto, meas range 6,5 µm. This is the instrument we used to 

measure the thickness of the films. It uses a stylus that is placed on the samples surface and 

that can detect any changes in the vertical position of the sample as the plate the sample is 

mounted on moves horizontally. We made lines at the places we wanted to measure on the 

sample using a waterproof marker pen and after deposition took them away with ethanol. By 

doing this we had sharp edges across the whole sample over which we could measure the 

films thickness accurately. 

 4-point-probe. CMT – SR2000N. Instrument used to measure the sheet resistance of a thin 

film, and calculate resistivity if the thickness is known. It measures the sheet resistance by 

generating/forcing a current between two of the probes and through the thin film they are in 

contact with. Then the voltage drop over the film is measured by the other pair of probes 

and sheet resistance is calculated using Ohms law   
 

 
 with a constant accounting for the 

geometry. We used the 4-point-probe only during the process characterization with copper 

films since CIGS has such a high resistance that the current will travel through the 

molybdenum back contact instead and no voltage drop can be detected on the CIGS-surface. 

 SEM. Zeiss 1550. High resolution FEG SEM, Field Emission Gun Scanning Electron Microscope, 

used for surface imaging. Ejects an electron beam which hit the sample and then detects the 

subsequent responses from the sample and from this information builds a picture. While the 

MSL was closed during the summer we also used an older SEM but could not manage to get a 

really good picture with it. 
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 XRF. Stands for X-Ray Fluorescence which actually is the phenomenon that this instrument 

measures to calculate the elemental composition of a sample. The sample is bombarded by 

x-rays and this gives rise to secondary x-rays emitted from the sample atoms. These 

secondary, or fluorescent, x-rays are specific for each element and by detecting and 

measuring them one can decide what elements a sample material is made up of and the 

proportions of the elements. In practice a 3 * 3 cm sample was mounted in a special sample 

holder and inserted in the machine and then the appropriate program for the element(s) you 

wish to measure was executed. The XRF has a limitation in that it cannot detect lighter 

elements. 

 XPS. Stands for X-ray Photoelectron Spectroscopy and is also known as ESCA. It is a technique 

used to analyze elemental composition in materials among other things. The material to be 

analyzed is irradiated by a beam of X-rays which results in electrons being excited and leaving 

the sample surface. The electrons are then detected, counted and their kinetic energy is 

measured. From this data a lot of information about the material can be calculated. XPS can 

detect all elements except hydrogen and helium.  

 XRD. Stands for X-Ray Diffraction and is a technique used to investigate crystal structures. By, 

again, irradiating the sample with X-rays and detecting how the rays diffract, meaning 

roughly how much of a beam that is reflected in each different direction, information about 

the crystal structure of the sample is gathered. 

 IV-measurements. In general this means measuring the current in some circuit as a function 

of voltage. In solar cell analysis, IV-measurements give information about the electrical 

performance of a cell or module, normally in the form of some specific parameters. A 

random but representative IV-diagram is presented in figure 3.5 together with markings for 

the most important parameters, which are IL: the light generated current, ISC: short circuit 

current, IMP: current at the point of maximum power, VMP: voltage at the point of maximum 

power, VOC: open circuit voltage. 

  

Figure 3.5: Example of an IV-diagram together with markers pointing out the most important parameters gotten from an 
IV-measurement. 

 

4. Practical work and problem solving during project 
A lot of the work in this project has been to find practical solutions to different problems that arose. 

In this chapter some of the solutions and work will be presented. Most are very simple but still very 
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time consuming. The easy solution does not always come to mind instantly and the fitting pieces and 

tools had to be found, ordered, adjusted, assembled and so forth. 

4.1 Heater/substrate table installation and modification 
Except that we needed to disassemble the heater once to change a metal sheet no modifications 

have been done to the heater itself. However, to be able to use it in our process several things 

needed to be dealt with. First of all 

some sort of suspension for the 

heater within the chamber needed 

to be designed. A steel rod with 

pins along one side was fixed to a 

standard flange situated at an 

appropriate position in the 

chamber. A holder, partly seen in 

figure 4.1, that could both hold the 

heater and slide along the pins, 

enabling variation of the target to 

substrate distance, was 

manufactured and mounted. 

When the heater had been 

suspended we needed electrical connection between the heater and the heater PS. There was an 

existing electrical feedthrough that was decided to be used. The outer connections between PS and 

feed through were easily set up but the inner connections were harder. They had to be compatible 

with our process which means no plastics or any other material that can evaporate or otherwise 

contaminate the films at low pressures and high temperatures were allowed. We decided to use 

plain copper wires but could not find any long enough to order. Fortunately outside help proved the 

solution again as we were given plenty of long and thick enough copper wires, all that was needed 

was to peel of the plastic insulation. Some sort of shielding of the cables was needed though and for 

this we used ceramic beads. Lastly electrical connectors to heater and feed through were needed; 

connectors to the heater had been supplied with it but finding fitting connections to the old feed 

through proved harder. Eventually a fitting model were found and ordered and the connectors could 

be fastened to the copper wires by pressing them together in and with a short copper tube using a 

vice, since simple soldering was not process compatible. The finished inner connections can be seen 

mounted onto the back of the heater in figure 4.1. 

4.2 Shield design and modifications 
After the substrate table/heater had been installed some sort of protection was needed to prevent 

deposition and possible shortcuts in the interior parts. Measures were taken and designs made for a 

steel shield that would cover the front, not the substrate, and most of the sides of the heater. The 

shield was then constructed at the Ångström workshop, and soon after modified to cover more of 

the sides and allowing wires for substrate biasing and thermocouple transducers access to the 

substrate. The shield is held in place by four screws, for convenience only three have been used, that 

are screwed into protruding sockets. The sockets were not protruding enough after the SLG-holding 

screws were inserted though, so to keep the shield from being in contact with the screws we used 

leftover ceramic beads as spacers. They are set behind the shield above each socket and then the 

Figure 4.1: Backside of the heater with custom made process compatible 
electric connections. Mounted onto the edge of the lower part of the heater 
the holding part of the steel suspension can also be seen. 
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screws are inserted through them as they are screwed in place, easy but tedious as it has to be done 

every time the shield is put in place which means before each run. 

4.3 Change of T-connections in the water cooling system 
Originally the connections were metallic but as the cooling water was not deionized and carrying an 

electrical current from the targets reaching at least a meter away from the source, quite a high 

voltage could be measured between the connections and ground, a change to non-conducting 

connections were needed for safety reasons. Plastic T-connections were found and bought at a local 

hose retailer, the water cooling tubes were emptied and the connections were changed. 

4.4 Pyrometer set up 
The first problem, after a pyrometer had been found, was to suspend it at the allocated position 

above the chamber looking down through the top window. The pyrometer had a threaded socket 

and a fittingly threaded steel rod was found. It was held by a clamp holder fastened to a longer steel 

rod. With that the horizontal set up was complete. For the vertical support a longer steel rod was 

found and fastened to the metal framework holding the vacuum chamber using tie straps. The next 

obstacle was the inconvenient position of the display that faced the ceiling at a height not easily 

accessed. Luckily there were ways of retrieving data from the pyrometer without visual contact with 

the display. According to the manual it could be connected to either a printer or a computer, through 

an analog or digital socket respectively, to continuously record the temperature readings. No suitable 

printer was available but the analog printer signal should be a voltage as some function of the 

measured temperature and if this voltage could be measured as the corresponding temperatures 

were observed the function could be calculated. To be able to measure the voltage we used an 

ordinary audio cable with a two conductor phone connector connecting with the analog output at 

the pyrometer and a RCA connector on the other end that was connected to a multimeter using two 

cables with alligator clips, one clip connected to the central conductor of the RCA connector and one 

to the outer conductor.  The necessary data was gathered as the pyrometer was used in another 

experiment using the right temperatures and a pyrometer positioning that allowed constant view of 

the display. Four separate times, with four different emissivities set in case it would alter the output, 

the voltage was measured during heating up of their substrate and the data was plotted and 

functions calculated and the result can be seen in figure 4.2. As can be seen the lines coincides very 

well and are independent of the set emissivity. So by using these relations and translating the voltage 

registered on the multimeter into a temperature by 

   
        

     
 

the multimeter could be used as a temperature display at a convenient height and with that the 

pyrometer set up was complete. 
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Figure 4.2: The voltage from the analog output of the pyrometer as function of the measured temperature. Four 
coinciding plots and trend lines with corresponding equations is shown. 

