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Abstract

Evaluation of Cu2ZnSnS4 Absorber Films Sputtered
from a Single, Quaternary Target

Liv Carlhamn Rasmussen

Cu2ZnSnS4 (CZTS) is a promising absorber material for thin-film solar cells since it
contains no rare or toxic elements, has a high absorption coefficient and a near ideal
bandgap energy. It does, however, present some challenges due to the limited
single-phase region of the desired kesterite phase and its instability towards
decomposition. Sputtering of CZTS from quaternary, compound targets using RF
magnetron sputtering is known. In this thesis work CZTS absorbers were made using
pulsed DC magnetron sputtering on stainless steel substrates. The effects of varying
substrate temperature and adding seed layers to promote grain growth were
investigated, as well as the effects of a rapid thermal anneal in a S-rich atmosphere. 

Film compositions determined by X-ray fluorescence were found to be inside or close
to the kesterite single-phase region in the phase diagram, but were generally too
Cu-rich and Zn-poor to yield good results. The kesterite phase was confirmed with
X-ray crystallography and Raman spectroscopy, indicating that it is possible to sputter
CZTS from a single target with a high deposition rate. It was found that Cu2S seed
layers could induce a significant increase in grain size, and preliminary experiments
showed no evidence of the seed layer remaining after deposition of the absorber.
Higher substrate temperatures also lead to increased grain size, but excessive heating
caused the decomposition of the CZTS. Annealing induced grain growth, relaxed
internal stress in the material and improved the electrical properties of the CZTS
films, primarily by the removal of shunts.
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1. Populärvetenskaplig sammanfattning 
Cu2ZnSn(S,Se)4, som förkortas CZTS, utforskas i dagsläget intensivt som ett alternativt 

material för tunnfilmssolceller. CZTS har den stora fördelen att det endast innehåller icke-

toxiska grundämnen som är vanligt förekommande i jordskorpan och som redan utvinns i 

stora mängder. Några av utmaningarna med CZTS är det begränsade enfasområdet av den 

önskade kesteritfasen samt instabiliteten gentemot sönderfall vid höga temperaturer och låga 

tryck. Utanför enfasområdet samexisterar kesteriten med mer eller mindre ofördelaktiga 

sekundärfaser, såsom ZnS, Cu2S och en rad olika koppartennsulfider, som försämrar de 

elektriska egenskaperna hos materialet.  

Verkningsgrader över 11 % har uppnåtts med en lösningskemisk beläggningsteknik som 

använder sig av ett toxiskt och explosivt lösningsmedel. För att uppnå industriell gångbarhet 

krävs enklare beläggningstekniker som lätt kan skalas upp, varav sputtring är ett realistiskt 

alternativ. Denna teknik, i kombination med en högtemperatursglödgning, har nått relativt 

stora framgångar, bl.a. hos Tunnfilmssolcellsgruppen vid Ångströmlaboratoriet som nyligen 

nått verkningsgrader över 7 %. Där använder de sig av reaktiv samsputtring av Zn- och 

Cu:Sn-targets med H2S för att deponera CZTS.  

Detta examensarbete utformades inom ramen för ett samarbete mellan Tunnfilms-

solcellsgruppen och Midsummer AB, ett företag som säljer tillverkningsutrustning för CIGS-

solceller. Målet med samarbetet är att undersöka möjligheten att sputtra CZTS från en 

sammansatt kvartärtarget. Ett fåtal liknande försök har genomförts tidigare, men där har man 

enbart använt sig av radiofrekvent AC-sputtring. I detta projekt användes pulsad-DC med 

betydligt högre deponeringshastigheter.  

Huvudsyftet med examensarbetet var att undersöka möjligheten att deponera CZTS-filmer 

med hjälp av pulsad-DC magnetronsputtring från en sammansatt target på substrat av rostfritt 

stål, samt att undersöka materialegenskaperna i de deponerade filmerna. Därutöver tillkom 

följande undersökningar: 

 Inverkan av olika groddlager, i form av sputtrad Cu2S och reaktivt sputtrad ZnS, på 

korntillväxt och elektriska egenskaper 

 Inverkan av olika substrattemperatur på korntillväxt och elektriska egenskaper 

 Möjligheten att justera totalsammansättningen i filmen genom tillsats av främst ZnS 

 Jämförelse mellan solceller med material från kvartärtargeten men med övriga lager 

deponerade med Midsummers och Solcellsgruppens respektive tekniker 

 Jämförelse mellan solceller som gjorts av CZTS-material med och utan en 

högtemperaturglödning 

Solcellernas elektriska egenskaper undersöktes med ström-spänningskurvor i mörker och 

under belysning samt med mätningar av kvantverkningsgraden för olika våglängder. 

Materialegenskaperna undersöktes med röntgenfluorescens, röntgendiffraktion, 

Ramanspektrometri samt energidispersiv spektroskopi i ett svepelektronmikroskop. 