4.5 Grid and output power connections for the Pinnacle Plus  
When the Pinnacle Plus was delivered it did not come with any grid or power out connections or 

corresponding cables so they had to be found or made. For the power out connection a fitting coaxial 

cable was found. On one end the PVC cover and dielectric was removed for about a dm to bare the 

central conductor. The outer conductor was then untwined and gathered in shrink-wrap. The two 

conductors were then inserted in a connector box supplied with the PS that was connected and 

screwed onto the back of the PS. On the other end the central conductor was bared for a couple of 

cm, the outer conductor for a few cm and an UHF connector was soldered on. The grid connection 

was easier. After a long enough three-phase cable with a fitting grid connection had been found the 

only problem was to clarify where each phase should be connected to the PS. 

4.6 (Change of) Targets 
The targets to be used to in the solar cell absorber layer depositions were composite amorphous 

CIGS targets, ordered from and developed by Chinese company Pioneer Materials Inc., of two 

different compositions made by sintering and soldered to a copper backing plate. Unfortunately 

delivery was delayed and one of the two sets of targets could not be delivered due to a crack in the 

copper backing plate. To make certain the (expensive) CIGS targets, and any subsequent targets, 

were correctly installed into the GFS source, a private instruction was given by the designer and 

constructor of the GFS-source. This took place at the Fraunhofer Institute in Germany and except for 

the specific instructions regarding the switching of targets, good advice about maintenance and the 
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GFS process in general was given during this visit. Unfortunately because of legal reasons no details 

about this procedure can be published.  

4.7 Leak detection 
During heat measurements a large increase in base pressure in the chamber was observed. This was 

first assumed to originate from the thermocouple connections into the chamber but the problem 

remained after they were taken away. To find leaks in vacuum systems it is common to use helium 

gas and an integrated pump/helium detector. The pump is connected to a flange of appropriate 

dimension, our usual pump is of course unused and sealed off by the pump throttle, see 20 in picture 

3.1, so that the gases in the chamber exits through the detector. When this is done helium gas is 

sprayed at the junctions where a leak could exist and if a leak exists, helium will enter the chamber 

and exit through the detector that will then give off a signal whose magnitude depends on the 

helium concentration. It was a loose hose at the gas inlet causing our leak, easily tightened when 

found. 

4.8 UHF adaptor between source and PS  
 Originally there was a cable between the DC PS and the source but when we needed to switch to 

pulsed DC we could not use the same cable since there were different output connections on the 

pulsed supplies. The first problem was that the source connection was a LEMO© and we could not put 

a fitting connector on the end of the “new” output cables because there 

was no other LEMO© connector to be found and the delivery time if 

ordered was too long, and they were expensive. The other problem was 

that preferably it should be easy to switch between the two pulsed 

supplies, and the DC supply. To solve this we ordered a female-female UHF 

adapter, since a female UHF connector could not be found, and a bunch of 

male UHF connectors. The original LEMO© cable was cut and a male UHF 

soldered onto the other end. The female-female adapter was then 

fastened to that male connection. Lastly a male UHF was soldered onto the 

loose end of each of the supplies output cables. Now all needed to do to 

switch PS was to unscrew an UHF connector and screw on another one, 

the finished arrangement can be seen in figure 4.3. The soldering of the 

UHF connectors was the tricky part, not that it was theoretically advanced 

but it required a steady hand not to make it messy. Further, peeling off the 

dielectric layer in a coaxial cable was quite tough.  

4.9 Back current connection for pulsed supplies 
After we had switched to pulsed DC power we could not get the Pinnacle Plus supply to deliver more 

than about 0,3 A regardless of the voltage while the ENI, even if it was acting a little strange, see 

section 5.3.1., could deliver enough power for the needs. After spending a long time troubleshooting 

with the Pinnacle PS, checking resistances of all possible connections etc. we eventually noticed that 

there was no proper return current connection from the chamber to the PS. As we had used the pure 

DC PS and the ENI the connection had most probably been a separate chassis ground cable 

connected from the back of the PS to the chamber and internally connected with the positive output, 

the Pinnacle had no such connection.  

Figure 4.3: Picture of the 
UHF adaptor and the 
provisional back current 
connection. 
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This situation had been overlooked as both the ENI and pure DC supply was delivering power that 

gave no apparent reason for wariness, the electrical resistance of the internal connections must have 

been quite low. When a “proper” electrical connection was set up between the chamber and the 

pulsed PS’s power output cable’s outer conductor, a target current above any so far reached 

occurred already at 100 V. After establishing this, a copper wire was fastened between the chamber 

and the UHF adapter, see picture 4.3, since this was the only place where the outer conductor was 

easily accessed on the cable. This was a simple short term solution, using a tie strap to hold the 

copper wire against the adapter, until a permanent, more durable and safer, solution could be set up 

but it served its purpose well throughout this project as we had no further issues with the PS on 

behalf of the return current.  

5. Results and discussion 
Results are divided into process characterization with copper and CIGS targets, heat calibration, used 

set up and conditions during prototype CIGS solar cell deposition and analysis of the prototypes, 

discussion is ongoing through the sections.   

5.1 Process characterization 

5.1.1 Physical relationships and restrictions in parameter choices  

In this chapter we will investigate parameter relations for our specific chamber. Most of the 

fundamental relationships were established using DC-voltage and a copper target but will, if not 

stated otherwise, hold for pulsed DC and less conducting targets just as well. 

5.1.1.1 Pressure vs. gas flow 

The pumping speed can be changed by adjusting the pump throttle but since the consequences of 

increased pumping speed, for example higher deposition rate and less residual gases, seemed to be 

solely beneficial we decided to make use of maximum pumping speed in all depositions. With that 

being established we have the relationship between gas flow and pressure shown in figure 5.1. The 

red line was obtained from measurements in room temperature without power to the target, so we 

had no heat or plasma in the chamber. 

Those measurements actually deviate a little bit from the gas flow/pressure relationship observed 

later during the CIGS-depositions, the blue line, when heat and plasma was present in the chamber. 

The pressures observed then were 4-6 mTorr higher than the corresponding pressures were 

calculated to be from the “default” measurements. Probable cause for at least a part of this deviation 

is of course the heat expansion of the gas. But since small adjustments to the gas flow are easily 

made to reach the desired pressure, no effort has yet been made to investigate this further and 

finding a pressure relationship dependent on the temperature as well.  
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Figure 5.1: Linear fits showing the relationship between gas flow and pressure in our specific vacuum chamber with, 6 
series, and without plasma and heating. 

 

From the same data we calculated our real pump speed, which includes losses to tubes, pipes etc 

unlike the nominal pump speed supplied by the manufacturer, from the relation 

   
 

 
  

After compensating for the fact that q is specified in slm, which means dm3 per minute at 1 atm and 0 

°C, and p in mTorr we got the results presented in figure 5.2. We can see that we pump around 200 

liters per second in the pressure region we are interested in and that we are on the left side of the 

maximum point, see figure 3.4, during the whole run. 

 

Figure 5.2: Graph over how many liters per second the pump can pump at different pressures. 
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5.1.1.2 Voltage vs. pressure and gas flow  

It normally takes a higher voltage to reach a certain power when deposition is carried out in low 

pressure compared to high pressure.  In figure 5.3 this relationship is shown for our chamber using 

the DC PS.  

 

Figure 5.3: Shows how the necessary voltage to reach a set power differs greatly with the gas pressure within the 
chamber. 

The pressure was determined by the pump throttle for the different curves so that the gas flow 

would be constant and the pressure would be the only variable. There was still some variance with 

the gas flow/pump speed as illustrated in figure 5.4. It seems that lower gas flow results in a higher 

required voltage.  

 

Figure 5.4: Shows that there is an obvious influence on the voltage from the gas flow as well. 
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The voltage-pressure relationship is of importance since it decides how much power we can use. 

Especially in the lower pressure regions we will be restricted by the PS:s maximum voltage limit. 

There is of course a current limit as well for the PS but in this application we are far from it so it is of 

no concern. For the DC PS the voltage limit is 800 volt, for the pulsed PS that is used for the CIGS-

depositions the maximum voltage is only 600 volt which means we are limited to use very low power 

and consequently long deposition times.  

Since we have reason to believe that deposition in the lower pressure region, 70 mTorr or lower, is 

beneficial for the CIGS, we made an estimation of what voltage that would be needed to reach a 

reasonable power, 2 kW as an example, at this pressure. As seen in figure 5.5 we have extended the 

2 kW line to 70 mTorr both by letting the best fitting polynomial, even though excel is not the best 

program for this, continue and by using the same percentage increase as the lower power lines has 

at lower pressures. From these rough estimations a PS with a voltage capacity of at least 1200 volt 

would be needed to deliver 2 kW.  

 

Figure 5.5: Crude forecast over what voltage a future PS need to generate in order to enable high rate depositions. Note 
that the y-axis is set at x = 70 mTorr. 

 

5.1.1.3 Limitations from equipment 

To sum the above up, in the low pressure region we are restricted by the pump speed and the PS:s 

voltage limit in our choices of gas flow and power to the target according to figure 5.6. 
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Figure 5.6: These two lines show the restrictions we have from the pump and the PS. We can only choose q and P values 
below the lines 

5.1.2 Depositions with DC and copper target 

Before our CIGS targets arrived and could be installed we made many depositions with copper using 

a DC PS to investigate how changes in parameters as pressure, gas flow, distance to target and power 

would influence properties of the deposited films. The sputter had never been used and gas flow 

sputtering was a brand new technique at the department so it was necessary to get basic knowledge 

of the process before switching to CIGS targets as it is an expensive material. These depositions were 

carried out with the samples attached directly on the shutter since the sample holder/heater was 

under construction. The samples were attached with kapton tape, initially we used a mechanical 

device working like a clamp but it was obstructing a lot of the gas flow. Due to the fact that the shield 

and holder probably alters the gas flow, and thereby the deposition, at and around the substrate; 

absolute uniformities and deposition rates for the later real set up probably differ somewhat from 

the ones which are reported in this chapter.  

The attributes we investigated were deposition rate, thickness uniformity, resistivity, step coverage 

and morphology of the films.  

In all depositions the Power was set to 700 W, deposition time was 12 min and full pump speed was 

used. 

The pressure was varied from 70 to 300 mTorr and the gas flow accordingly, see figure 5.1. 

The distance was varied from 4,8 to 9 cm (as close and far away as possible) 

5.1.2.1 Deposition rate  

Deposition rate is the measure of how fast we can deposit a film and is of course interesting since the 

long term ambition is to develop a process that can be used commercially, meaning time efficiency is 

a necessity. There was also a concern that with too low deposition rate and longer deposition time 
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we risked getting a lot of oxygen in the film. In figure 5.7 the deposition rate is shown as nanometers 

per watt and minute for different pressures and distances. The film thickness is defined at the films 

thickest point. As expected a much higher deposition rate is achieved when the source is situated 

closer to the sample but the effect seems to diminish as the distance increases.  Deposition rate is  

  

Figure 5.7: Deposition rate independent of power and deposition time for different pressures and distances from sample. 
Calculated with maximum thickness. 

also increasing with pressure. Keep in mind though that, since we are using maximum pumping 

speed in all depositions, a higher pressure means a higher gas flow and that this relation is maybe a 

more probable cause of this increase since a higher gas flow has potential to transport a larger 

amount of material. It would be interesting to see deposition rates as function of pressure and gas 

flow independently to discern how much each contribute to the deposition rate but it was not done 

at this point..  

5.1.2.2 Thickness uniformity 

It is of importance to have a certain level of thickness uniformity over the sample. The criterion we 

had was a maximum deviation of plus/minus ten percents across the sample. Picture 5.8 gives a 

general description of how a sample could look. As can be seen the thickness is not exactly following 

an exact symmetry and the symmetry also varied between the samples. This was at least partly a 

consequence of the difficulties of mounting the substrate in the exact same position on the shutter 

and the shutter at the exact same angle every time. But even if the maximum points were offset 

some extra work with the profilometer gave accurate maximum points and deviations. The 

uniformities as function of pressure and distance from targets can be seen in figure 5.9. We have 

defined uniformity as the thickness in proportion to the maximum thickness 3 cm in both directions 

from the maximum point, both on the “upper” side and the “lower” side, and the values in figure 5.9 

is the average of these four. We used a distance of 3 cm because the final cells will have dimensions 

of 5 * 5 cm. 
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Figure 5.8: Down, middle and up are references to the vertical position during the deposition, with down and up being 
about 3 cm from the bottom and top edge respectively. Numbers within the figure are thickness values, with the lowest 
ones belonging to the blue “down” column. Thickness measured by profilometry. 

 

Figure 5.9: Thickness uniformity of cupper samples depending on pressure and distance from targets. 

Uniformity is clearly benefitting with an increased distance between substrate and targets. At least 

up to a certain point between 4,8 and 7 cm. additional experiments to investigate uniformity change 

in that interval would be interesting. The pressure effect on uniformity is not as great or clear. Both 

the 7 and 4,8 cm samples show a dip in the medium pressure region but the 9 cm line deviates from 

this behavior with a completely opposite change in the medium pressure region. It is clear that in 

order to meet the uniformity criterion we had to keep a certain distance between targets and 

substrate even though it means a lower deposition rate. 
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5.1.2.3 Resistivity 

By investigating the resistivity of the films a value corresponding to the purity and/or density of them 

were aimed to be obtained. Resistivity was calculated from the relation 

       

where ρ is the resistivity in Ω·mm, Rs is the sheet resistance in Ω/sq and t is the film thickness in mm. 

Rs was measured by a 4-point-probe and the thickness was measured using a profilometer. As can be 

seen in figure 5.10 there was a big spread in the measured sheet resistances over most samples, the 

4-point-probe was programmed to measure at 25 (later 10) locations evenly spread out over a 

sample, and between them. This is partly due to the same reasons as described above, in the 

uniformity calculations, but thickness variations is compensated for when calculating resistivity and 

should therefore not influence the end result but it did. Probably this was because the films were too 

thin at the edges of the samples. 