Experimenten i examensarbetet har lett till följande resultat: 
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 Kesteritfasen i CZTS-filmer som sputtrats från en kvartärtarget bekräftades med de 

olika materialanalysteknikerna 

 Cu2S-groddlager gav ökad korntillväxt och preliminära undersökningar tyder på att 

lagret inkorporeras helt i resten av filmen 

 Högre substrattemperatur resulterade i större korn, men för höga substrattemperaturer 

ledde till sönderfall av materialet som följd av tennförlust 

 ZnS-groddlager hade ingen eller liten inverkan på korntillväxt och inkorporerades 

heller inte i filmen 

 Glödgningen förbättrade materialets elektriska egenskaper, men pga. en svavelrik 

atmosfär reagerade även stålsubstraten till viss grad 

 Kvartärtargeten gav en filmsammansättning som var för Zn-fattig och som oftast 

hamnade utanför enfasområdet 

Inga av cellerna som tillverkades hade en verkningsgrad över 1 %, inräknat de som glödgats. 

Den främsta orsaken var med största sannolikhet att filmer med ren CZTS hade en för Zn-

fattig sammansättning och att sekundärfaser, såsom Cu2S och koppartennsulfider, försämrade 

de elektriska egenskaperna. Vid försök att kompensera Zn-bristen med tillsats av ZnS fick 

man istället lager av ZnS som inte inkorporerades i filmen och som låg kvar som 

strömbarriärer och sänkte verkningsgraden. Även andra faktorer har påverkat prestandan i 

cellerna, såsom hög rekombinationshastighet i gränssnitten och korta laddningsbärar-

livslängder. Glödgning läkte shuntar i materialen och förbättrade de elektriska egenskaperna. 

Den gav också upphov till förbättrad filmkvalitet genom både korntillväxt och en relaxering 

av interna spänningar i proverna.  

2. Introduction 
The motivation for photovoltaic energy harnessing is doubtlessly clear to the reader. We are 

facing crises on many fronts, one of them being the paramount energy crisis – current and 

future. The world’s energy consumption is on the rise, due partially to a drastic population 

increase, but also to elevated living standards in many parts of the world. While this increase 

is taking place we are becoming more and more aware of the consequences and limited 

abundance of our primary energy source, which to this day is still fossil fuels in the form of 

oil, coal and gas. The methods of extraction of oil and gas are becoming more and more 

desperate and destructive, and are, in the end, only futile attempts at quenching our insatiable 

thirst for cheap energy.  

A possible solution to our problems is a diversified energy mix from renewable sources such 

as wind, solar, hydro, wave, geothermal, biomass, etc., and the mix will have to vary for 

different geographic locations based on the local conditions. Solar power can take many 

different forms; it can be used for heating, thermal electricity, concentrated solar power (e.g. 

for making steam for steam turbines), and of course, the focus of this work, photovoltaics, 

where the energy of the sun is converted directly into electricity by the generation of electron-

hole pairs. Solar power is abundant, and photovoltaics allows for small scale, decentralized 

energy distribution – a huge advantage for countries with less developed infrastructure.  
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Photovoltaics has been, and continues to be, the focus of a vast amount of research and 

development, bringing photovoltaics to the brink of grid parity or past it. Thin film solar cells, 

such as amorphous Si, CdTe and CuIn1-xGaxS2 (CIGS), have the potential of driving prices 

down even further, but some of their active materials contain rare or toxic elements. As an 

example, CIGS contains two rare, post-transition metals: indium and gallium. The main 

concern today is In, which has many areas of application such as liquid crystal displays and 

touchpads, but is mainly produced as a by-product of Zn-extraction. The concern is not only 

scarcity issues (and the resultant high price) during scale-up of production, but also the 

availability on the market, where geopolitical issues come into play.  

Cu2ZnSn(S,Se)4, referred to as CZTS, is the focus of this work as a possible alternative 

absorber material for thin film solar cells, containing four of the most common metals in the 

earth’s crust. Efficiencies over 11 % have been achieved at IBM by a solution-based process 

[1], giving cause for the mounting interest in this material. CZTS can be fabricated by a 

myriad of methods; the focus of this work will be on sputtering and reactive sputtering.  

2.1 Aim 
This thesis project is a collaboration between Midsummer AB and the CZTS group of the 

Ångström Solar Center (ÅSC) at Uppsala University. The purpose of this project is to 

investigate the possibility of sputtering CZTS absorber layers from a compound target, that is 

to say, a single, quaternary target containing all the elements in one. The effects of substrate 

temperature and adding various seed layers and top layers to improve morphology or tweak 

the composition will also be studied.  

The standard contemporary approach when it comes to sputtering is a two-step process where 

deposition of a precursor is followed by annealing, often in an S- or Se-rich atmosphere 

(sulfurization/selenization). To see what effect an annealing process has on the material 

properties, sulfurization in a tube furnace will be performed on films sputtered from the 

compound target.  