 

Figure 5.10: Example of results from sheet resistance measurements. Sample is along the x- and y-axis and the sheet 
resistance for each point is displayed on the z-axis. It can be seen that the part of the sample that has received most 
deposition, the region along the y-axis with an almost undetectable sheet resistance at this scale, is offset between the 
two samples. 

To find one fair resistivity value for each sample to use in a comparing figure we calculated the 

resistivity all across the sample, chose the line along the y-axis having the lowest resistivity, and then 

used the average value along that line. The result can be seen below in figure 5.11. As expected the 

resistivity increases with the distance.  
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Figure 5.11: Resistivity as function of pressure and distance from targets. Note that the y-scale is logarithmic. Pure 
copper as a reference has a resistivity of about 0,000017 Ω·mm according to literature [21]. Half thickness is a reference 
point used to examine the effect thickness had on the analytic equipment; the sample was deposited under the exact 
same conditions as d = 7 only using half the deposition time. 

With an increased distance there is more time and space for residual gases to mix with the gas flow. 

The effect of pressure seems to be, except for two deviating points, that an increased pressure is 

beneficial for low resistivity films. As in the case with deposition rate, described earlier, it is not 

certain that this observation is dependent on pressure alone, since a higher pressure comes with a 

higher gas flow which in turn means there is a higher deposition rate. So another comparative figure 

regarding resistivity with an even more distinct trend is presented in figure 5.12, except the two 

deviating points, it is quite clear that increasing the deposition rate decreases resistivity. It is again 

difficult to discern which of the parameters that is the main cause of the trend. 

 

 

Figure 5.12: Resistivity as function of deposition rate and distance. Note again that the y-scale is logarithmic. Also the 
unit of deposition rate shows that it is independent of the power which seems bad since the power greatly affects the 
deposition rate, but since we used the same power in all depositions it does not matter for the comparison. Half 
thickness is a reference point used to examine the effect thickness had on the analytic equipment; the sample was 
deposited under the exact same conditions as d = 7 only using half the deposition time.   
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There are a few different effects that could give rise to the trends seen. Residual gases that are mixed 

with the argon during deposition would increase resistivity; a higher deposition rate would lessen 

this effect. Post-deposition oxidation will also increase resistivity; this would be linked to the porosity 

of the copper films, oxygen would be able to penetrate a porous film more efficiently than a dense 

film, and consequently oxidize a much larger area. Copper grain sizes might be different and smaller 

grains mean more grain boundaries and higher resistivity. It cannot be decided which of these effect 

is dominating. 

 

5.1.2.4 Fluorescence measurements 

With XRF analysis the aim was to find a density/porosity trend with a changing distance and 

pressure/gas flow/dep rate. In figure 5.13 we can see the results of the measurements where kcps, 

kilo counts per second, is the number of detected copper signals from the sample. 

 

Figure 5.13: Showing the results from X-Ray fluorescence measurements. The unit on the y-axis stands for kilo counts per 
second and refers to the amount of detected copper radiation from the sample. Half thickness is a reference point used 
to examine the effect thickness had on the analytic equipment; the sample was deposited under the exact same 
conditions as d = 7 only using half the deposition time.   

We can see there is a more distinct difference between the samples processed with a distance of 4,8 

cm and the others, which are quite close, in the XRF results compared to the resistivity results. There 

is also a more linear increase of copper counts with increased pressure/deposition rate, and no 

clearly deviating points.  

There was a concern with the XRF results though. Since the samples varied a lot in thickness, from 

200-800 nm, and the XRF measures quite deep when talking thin films, scanning depth varies with 

density of samples but is normally at least a few µm [22], there was an imminent risk that the thinner 

films would be getting an unfairly low count since a lot of the fluorescence would come from the SLG, 

which of course would not give rise to a lot of copper signals.  

To investigate thickness effects on both XRF and resistivity results, we made an extra deposition with 

the exact same parameter settings as was used for the d = 7 cm, p = 300 mTorr sample. The only 

difference was that we halved the deposition time. The result should have been a film with the same 
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properties as the original film except the thickness, it was expected to be half as thick and ended up 

being 52 % of the original thickness, that could be used as a test of the thickness impact on the 

analytical measurements. The results can be seen as the purple cross in the previous three figures. 

This test showed us that resistivity measurements were quite unaffected by varying thicknesses but 

that, as suspected, XRF results were very thickness dependent, XRF actually registers only about half 

the amount of copper signals from the half thickness sample compared to the thicker.  

 Considering the results regarding the XRF thickness dependence we can view figure 5.14 where we 

have divided the intensities from the XRF with the samples maximum thicknesses and got quite a 

different picture of the results. There is still increasing counts as the distance between sample and 

targets decreases but not as large and now the largest difference is between 9 cm and the rest, at 

least in the higher pressure regions. The same goes for pressure/deposition rate with a slighter count 

increase with increased pressure and almost no difference when you go above 150 mTorr. Also, the 

results after thickness division probably give a much more correct picture on account of the half 

thickness reference; though note that signals from atoms deep in the film might get absorbed in 

upper parts of the film so an increasing thickness should be a disadvantage using this method, as the 

half thickness reference actually shows. Even so, sample thickness increases with pressure and so 

does the copper counts so the trend seen is probably not false but might be diminished.  

As stated both XRF and resistivity results are quite uncertain, but if put together it seems to be a 

correspondence between a short distance between targets and sample, high pressure/deposition 

rate, and denser and possibly less oxidized films.  

 

Figure 5.14: shows the results from X-Ray fluorescence divided with the measured films thickness. Unit on the y-axis is 
Kilo Counts Per Second divided with the thickness in nanometer. Half thickness is a reference point used to examine the 
effect thickness had on the analytic equipment; the sample was deposited under the exact same conditions as d = 7 only 
using half the deposition time.   
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5.1.2.5 Step coverage 

In this part we investigate how much deposition we get on the backside of the sample compared to 

the front side. This might not be of primary interest at this first stage of the GFS/CIGS-project but it is 

still an interesting aspect since a process which is capable of depositing films evenly over a non-

uniform surface has a great advantage. 

Since there was no standard measurement to follow we chose to define step coverage as the 

thickness 2,5 mm from the edge on the backside divided with the thickness 2,5 mm from the edge on 

the front side. This was done on both left and right side and then the average value was used for 

comparison. Below we can see the resulting figure 5.15.  

 

Figure 5.15: shows how much that was deposited on the backside of the samples as a function of distance and pressure. 

There is no clear trends regarding the step coverage as can be seen but it might be beneficial to use 

low pressure/deposition rate. 

It is clear though that a significant deposition rate may be obtained onto the backside of the 

substrate, between 30%-50% of the deposition rate on the edge of the front side were measured on 

the edge of the backside.  

5.1.2.6 Substrate bias 

A common method to use for customizing film properties during sputtering is substrate bias. It 

means a negative, if you wish to attract positive ions which normally is the case, voltage is applied 

over the substrate, which results in corresponding energies of the bombarding ions. Energies, and 

subsequently the density of the films, increase with the magnitude of the negative voltage.  