Material characterization will be performed to investigate composition, structure, morphology 

and thickness, as well as evaluating the materials electrical properties and performance in 

complete solar cells. 

3. Theory 
This chapter begins with a brief description of the sputter deposition technique, followed by 

some basic operating principles and terminology of solar cells. Readers already familiar with 

these concepts are recommended to skip ahead to the section on thin film solar cells (section 

3.3), where the working principles of mainly CIGS solar cells are explained. This discussion 

will then lead into the replacement of In and Ga to create the novel material CZTS, and the 

problems and difficulties that come with the trade. 

3.1 Sputter Deposition 
Sputter deposition is a physical vapor deposition technique for thin films with potential for 

large-scale industrial applications. The technique uses ion bombardment to eject species from 



4 

 

a source material – a “target” – by conferring the momentum of the bombarding ions to the 

target atoms; the target atoms are thus “sputtered” from the target surface, hence the name. 

The sputtered atoms then travel to and condense on practically everything they come across, 

including the substrate which is to be coated. 

In the basic set-up of a sputtering system, target and substrate are positioned facing each other 

inside a vacuum chamber connected to gas supplies and vacuum pumps. The chamber is first 

evacuated to a background pressure and then an inert gas, usually Ar, is introduced into the 

chamber to an operating pressure. The target is set up to act as cathode and the substrate, or 

the substrate and chamber walls, acts as anode and is usually grounded. When you apply a 

high, negative voltage to the cathode some Ar atoms will ionize, releasing electrons that will 

travel towards the anode and collide with and ionize further Ar atoms. Though the gas is only 

weakly ionized it is referred to as a plasma. The Ar
+
 ions created will then, due to their 

charge, be accelerated towards and impinge into the target surface. 

The cathode voltage is provided by a power supply which can take different forms. A direct 

current (DC) power supply is usually employed for conductive/metallic targets and a 

radiofrequency (RF) alternating current power supply – where the sign of the voltage is 

switched back and forth with high frequency – can be used for insulating targets. It is also 

common to employ pulsed DC (p-DC) power supplies, which apply pulses of constant voltage 

to the target. 

It has become common practice to employ magnets in 

sputtering systems (magnetron sputtering) to increase the 

deposition rate. The magnet creates a magnetic field close to 

the target, confining the electrons and allowing them to 

undergo more ionizing collisions with Ar atoms, thereby 

increasing the plasma density close to the target (Fig. 1). The 

plasma density is higher where the field lines are parallel to 

the target surface. As seen in the figure these target regions 

will have higher sputtering rates and a so called “racetrack” 

will form where the target material is depleted. Target 

utilization can be improved by having a rotating magnet and 

designing the magnet so as to broaden the racetrack. [2] 

3.1.1 Reactive Sputtering and Hystereses 

Reactive sputtering is a way of introducing chemistry into an otherwise physical process. 

Generally, reactive sputtering is employed when a compound film is desired without having 

to resort to RF sputtering with its low deposition rates. Instead of having a compound target, a 

metallic target is used where the target surface, sputtered metal atoms and/or the metal that 

has been deposited on the substrate is allowed to react with a gas, for example N2 or O2, 

which has been introduced into the sputter chamber.  

The introduction of a reactive gas changes the process significantly. A layer of reacted 

material will usually form on the surface of the target, making areas of the surface insulating 

or at least less conducting. This is referred to as target “poisoning”. Trying to sputter a 

Figure 1: Electron confinement near 

the target in magnetron sputtering 

increasing the plasma density, from 

[2]. 
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poisoned target with DC power usually leads to rampant arcing (see following section). In the 

general case the build-up of a compound layer also leads to a nonlinear behavior in 

stoichiometry and deposition rate as a function of the reactive gas flow.  As an example, the 

sputter rate might shift drastically when increasing the reactive gas flow. This occurs when 

the surface of the target goes from being metallic and sputtering in metal mode, to being a 

compound and sputtering in compound mode. The sputter rate usually decreases in compound 

mode due to higher surface binding energy in a covalent material as compared to a metallic 

material, as well as due to the accumulation of positive charge in the insulating layer which 

repels the Ar
+
 ion bombardment. 

The transition from metal mode to compound mode 

can be sudden, as if a tipping point has been reached, 

in which case a hysteresis effect is often observed 

where the transition back to metal mode does not 

follow the same path (Fig. 2). To reach compound 

mode the compound phase at the target surface needs 

to be created faster than it is sputtered. To return to 

metal mode the sputter rate of the compound phase 

needs to be faster than its creation, and thus returning 

to a metallic state requires reducing the reactive gas 

flow to below the pressure at which the poisoning 

began – hence the hysteresis.  

There is no steady-state, stable process in the transition region, and operating there is 

precarious. Understanding the transition between modes and the hysteresis effect is therefore 

vital for process control during reactive sputtering.  