We used a simple DC PS borrowed from a student laboratory, see 7 in picture 3.1, that was able to 

deliver voltages up to a couple of hundred volts which was enough since applied substrate biases 

normally goes from -10 V up to around -200 V. The PS was connected through the electrical 

feedthrough, see 18 in picture 3.1, to a self-made cable, compatible with our process criteria, ending 

in a crocodile clip that could be fastened to the substrate holder steel plate. In order to get a 

connection from the steel plate to the substrate surface we used a small metallic disc and in order 

for the substrate to be able to have a differing potential from the chamber we took broken ceramic 

0 

0,1 

0,2 

0,3 

0,4 

0,5 

0,6 

0 50 100 150 200 250 300 350 

b
ac

ks
id

e
 t

h
ic

kn
e

ss
 (

in
 p

ro
p

o
rt

io
n

 t
o

 
fr

o
n

ts
id

e
) 

p (mTorr) 

step coverage 

d = 9 cm 

d = 7 cm 

d = 4,8 cm 



37 
 

beads that was left from the cable shielding and used them as isolators between steel plate and the 

arms of the substrate holder, the arrangement can 

be seen in figure 5.16. This was a highly provisional 

and very fiddly set up, so for more in depth analyzing 

of substrate bias effects, another set up is 

compulsory. As we used normal DC in this 

characterization run we needed a conducting surface 

on the substrate, to later apply a bias over the CIGS-

substrates we would need a pulsed DC or RF, stands 

for Radio Frequency and means Alternating Current 

with radio frequency, PS. Since we sputtered copper, 

which is a very good conductor, there was probably 

no real need for a predeposited conducting layer on 

the SLG but even so we used a titanium covered 

substrate. The reference sample was sputtered 

without bias and straight onto SLG but otherwise 

process conditions were the same. The following 

parameter settings were used.  

p = 92 mTorr, q = 1,25 slm (max pump speed), P = 1 kW, t = 36 min, Ubias = -45 V 

The resulting films were analyzed with XPS. Our primary interest with substrate-bias at this stage was 

to see if it could be used to minimize oxygen incorporation in the film which was seen as a potential 

problem. However, no significant difference on atomic concentration of oxygen, or composition in 

general, could be seen in the XPS measurements. A potential explanation for this could be the long 

distance to the target and negative glow of the plasma, leading to very few ionized atoms in the 

vicinity of the biased substrate. 

5.2 Heat calibration 
This part will be about the measurements done to investigate the power development of the heater 

PS, the heat transport to the substrate and to calibrate the pyrometer.  

When the heater/substrate holder had been properly installed and connected to the associated PS, a 

lot of measurements were done to understand the power development of the PS. The PS, see 8 in 

figure 3.1, had no display showing the actual power that was generated so this was necessary in 

order to know when the heating began, how fast it increased, how it increased and how high we 

could go without risking to damage the heater. There were two knobs, one for the inner heater 

circuit and one for the outer, to control the heating but no tests were made in this work to see what 

influence on substrate temperature a variation between them would lead to, they were always kept 

at identical values and increased and decreased simultaneously. The knobs were marked with 

increasing numbers which will provide arbitrary units for the power delivered to the heater, this 

power will be denoted PT in the following figures. To measure the temperature we used a pyrometer 

and two thermocouples, see 10, 23 and 26 in figure 3.2. The latter cannot be used during depositions 

since deposited material on the wires would change its properties.  

The measurements gave the following results: 

Figure 5.16: Shows the metallic disc and the ceramic 
isolators used for the substrate biasing. 
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 Heating initiated at PT about 4. 

 The increase in substrate temperature was nonlinear with increased PT. Temperature 

increases were diminishing as the power was increased. 

 Negligible temperature change with changed pressure and a small change, a few percent, of 

temperature with changed gas flow. An increased temperature was seen with decreased gas 

flow and vice versa. 

 According to pyrometer readings, see figure 5.17, the target substrate temperature of 500 °C 

was reached somewhere between PT = 5,6 – 5,8.  

 Cooling down the substrate from 500 °C to a manageable temperature took about three 

hours.  

 Higher PT, up to at least 7,4, could be used to speed up the heating process without risking 

the equipment. 

 

Figure 5.17: Pyrometer readings from the run where the target temperature 500°C was reached. ε was set at 0,1. 

Reaching these results we encountered some challenges: 

 In vacuum processes the “only” way to transfer heat is through thermal radiation, thermal 

conduction and convection needs matter to transfer heat, and this fact makes it a slow and 

power consuming process. As a small temperature change could be noticed with changed gas 

flow, it seems that at least some heat was lost through thermal convection after all, perhaps 

since our process does not take place in high vacuum. Anyhow, the heat transfer to the 

substrate was too poor and we had to alter the metal substrate holder, see 22 in figure 3.2. A 

10 * 10 cm hole was cut out in it, made with AWJ (Abrasive Water Jet cutter) in a workshop, 

making it more of a frame to hold the SLG-substrate that would then be directly heated by 

the heater. The difference this made in increased heat transfer between heater and 

substrate can be seen in figure 5.18, where the difference in substrate temperature, 
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measured by thermocouple, using the same power to the heater is shown. As can be seen 

the substrate temperature is first increased with the insertion of the shield, which absorbs 

thermal radiation that otherwise would be lost and radiates some of it back at the substrate, 

and then greatly increased as the substrate could be directly heated. 

 The positioning of the thermocouples proved tricky. Even if it seems like the wire is pressed 

tightly against a surface we experienced that the measured temperature deviates from the 

temperature of the surface/object. An example of this is shown in figure 5.19 where the 

“normal” thermocouple is pressed against the surface of the thermocouple integrated into a 

CIGS-piece. 

 

Figure 5.19: The difference in measured temperature as the "normal" thermocouple, T1, is pressed against the surface of 
the CIGS-piece of the integrated thermocouple, T2. 
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Figure 5.18: Shows how the temperature of the substrate is increased when the shield is inserted and when the metal 
plate is altered to allow direct heating. PT = 5,0 throughout, except in the direct heating case where it goes from 4,0 to 
5,0. 
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 Pyrometer readings are greatly influenced by the emittance of the surface/object in focus 

and the correct emittance need to be set to collect correct values; unfortunately it proved 

difficult to be certain of what exactly was in focus because of the small angle of sight of the 

sample the pyrometer position resulted in. Another problem with the positioning of the 

pyrometer was that it might have allowed emittance from the plasma being measured. Lastly 

we had some problems with the molybdenum oxidizing at higher temperatures, which leads 

to an increased emissivity [23], but as a small leak was tightened and with that the base 

pressure lowered the problem was seemingly solved as a lower pressure in the chamber 

means a higher temperature is required for oxidation. 

5.3 Characterization of process when switched to CIGS-targets 
When we had finished the heat measurements we were ready to change from copper- to CIGS-

targets. After the change we needed to characterize a few things before starting to deposit solar 

cells. Firstly we would now be using a completely different PS, see 4 and 5 in figure 3.1, that used 

pulsed DC because of the CIGS low conductivity and we wanted to see how it worked. Secondly, 

uniformity and deposition rate would be different and since solar cells need a certain thickness of the 

CIGS-layer we would need to know these attributes to design the deposition process properly. 

5.3.1 Characterization of pulsed DC power supplies 

To begin with we made some calculations based on existing knowledge. We estimated that we 

should be able to go up to at least 3,5 kW without risking too high temperatures at the targets. We 

also decided to use as high pulse frequency and as much time with reverse bias as allowed by the PS 

to minimize the risk of arcing, even if it meant a lower deposition rate.  

We wanted to compare the maximum power at different pressures with what the constant DC PS 

with copper targets could deliver. Result of comparison is presented in figure 5.20. 

  

Figure 5.20: Comparison of maximum power between the pulsed DC PS and the previous constant DC PS at different 
pressures. Maximum voltage: 600 Volt for pulsed, 800 Volt for pure DC. 