3.1.2 Arcing 

As mentioned in the previous section, sputtering of insulating layers is often problematic 

since it can give rise to severe arcing. Arcs are a form of intense electrical discharges. Where 

the desired plasma is characterized by a stable, uniform glow discharge, arcs are characterized 

by localized, concentrated pockets of plasma with lower voltage than the glow discharge and 

thereby higher current. The high current associated with arcs can lead to extreme, localized 

heating on the target surface creating molten regions from which macro-particles can be 

ejected. This can be a problem, depending on the configuration of your sputter chamber, if 

macro-particles are incorporated into the growing film. It is definitely a problem when the 

molten regions turn into chinks in the target which further promote arcing.  

Arcing can have several different sources. DC sputtering of a metallic target in compound 

mode leads to an accumulation of positive charge in the surface layer, especially the parts that 

are not being as effectively sputtered, leading eventually to a breakdown where an arc 

“neutralizes” the build-up. In metal sputtering the charge accumulation can be initiated by 

insulating inclusions or impurities on the target surface. In reactive sputtering the established 

solution has been p-DC, where the cathode potential is reversed in short pulses. This directs 

the electrons towards the target instead and discharges any charge build-up in its surface.  

Figure 2: Hysteresis in sputter rate as a function 

of reactive gas flow during reactive sputtering, 

from [2]. 
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3.2 Photovoltaic Devices – the Basics 
The following discussions are based on silicon as the semiconductor material. Si of high 

purity can be “doped” by introducing foreign atoms into its crystal lattice. Different dopant 

elements can give rise to either of two types of material, n-type or p-type, depending on the 

energy levels they introduce within the bandgap. In n-type materials filled “donor levels” near 

the conduction band (CB) can donate electrons (e
–
) into the CB, giving them an excess of e

–
 

and raising the Fermi level (EF). In p-type materials empty “acceptor levels” close to the 

valence band (VB) can accept e
–
 from the VB, giving them an excess of holes (h

+
) and 

lowering the EF. The basis of the photovoltaic effect in Si solar cells is the integration of these 

two types of material into one bulk, forming a p-n junction.  

Due to a concentration gradient of e
–
 and 

h
+
 across the junction diffusion will take 

place, leaving behind charged dopant 

atoms near the junction. These charged 

dopant atoms make up the so called 

depletion or space-charge region (SCR), 

and their immobile charges generate a 

potential difference. This potential 

difference will eventually curb the diffusion of charge carriers until equilibrium is achieved. 

At equilibrium conditions, with no external voltage, the Fermi levels of the p- and n-type 

materials will be aligned (Fig. 3). The equilibrium potential difference is referred to as the 

built-in potential (Vbi) and is indicated in the band diagram above. 

The p- and n-type materials contain both majority and minority carriers. Majority carriers are 

the carriers in greatest abundance, which for n-type materials is e
–
. But the n-type material 

also contains some h
+
, though in much lower concentration; these are the minority carriers. 

The reverse is true for p-type materials. When the system is in equilibrium only the e
–
 with 

enough energy to overcome the energy barrier made up by qVbi can diffuse (due to the 

concentration gradient) from the n-type to the p-type region. This flow is equal to the drift of 

e
–
 from the p-type to the n-type regions due to the potential difference across the SCR. The 

situation is similar for holes. Hence, electrons and holes will flow, but they will flow in equal 

numbers in both directions resulting in zero net flow across the p-n junction. 

Applying an external voltage V to the p-

n junction changes the potential 

difference across the SCR to Vbi – V. 

Applying a positive voltage (forward 

bias) will reduce the potential 

difference, and applying a negative 

voltage (reverse bias) will increase the 

potential difference. This affects the 

separation of the energy bands and splits 

the Fermi levels (Fig. 4). 

Figure 3: Equilibrium band diagram of a p-n junction in a Si 

semiconductor; filled and empty dots represent electrons and 

holes respectively. 

Figure 4: Effect of applying a) forward bias and b) reverse bias 

to the p-n junction. 
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In a forward-biased junction majority carrier diffusion will dominate, leading to a net current 

from the p- to the n-type region. This current can become quite large and increases 

exponentially with the voltage. In a reverse-biased junction the minority carrier drift 

dominates and you get a net current from the n- to the p-type region. Due to the limited 

number of minority carriers this drift current can never grow very large and is referred to as 

the reverse leakage current (Io). This entails that the junction only allows significant current to 

flow in one direction, while in forward bias. Thus the junction can be “switched on” by 

applying enough forward bias to overcome the built-in voltage, which is approximately 

0.7 eV for silicon. This behavior is illustrated below in a so called current-voltage (IV) curve 

(blue curve in Fig. 5). Io is negligibly small, and the current in the voltage region 0 < V < Vbi 

is also very small; only for V > Vbi does the current increase drastically. 

Turning now to the behavior of the p-n junction 

under illumination, the Si will absorb photons with 

energy greater than the bandgap, generating e
–
 – h

+
 

pairs in the process. Charge separation of the e
–
 – h

+
 

pairs occurs due to the Vbi, with electrons being 

attracted towards the n-type material and the holes 

towards the p-type. Photo-induced current is thus 

minority carrier flow. The electrons and holes then 

travel to their respective electrodes to be collected. 

The IV curve under illumination is simply the IV 

curve in the dark minus the photo-induced current, 

giving it the appearance of the red curve in Fig. 5. When V = 0 the current is now dominated 

by minority carrier flow caused by the formation of light-generated carriers. This current is 

called the short-circuit current, Isc. Since V = 0 (and P = IV), you have no power output. The 

difference between the diode current in the dark and under illumination is exactly Isc, and the 

shift down will be greater for higher light intensity. 

When you increase the applied voltage majority carrier flow will start to contribute and the 

current will become less negative. Increasing the voltage even further, to the open-circuit 

voltage (Voc), you once again have the case where 

majority and minority carrier flow are equal and 

opposite, taking each other out. You have maximum 

voltage but no current, and once again no power 

output. The operating region for a solar cell is thus in 

the region of 0 < V < Voc. The maximum power (Pmax) 

that can be extracted from a solar cell is equal to the 

area of the largest rectangle that can fit between the IV 

curve under illumination and the axes in the fourth 

quadrant (Fig. 6). The lengths of the sides of this 

rectangle give you the values of Vmax and Imax.  

An important parameter for solar cells, beside the aforementioned, is the Fill Factor (FF), 

which is a measurement of the “squareness” of the IV-curve. It has the equation: 

Figure 5: Current-voltage curves of a p-n 

junction in the dark (blue) and under 

illumination (red). 

Figure 6: Finding the point of maximum 

power output from a current-voltage curve of 

a p-n junction under illumination (red).  
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The ideal FF is 100 %. This is unachievable in practice and a reasonable value for a high 

efficiency Si solar cell is around 70-80 %. Efficiency is another oft-stated value for solar cells. 

It can be measured in several different ways; here we will only mention Power Conversion 

Efficiency (PCE), which is simply the power generated by a solar cell divided by the incident 

light power: 

    
    
   

 
          

    
 
         
    

 

where Ps is the incident light power density and A is the area of the solar cell. For 

standardized testing Ps = 1000 W·m
-2

 at T = 25°C is used. The spectra of the incident light 

can also be adjusted to fit the Air Mass 1.5 spectrum (AM1.5), which is the amount of solar 

power received at the earth’s surface when the light passes through an air mass that is 

equivalent to 1.5 atmospheres. 

In Si the goal is always to avoid defects, impurities and dislocations as far as possible, since 

these act as “traps” for the charge carriers. There are different types of traps, traps that capture 

and hold only one type of carrier, slowing them down but not removing them, and traps 

referred to as recombination centers, which capture both types of carriers and allow them to 

recombine. Traps arise due to different types of defects. There are two major types: bulk/deep 

traps and interface/surface traps. The former mainly arises from impurities, dislocations and 

grain boundaries, whereas the latter arises due to dangling bonds or unfavorable electrical 

barriers at interfaces and surfaces.  

Trap-generated recombination can be seen as “avoidable” because you can minimize their 

influence by controlling your process and choosing the right materials. There are also two 

types of unavoidable recombination: radiative and Auger recombination. Radiative 

recombination, where an electron relaxes back to the VB, releases energy in the form of a 

photon. It is the dominant type of unavoidable recombination in direct bandgap 

semiconductors such as GaAs, CIGS and CZTS. Auger recombination, which dominates in 

non-direct bandgap semiconductors such as Si and Ge, occurs when two carriers of the same 

type collide, resulting in the excitation of one carrier to a higher energy level, and the 

relaxation of the other across the bandgap. Auger recombination also increases when charge 

density is high, since there is a higher likelihood for collision then.  

The FF is affected by series resistance (Rs) and parallel resistance (Rp). Rs is caused by the 

resistance of the p- and n-type regions to minority carrier flow and contact resistance at the 

metal contact/semiconductor interface. Rp is caused by current leakage between the terminals 

caused by poor insulation, for example at the edges of the cell. Thus, Rs should be minimized 

and Rp should be maximized to maximize the FF. The effect of Rs and Rp on the appearance 

of the IV-curve is shown in Fig. 7. 
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Silicon solar cells have dominated the 

market, and still do, despite their many 

deficiencies, such as the comparatively high 

cost of production. This is mainly due to the 

fact that the technologies for making and 

manipulating electronic grade mono-

crystalline Si have been well developed and 

understood thanks to the microprocessing 

industry, but also due to the abundance of the 

raw material (sand). The process of making monocrystalline Si is, however, extremely energy 

intensive, and due to an indirect bandgap and low absorption coefficient thicker layers are 

required, increasing the material costs and the rigidity of the devices. To tackle these 

drawbacks a new generation of solar cells was developed – thin film solar cells.  