As can be seen the ENI is equal to, or even higher, than the constant DC initially but then it becomes 
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to use a lower power, due to the lower conductance of the target and the lower voltage limit of the 

pulsed supplies, so we were not surprised by this result, even though the high power at lower 

pressures and slow increase with pressure were a bit odd. During the measurements IV-values were 

collected and the looks of those were a surprise. They are presented in figure 5.21 and are very 

nonlinear as can be seen, compare to the IV-curves in figure 5.23 that are representative for how an 

IV-curve is expected to look.  

 

Figure 5.21: Current as function of voltage from investigation of Pmax for ENI PS. 

At this point we had no good explanation for the look of the IV-curves but as we went on to 

investigate deposition rates the ENI stopped working completely and after discussions with their 

support it was clear that it had to be shipped for repair, and with that be effectively unavailable for 

the remainder of the project. The company’s customer support could unfortunately not help us with 

the cause of the problem but they thought it unlikely that the fault in question would be caused by 

our set up. Troubleshooting the Pinnacle PS revealed differences in the internal configurations 

between the Pinnacle and ENI, this is further explained in section 4.9. What can be said is that an 

extra back current connection between the vacuum chamber and the outer conductor of the PS 

power output is highly recommended with any PS, regardless of internal configuration, to be used in 

the future of this project.    

So now we only had one pulsed DC PS, the pinnacle plus, but this time around it worked. The result 

of a new IV-measurement, carried out at 150 mTorr with frequency and reverse time set at 

maximum values, is presented in figure 5.22. Maximum power this time was 2,884 kW, compared to 

1,665 kW using the ENI at the same pressure.  

The ramping up of power was practically arc free up to just below the voltage limit of the PS at 625 

Volt and then suddenly there was a lot of arcing even as voltage was lowered back to levels that 

resulted in arc free operation on the way up. The red line in figure 5.22 shows that the current is a 

little lower as we went back down and this might be a sign that the arcs had damaged the target 

somewhat. 
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Figure 5.22: Current as function of voltage for the AE pinnacle plus pulsed DC PS. Pressure was 150 mTorr. Blue line is 
values as the power was increasing and the red line is values from when the power was decreasing. Pmax was 2884 Watt 
and was reached at 614 Volt. 

Even so, the IV-curve looked as it should this time, the current linearly increasing with voltage, and 

this was taken as a verification that the new back current connection worked and we could move on, 

even if we had to be careful at higher voltages. 

In figure 5.23 we can see IV-curves at the three pressures we decided to use for the first CIGS-

deposition and in figure 5.24 the maximum power of the Pinnacle at these pressures and a 

comparison with the ENI and pure DC supplies are presented.  It is clear that the back current 

connection has enabled a much increased power, note that the pure DC values are reached using 

copper targets and a much higher voltage than the corresponding AE Pinnacle Plus values, and the 

IV-curves now all look as expected and with this we felt completely certain the back current problem 

really had been a problem and that it now was fixed.  

 

Figure 5.23: IV-diagram at different pressures when using the Pinnacle Plus pulsed DC PS with return current connection. 
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Figure 5.24: Pmax for the Pinnacle at the pressures to be used in the first CIGS depositions and compared to earlier results 
using pure DC and ENI pulsed DC without “proper” back current connection. Maximum voltage: 600 V for pulsed DC, 800 
V for pure DC. Note: the pure DC was used with copper targets. 

After the arc events at higher voltages, described above for the 150 mTorr run, we decided to not go 

all the way up to 625 Volt when using 100 mTorr but still had problems with arcing as we went up to 

600 and down again. We had seen an increasing 

number of cracks in the targets, originating in the 

gap separating the two pieces of each target, 

prior to this run but when we opened the 

chamber after this run it were a clear damage to 

the targets, see figure 5.25. We felt we needed to 

be even more careful so when using 70 mTorr we 

only went up to 550 Volt and increased the 

“voltage trip level” setting on the PS, resulting in 

earlier suppression of arcs. With those measures 

taken we had no arcing incident during the 70 

mTorr run except in the beginning at the really 

low voltages. Using this “safe” voltage limit, 

maximum power for the different pressures 

became. 

 

 

 

 

5.3.2 Deposition rate and thickness uniformity analysis of CIGS-depositions  

Depositions were made in the same runs as the three final IV measurements presented above. The 

pressures we investigated were therefore 70, 100 and 150 mTorr. The complete conditions were: 
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Figure 5.25: Shows the damaged targets. There is a system 
of cracks in both targets originating from the small gap in 
the middle of each target. 
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p q P t pbase 

70 mTorr 0,89 slm 1050 Watt 15 min 1,8 mTorr 
100 mTorr 1,39 slm 1600 Watt 15 min 2,0 mTorr 
150 mTorr 2,18 slm 1985 Watt 15 min 2,0 mTorr 

 

f and trev was set at maximum, that is 150 kHz and 2,9 µs respectively, and as can be seen the 

samples were made prior to the 550 Volt safe voltage decision. Distance between target and 

substrate, d, was 6,5 cm. After the installation of heater/substrate holder, distance was not so 

flexible, 6,5 cm is as far away as we could go and in the other direction it was possible to go just a 

few cm closer. No heating was used because of the time it required. 

First the three thickness profiles are presented: 

 

Figure 5.26: Thickness profile from CIGS deposition using pressure 70 mTorr. 

 

 

Figure 5.27: Thickness profile from CIGS deposition using pressure 100 mTorr. 
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Figure 5.28: Thickness profile from CIGS deposition using pressure 150 mTorr. 

As can be seen the depositions at 100 and 150 mTorr are quite symmetrical while the deposition at 

70 mTorr is a bit twisted. This might have been caused by the fact that the shutter was, upon opening 

the chamber, found to be set askew during the ramp down of power. Up to that point the shutter 

had been put in place by sensory skill alone but after this mishap a marking was made on the 

turnable rod controlling the shutter to more easily find the upright shutter position.  

In figure 5.29 and 5.30 calculated deposition rates and uniformities are presented as well as 

corresponding data from the copper depositions.  

 

Figure 5.29: Deposition rate as function of pressure for the CIGS depositions as well as copper depositions at about the 
same distance. 
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Figure 5.30: Uniformity as function of pressure for the CIGS depositions as well as copper depositions at about the same 
distance. Note the scale on the y-axis. 

As can be seen deposition rates were the double using pure DC and copper targets but this was 

expected since we are only sputtering a little more than half of the time when using maximum 

reverse time. The uniformity results were very pleasing as we had no idea what to expect in this 

matter. From what we had seen with the copper depositions a slightly lower uniformity compared to 

the 7,0 cm were the only thing to be expected because of the shorter distance used.  

To sum the first CIGS-depositions up, 100 mTorr seems beneficial for some reason with both higher 

deposition rate and uniformity but also with a more symmetric thickness profile. From these 

depositions we also made calculations of required deposition times to deposit CIGS-layers about 

1500 nm thick for the first solar cell prototype series. We used an average thickness 2,25 cm from the 

maximum thickness point, since the cells would be 5*5 cm, and calculated the time needed from the 

deposition rate at that average point. We also compensated for the difference in power that would 

follow the “safe” voltage limit we had adopted. These calculated deposition times were altered for 

the second and third cell deposition after profilometer analysis of the first solar cell sample had 

shown that the layer was too thin. This might be related to the omission of heating during these 

preparatory depositions. 

Anyhow, we were now prepared to produce solar cell prototypes; they will be referred to as the 6 

series. 