3.3 Thin Film Solar Cells 
Many of the thin film solar cell materials have a direct bandgap and therefore also higher 

absorption coefficients than Si with its indirect bandgap. Higher absorption coefficients 

allows for thinner films. The development of thin film solar cells brought about a decrease in 

thickness from 100-200 µm to 1-2 µm, meaning less raw material, lower cost, lighter weight, 

and higher versatility. Si dominates even in thin film solar cells with amorphous Si (which has 

a quasi-direct bandgap), but other systems, based on CdTe, CuInSe2 (CIS) and Cu(In,Ga)Se2 

(CIGS), are on the rise. CIGS is currently the most successful thin film absorber material, 

with laboratory scale cell efficiencies just over 20 % [3], and since it is an antecedent to 

CZTS we will now delve a little deeper into the properties and workings of this material.  

3.3.1 CIGS 

CIGS is a completely miscible solid solution of CuInSe2 (CIS) and CuGaSe2 and has the 

chemical formula CuInxGa(1-x)Se2, with a bandgap varying continuously with x, from 1.04 eV 

for x = 1 to 1.68 eV for x = 0 [3]. The bandgap can thus be engineered by varying the Ga-

content. A Ga/(Ga + In) ratio of 60-70 % would give an optimal bandgap for matching the 

solar spectrum, but also leads to material inhomogeneities 

and lower cell efficiencies [3]. Optimum efficiency is 

achieved when the Ga/(Ga + In) ratio is about 20-30 %, 

giving a bandgap of 1.1-1.2 eV [4].  

CIGS has the chalcopyrite crystal structure (Fig. 8). The 

structure can be obtained by taking the sphalerite structure 

and replacing S with Se and replacing Zn alternately with 

Cu and In/Ga atoms in an ordered fashion. Since the 

strengths of the Cu-Se and In-Se bonds are different the 

chalcopyrites generally have some tetragonal distortion [4].  

As the reader may imagine the phase diagrams of these quaternary compounds quickly 

become complicated; we will not discuss them in detail, but a few things are worth observing. 

In the ternary CIS phase diagram the desired single-phase chalcopyrite region is relatively 

Figure 7: The effect of series resistance (Rs) and parallel 

resistance (Rp) on the fill factor. 

Figure 8: The chalcopyrite crystal 

structure of CIGS, from [3]. 
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narrow. However, replacing some of the In with Ga, and allowing Na to diffuse into the 

structure from the substrate or a Na precursor layer, widens the desired single-phase region 

[4], allowing a less stringent control of ratios and hence larger process tolerance. Also worth 

mentioning is the structural similarity of the neighboring phases. They can often be viewed as 

variations of the chalcopyrite phase, such as, for example, the CuIn3Se5 phase, which is really 

just the chalcopyrite phase but with repeating arrays of defect pairs [4].  

For Si solar cells the doping is achieved by replacing some Si with other, nearby elements. In 

CIGS the doping is caused not by atomic substitution, but by defects. CIGS can be made to be 

p- or n-type depending on the ratio of the components, leading to different native defects. For 

example, Cu-deficient and Se-rich materials are generally p-type, with a prevalence of Cu-

vacancies (VCu) acting as acceptors, while Cu-rich and Se-deficient materials are n-type, with 

Se-vacancies (VSe) acting as donors. Many other types of individual and complexed defects 

affect the doping of the material, and many of them also play a role in the efficiency of the 

cell. An advantage of this material is that many of the structural defects are passivated by the 

formation of defect complexes, meaning they do not act as recombination centers. [4,5]  

Both CIS, CIGS and CZTS are p-type materials. In the context of thin film solar cells, they 

are referred to as “absorbers”, since theirs is the largest contribution to the photocurrent. The 

equivalent of the n-type material is composed of buffer and window layers. The cell stack of a 

typical CIGS solar cell is depicted in Fig. 9. 

 

Figure 9: A typical cell stack for CIGS solar cells, from [6]. 

From bottom to top it consists of: 

 substrate, generally soda-lime glass (SLG), providing a source of Na. 

 ~1 µm thick layer of sputtered Mo acting as back contact.  

 1-2 µm of the CIGS absorber layer. 

 30-50 nm of CdS buffer layer, deposited by chemical bath deposition (CBD). 

 50-70 nm of intrinsic zinc oxide (i:ZnO), which is an isolating material which prevents 

shunting between the front and back contacts [7].  

 ~0.5 µm of an Al-doped zinc oxide (Al:ZnO) transparent conducting oxide (TCO) 

acting as front contact. The i:ZnO and Al:ZnO together make up a window layer.  

 Ni-Al-Ni sandwich layer, deposited by evaporation, making up the front contact.  
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The importance of Na has gone from a serendipitous observation of improved performance to 

an indisputable ingredient of the CIGS solar cell recipe. It has a myriad of effects; besides 

broadening the single-phase region it also improves film microstructure, improves defect 

distribution, gives a higher conductivity, and, it is speculated, even creates defects that can act 

as acceptors, improving the p-type conductivity [4,8].  

Both types of ZnO have large bandgaps and are therefore transparent to the majority of the 

solar spectrum. The i:ZnO plays an important role in shunt prevention in CIGS solar cells. 

Being non-conductive it also decreases the efficiency of the solar cell, but the aggregate effect 

of the i:ZnO layer is still positive [7]. The Al:ZnO is a TCO and makes up part of the front 

contact. It is very conductive for being an oxide, but even so its conductivity is relatively poor 

compared to that of a pure metal and is therefore complemented with a highly conductive, 

non-transparent metal front contact. While the TCO covers the entire area of the solar cell the 

metal front contact is evaporated onto the front through a shadow mask and forms a grid 

pattern, covering an area of approximately 2.5 % [9] of the solar cell. The ZnO layers are also 

part of the heterojunction, combining with the CdS buffer layer to make up the counter-

electrode for the absorber [4]. 

When the absorber is deposited the Mo back contact will react and form MoSe2, which has a 

layered crystal structure, similar to the dry lubricant WS2, with van der Waals bonding 

between the layers. Fortunately, the MoSe2-layers are perpendicular to the surfaces of the Mo 

and absorber, so adhesion is not so negatively affected as it would have been if they were 

parallel. MoSe2 is a p-type semiconductor, with a larger band-gap than CIGS, letting it act as 

an electron mirror and a low-resistance contact for the holes. [4] 

The band diagram of the complete heterojunction is depicted in Fig. 10. As you can see in the 

band diagram the electrons moving from the CIGS-layer towards the front contact will 

encounter an energy barrier when crossing over the 

heterojunction. This incompatibility of the two layers 

is, however, not as destructive as one might think 

and is referred to as the conduction band offset 

(CBO). The CBO is (hopefully) engineered to be 

small enough to not act as a barrier to electrons with 

at least thermal energy while being large enough to 

prevent recombination in the surface states that are 

likely present in the CdS/CIGS-interface. In the 

absence of a CBO the energy difference between the 

CB and the surface states would be smaller and the 

likelihood for recombination larger.  

CIGS absorber layers can be made by various fabrication methods, involving either a one-step 

or a two-step process; a one-step process means that deposition and film formation occur 

simultaneously whereas a two-step process means that a metal precursor is deposited and 

subsequently “selenized” to yield the final film. A one-step process can be achieved for 

example by co-evaporation from elemental sources. A two-step process can be achieved for 

Figure 10: Band diagram of the heterojunction 

between CIGS, buffer and window layers. 
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example by sputtering Cu-, In- and Ga-layers sequentially and subsequently selenizing them 

through annealing in Se-containing atmosphere – either H2Se (which is highly toxic) or 

evaporated elemental Se. The Se can also be incorporated as a separate layer in the precursor, 

which can then be directly selenized in an inert or Se-containing atmosphere.  

H2S or elemental S can also be added in a process called sulfurization. The addition of S, 

giving Cu(In,Ga)(S,Se)2, can further improve device performance [10]. Both the one-step and 

the two-step processes are usually broken down into several sub-steps with varying 

compositions to achieve concentration gradients, Cu-rich initial growth stages, etc. 

It has been found that, though In-rich compositions make the best cells due to superior 

electrical properties, a Cu-rich initial growth phase is beneficial. In the Cu-rich initial phase 

CuySe (y < 2) will be present and act as a flux agent, improving film quality by inducing 

crystallization of the desired phase and increasing grain size. In co-evaporation you will have 

this flux agent lying on top of the growing film and end up at the surface. CuySe is a 

conductive metal-like material which can shunt the cells. To increase efficiency the CuySe 

must therefore be removed, which can be achieved by preferential etching with KCN. Thus, 

by varying the deposition rates in co-evaporation you can have a Cu-rich initial growth phase 

and then end up with an In-rich final composition. 

3.3.2 CZTS 

The desired phase of Cu2ZnSn(S,Se)4 (CZTS) is the kesterite structure (Fig. 11, a), which is 

only slightly more thermodynamically stable than its structural cousin, stannite. Kesterite and 

stannite, whose bandgaps differ by 0.12 eV, are virtually impossible to distinguish without 

resorting to neutron diffraction. Evidence suggests, however, that kesterite is the dominant 

structure below 876°C, above which the CZTS converts into a cation-disordered sphalerite 

structure, leading to cubic, instead of tetragonal, symmetry [11,12]. Both are very similar to 

the chalcopyrite structure of CIGS in Fig. 8. CZTS could be 

written as CuZn0.5Sn0.5(S,Se)2, which shows the similarity to 

CIGS, except that the Zn/Sn-ratio is far less “flexible” for 

CZTS than the In/Ga-ratio is in CIGS, which can be varied 

continuously as in a solid solution. In CZTS the variable is 

instead the ratio of S/Se, which can be used to change the 

bandgap energy (0.96 eV for CZTSe and 1.5 eV for CZTS). 