5.4 Preparations, settings and conditions during deposition of the solar cell 

prototypes for future reproduction  
During the ramp up prior to the first deposition we had yet another failure, an error from the PS 

stating there was a short circuit fault, but the problem was easily assessed this time. An arc had 

struck loose a flake on one of the targets that had gotten stuck right between the target and the 

source housing like a bridge and thereby short circuited the system. This was the only probable cause 

we could find at least and as the flake had been removed and targets and source housing had been 

cleaned everything was working again. 
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Because of the arcing problems at the target with sample 6.1 described above we made a change in 

the start up of the PS. Many, if not all, detected arcs in previous runs had occurred in the very 

beginning of the ramp up. A possible cause for this behavior could have been difficulties for the 

power supply to maintain a plasma at low power levels. To get around this problem we set an initial 

power set point at 100 (or 120) W instead of starting the ramp up from 0 W. This means that 

immediately after start up the power supply will rapidly increase the power until the set point is 

reached and thereby we minimize operation at low power levels and the arcing problems at that 

stage.  

The arc trip voltage level was set to 250 Volt.  

In the table below the chosen parameters for the three samples are listed. Our primary interest was 

to see the effect of different pressures and the other parameters are just a consequence of changing 

pressure but wanting to keep the same thickness. 

 

d was ≈ 6,5 cm for all depositions 

Samples are 12,5 * 12,5 cm SLG deposited with a molybdenum back contact layer. 

After turning on cooling water and mounting each sample the chamber was pumped down to a few 

mTorr and then further pumped while purged with argon several times for 30 to 60 minutes, this is 

done to reduce the partial pressure of residual gases to a lower level.  

The pump valve was fully opened for all samples. Reasons for this are that higher pumping speed 

leads to lower partial pressure of residual gases and that we can use a higher gas flow, which 

promotes higher deposition rate. This also means the pressure is determined solely by the gas flow. 

Simultaneous with the pre pumping the heating of the substrate was started, with the aim of 

reaching our chosen process temperature at about the same time as the PS was ramped up to 

process power. PT was initially set to around 7,0 to speed up the process. When the temperature 

reading about 15 minutes later reached above 400 °C PT was turned down to around 5,9. After that 

the temperature was slowly increasing against the target temperature 500 °C. The pyrometer reading 

was still monitored at regular intervals and small changes to PT were made as/if needed.   

ε was set to 0,15 for all samples. 

After pre pumping pbase was about 2 mTorr for all the samples. 

Then the PS was turned on and the ramping begun. Maximum, for our power supply, frequency f = 

150 kHz and reverse voltage time trev = 2,9 µs were used for all samples to minimize charge build up 

and subsequent arcs.  

 p q P t 

6.2 150 mTorr 2,20 slm 2,0 kW 41 min 
6.3 100 mTorr 1,36 slm 1,4 kW 60 min 
6.4 70 mTorr 0,87 slm 1,0 kW 120 min 
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As can be seen in figure 5.31 the ramp up was started at 100 W, as mentioned above, and was quite 

slow for all the samples, well below 100 W per minute which is the recommendation we have had, to 

avoid damage to the samples through too rapid heat expansion. 

 

 

Figure 5.31: Showing the slow ramping up of power from the PS to the targets before the deposition process. 

We had no arc incident registered by the PS in any of the ramp ups. In figure 5.32 we can follow the 

current-voltage ratio in each of the three ramp ups. As can be seen they are linear and current 

increases with pressure and voltage as expected. It can also be seen that the voltage never exceeded 

the decided safe voltage level of 550 V. 

 

When the power had been ramped up to the decided process power the shutter was removed and 

the deposition begun. In figure 5.33 the temperature from this point to the end of deposition for 
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each sample can be seen. You can easily see the adjustments made after each reading and the 

difficulty of finding equilibrium at the desired temperature. A very big deviation in initial temperature 

between 6.4 compared to 6.2 and 6.3 can also be observed. Since there was no particular difference 

in the procedures up to this point this was unexpected. Our response was to keep raising TP until the 

pyrometer readings stated we were in the right temperature region. This led to TP eventually being 

set as high as 6,2. 

 

Figure 5.33: Temperature readings from the pyrometer during the three depositions. 

 

When the decided deposition time had elapsed the shutter was immediately set back in place and PT 

turned off and shut down. Then the power was ramped down to zero again, using the same 

restrictions, and shut down. After that preparations for the CBD were made while the sputter was 

left to cool down. About 3 hours is needed to get 

the sample and chamber down to a manageable 

temperature from a process temperature of 500 °C. 

After cool down the gas flow, cooling water and 

pump was turned off and then the vacuum chamber 

valve opened. Once the chamber had reached 

atmospheric pressure the lid was opened and the 

samples taken out and taken away as quick as 

possible for CBD to minimize the oxidation of the 

CIGS-layer.  

Substrates were cut with glass cutter to 5*5 cm 

samples, see figure 5.34, before CBD was performed. 

After the buffer layer had been deposited the half-

finished cells could be stored without degrading until someone from the group had time to finish the 

work. 
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5.5 Results from analysis of the solar cell prototypes 
Unfortunately the glass substrate cracked during the final deposition, 6.4. The result of that 

deposition can be seen in figure 5.35. Possible explanations 

could be overheating due to coated sapphire window or 

critical stress buildup caused by compression from one or 

more of the screws holding the sample or a combination of 

the two. Note that even though the heat might have been 

higher than intended we had actually used a lot higher PT 

settings, up to 7,4, during the heat measurements without 

breaking any samples.  

It could not be determined when it cracked but it was 

certain that we had no piece that could be CBD:ed and used 

for analyzing. So the results that follow will be from the 

depositions at 100 and 150 mTorr as there was no time to 

make a new deposition at 70 mTorr. 

 

 

5.5.1 IV-measurements 

First analysis was on the electrical efficiency of the cells. Results from one, representative for the 

whole sample, cell from each of the samples are presented in figure 5.36. As can be seen there is 

hardly any output at all from the cells, some were completely dead, IMPP is between 1 and 2 mA and 

VMPP about 0,05 V. Efficiency, η, was calculated to be 0,17 and 0,10 % respectively. What was positive 

is the fact that even though they perform like very poor solar cells, they do exhibit solar cell 

characteristics.  

 

 

Figure 5.35: The pieces that were all that was 
left of sample 6.4 after deposition. 

Figure 5.36: Results from one cell of each sample from IV-measurements on sample 6.2 and 6.3. Voltage is in x-direction and 
current in y-direction. Electrical output of the cells is found in the fourth quadrant. η was 0,17 and 0,10 % respectively. 
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5.5.2 XRF 

XRF analysis was made on the pieces that were not CBD:ed, see figure 5.34, and should be 

representative for the whole sample regarding composition while they are slightly thinner than the 

solar cell samples. Results are presented in the table below.  

  6.2 6.3 target 

Composition: Cu 
In 
Ga 
Se 

22,53 % 
17,71 % 
7,93 % 
51,83 % 

21,78 % 
17,95 % 
8,08 % 
52,18 % 

22,00 % 
19,00 % 
8,00 % 
51,00 % 

Copper rich/poor Cu/(Ga+In) 88 % (poor) 84 % (poor) 81,5 % 
Gallium content Ga/(Ga+In) 31 % 31% 29,5 % 
Thickness  1,37 µm 1,26 µm  

 

As can be seen the composition of the sputtered film is very close to the composition of the targets, 

even if indium is a little lower and selenium a bit higher. Composition is also within the range of the 

baseline CIGS composition. Thicknesses of these “edge” samples points toward a “middle” thickness 

around the pursued thickness of 1500 nm. After the poor efficiencies there was a suspicion that the 

cells might be copper rich, Cu/(Ga+In) > 100 %, but as can be seen they are not. These values are only 

an average though; composition might vary within the cells, to see a depth profile over the 

composition an XPS analysis was made.  

5.5.3 XPS 

Only one sample, 6.2, was analyzed by XPS. This is however sufficient to detect potential 

compositional gradients that may arise from the deposition process. The result is presented below in 

table, diagram and compared to a reference sample. Because the film is sputtered, and all sputtering 

of composite material is preferential, during the analysis to be able to see deeper into the film, the 

absolute values of atomic concentration may be a bit misleading. 

 

Figure 5.37: XPS results from sample 6.2. Sputter time is correlated to the film depth. 
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Table containing the atomic concentration, in percentage, of the different elements at different 

depths of the film, top row is the oxidized surface etc.: 

    O1s       Na1s      Cu2p3     Ga3d      Se3d      In3d5  

     3.85      1.93     10.18     42.97     25.79     15.28  

     1.37      2.86     18.75     40.26     23.07     13.68  

     0.00      0.13     19.22     42.64     23.65     14.37  

     0.44      2.13     18.47     41.73     23.05     14.19  

    10.86      0.42     16.40     37.27     23.53     11.52 

 

Figure 5.38: Reference XPS results from co-evaporated CIGS on the left and XPS results from 6.2 to the right. The arrows 
between the pictures connect corresponding elements. 

As can be seen in figure 5.37 the composition is quite uniform throughout the sample which is good. 

Now we can state that it was not copper richness that caused the IV-results. In figure 5.38 it can be 

seen that Ga, Se and Cu concentrations all are somewhat lower than the reference, especially 

copper, while In is about the same but especially that overall composition seem to be about right. 

Oxygen concentration is low, but higher than in the reference which was deposited in ultra high 

vacuum.  

5.5.4 XRD 

Next step was to see if the desired chalcopyrite crystals were formed or if it was just an amorphous 

material. This was done using XRD and the result is seen in figure 5.39.  



53 
 

 

Figure 5.39: Result from XRD. Peaks denoted Mo marks molybdenum structures while peaks with numbers stand for 
different CIGS orientations.  

 

If we ignore the peaks from molybdenum there is only peaks corresponding to different CIGS-

orientations. The clearly dominant peak is 112 and it can be concluded that the film is crystalline and 

highly oriented (112). 

So now we have established that we have polycrystalline CIGS of the desired thickness and with the 

right composition throughout the film. The final analysis will be to look at the samples through a SEM 

to study the morphology of the film and perhaps find the flaw there.  

5.5.5 SEM  

As with the other analysis, except IV-measurement, an “edge” part of each sample was used and we 

looked at it from the side closest to the “middle” part of the sample to get as close as possible to the 

film in the cells. One representative picture from each sample is shown below. If a comparison is 

made between the sputtered films, presented in figures 5.40 and 5.41, and the co-evaporated 

reference in figure 5.42, it can be made out that the sputtered samples seem to lack the large 

crystals that are linked with high performance CIGS devices. 

Another puzzling discovery was that the CIGS-layer thicknesses measured with the SEM, see picture 

5.43, was a lot smaller than the ones calculated by the XRF, profilometer and what was expected.  
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Figure 5.40: Shows the morphology of sample 6.2. Three layers are easily distinguished, the bottom one is the SLG, the 
thin middle one is the molybdenum and the top one is the CIGS-film. 

 

 

Figure 5.41: Shows the morphology of sample 6.3. Three layers are easily distinguished, the bottom one is the SLG, the 
thin middle one is the molybdenum and the top one is the CIGS-film 
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Figure 5.42: Reference baseline CIGS absorber layer deposited by co-evaporation. The top layer is ZnO. 

 

6. Conclusions  
The fundamental aims of this thesis were to assemble and prepare all equipment required for 

depositing CIGS by GFS, to investigate the basic characteristics of the process and to successfully 

deposit “first prototype” CIGS absorber layers as a part of complete solar cells. 

6.1 Equipment 
A substrate holder with an integrated heater was successfully installed together with a protective 

shield. A PS to power the heater was installed together with process compatible electrical 

connections. The substrate holder was modified to allow a more efficient heating and electrical 

isolation of a substrate. A disadvantage with the substrate holder set up is very limited variation of 

target-substrate distance. To enable deposition of films with a much higher degree of uniformity over 

the whole substrate a movable holder should be installed eventually.  

Figure 5.43: Pictures from both samples with measurements of the CIGS-layer thickness inserted. Thickness was measured to 
825 and 1091 nm respectively. 
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New targets were successfully installed together with pulsed DC power supplies to power them. An 

adapter allowing easy swapping of PS was made as was a provisional back current connection. 

Hopefully there will be a stationary pulsed DC supply dedicated solely to this project soon and by that 

less need of the adapter, also a more robust back current connection should be mounted as soon as 

possible. Lastly a request should be made to the target supplier about the possibility of making 

targets consisting of one solid sintered piece instead of two, to get rid of the small gap in the targets 

from which all cracks seemed to originate. 

A pyrometer and a sapphire window was set up and installed to monitor substrate temperature 

during process. A practical solution allowing easy access to the pyrometer output was also 

implemented. Issues to look into: firstly, since there inevitably is a small amount of deposition onto 

the inside surface of the window during process, decreasing the transmitted radiation, a cleaning 

routine of the window should be adopted. Secondly, since the small grain size observed in the 

deposited films often is related to a too low substrate temperature, additional controls of the 

pyrometer and substrate temperature should be given priority as there were a few difficulties using 

the pyrometer, e.g. radiation from the plasma seem to sometimes influence temperature readings, 

this may be pressure dependant, and it was difficult to set focus correctly on substrate and hard to 

be certain it was not shifted during deposition. All in all, it would be desirable to find a more reliable 

and reproducible way to measure the substrate temperature. 

6.2 Process characterization 
Relationships between gas flow-pressure, voltage-pressure/gas flow have been established and 

process/film properties have been investigated using both copper and CIGS targets. Unfortunately, as 

the copper depositions could not be carried out using the substrate table, results, especially 

regarding deposition rates and uniformities, probably deviates from hypothetical results using the 

substrate table since the addition of the shield alters the gas flow around the substrate. Results 

showed that increased pressure/gas flow allowed higher power and deposition rates and gave 

denser films while increasing the distance between targets and substrate led to more uniform films, 

up to a certain point, but decreased deposition rates. The restricted distances allowed by the 

substrate holder seemed to be in the right region, about as close as possible without decreasing 

uniformity too much. 

Arcs became a problem using CIGS targets but limits and settings were implemented to keep it down 

to a minimum. 

There is still a lot of work to be done to find an optimized process. Investigating effects of changing 

pressure and gas flow separately for example and there was not much time for characterization using 

CIGS targets in general. Changing pulsing parameters to find critical points for duty cycle and 

frequency should enable increased deposition rates in maintained arc free conditions as well, even 

though a fast deposition process is not the priority at this point.  

6.3 Deposited absorber layers in solar cells 
Crystalline CIGS films with chalcopyrite structure and of the desired atomic composition were 

successfully deposited as absorber layer in solar cells. Oxygen was detected, but the influence of 

oxygen contamination is still unknown. The concentration was low despite the high process base 

pressure. Electrical efficiencies of the complete cells were very low close to nothing but they 
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exhibited solar cell characteristics on a very small scale. The main problem seems to be the small 

grain sizes in the films. The first step, as stated above, should be to investigate the substrate 

temperature during process more thoroughly, but deposition of a new film at lower base pressure 

should also be made since lower pressure is known to promote crystalline films with larger grains.   
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