A metastable, partially-disordered kesterite phase is also 

possible, with the Cu and Zn cations in the (001) layer being 

disordered [12].  

Same as for CIGS the p-type doping of CZTS is based on point defects brought on by 

stoichiometry variations. Opinions differ on which defects contribute to the dominant 

acceptor level, but the Cu-on-Zn-site defect, with its low formation energy, seems to be the 

most popular contestant [5,11]. In CZTS fewer defect complexes form, leading to a higher 

defect concentration and higher carrier recombination. Despite the fact that stoichiometry 

variations are the source of doping, CZTS has less structural tolerance to off-stoichiometries 

due to the constricted single-phase region of CZTS as compared to CIGS. [11] The pseudo-

Figure 11: The kesterite structure of 

CZTS, from [12]. 



13 

 

ternary phase diagram of the Cu2S-ZnS-SnS2 system at 400°C is shown in Fig. 12; a 

stoichiometric amount of S is assumed [13,14].  

Due to the limited single phase 

region a CZTS film usually 

contains kesterite together with 

secondary phases, the most 

common ones being Cu2S, ZnS and 

various copper tin sulfides, 

depending on the position of the 

composition in the phase diagram. 

Both Cu2S and the copper tin 

sulfides are semiconductors with 

small bandgaps that can cause 

shunting as well as acting as 

detrimental recombination centers. 

Cu2-xS phases can also occur, 

which are even more conductive 

and also lead to shunting of the 

solar cells. ZnS on the other hand is 

a high-resistivity, wide-bandgap semiconductor with less negative impact on efficiency. So 

far the best CZTS solar cells have been composed of Zn-rich and Cu-poor absorbers, due in 

part to the benevolent nature of the ZnS secondary phase, but also to the tolerance of the 

kesterite structure to stoichiometry deviations when they have Zn-rich compositions; the 

drawback being the structural disorder of those same Zn-rich compositions [11].  

Katagiri et al. [15] have performed extensive studies connecting composition ratios with 

conversion efficiencies. Their highest efficiency cells were gotten from absorbers with 

Cu/(Zn+Sn) ratios around 0.85, Zn/Sn ratios between 1.1-1.3 and Cu/Sn ratios between 1.8-

2.0. The first two of these ratios are often cited in CZTS articles.  Katagiri et al. have also 

shown the inverse relationship between Voc and the Cu/(Zn+Sn) ratio; a higher ratio resulting 

in lower Voc. Tanaka et al. [16] have also found a decrease in bandgap for higher Cu/(Zn+Sn) 

ratios, confirming the effect shown by Katagiris group.  

CZTS can directly replace CIGS in the solar cell stack of Fig. 9. The same modifications that 

have been developed for CIGS can be made to the stack as well, changing substrate, buffer 

layer, TCO, etc., while maintaining the accumulated knowledge gathered by CIGS scientists 

on these other components. CZTS solar cells with such a stack have yielded efficiencies over 

10 %, but to optimize the efficiency of solar cells with this novel material, adaptations will 

need to be made, such as switching to a buffer layer that is better matched with CZTS. 

When it comes to fabrication processes the similarities to CIGS are present once again in the 

form of one-step and two-step processes, the latter involving an annealing step which can 

Figure 12: Pseudo-ternary phase diagram of the Cu2S-ZnS-SnS2 

system at 400°C, assuming a stoichiometric amount of S, from [14]. 



14 

 

involve sulfurization, selenization, or both
*
. So far the two-step processes have been the most 

successful, yielding the highest efficiencies, and a large range of methods can be applied to 

produce the precursor, from electrodeposition to sol-gel techniques. The record-holding solar 

cell to date was produced by IBM using a hybrid solution-particle technique followed by 

annealing in an S-rich atmosphere, which yielded an efficiency of 11.1 % [1,17]. The chief 

methods employed for one-step processes include reactive sputtering, co-evaporation and 

pulsed laser deposition. Co-evaporation has thus far given a record cell efficiency of 9.15 % 

for a one-step process [18]. 

Several difficulties, absent in CIGS processing, arise when synthesizing CZTS. Temperature 

and atmosphere control have proven vital. CZTS needs temperatures between 500-600°C to 

form from the binary phases, but at the same time, long exposure to high temperatures and 

low pressure can lead to the decomposition of CZTS according to the following mechanism 

[19]: 

(1) Cu2ZnSnS4(s) ↔ Cu2S(s) + ZnS(s) + SnS(s) + ½S2(g)  

(2) SnS(s) ↔ SnS(g) 

The reduction of the unstable Sn(IV) and the evaporation of SnS already at 370°C is the cause 

of the widely recognized problem of Sn-loss associated with CZTS synthesis. Scragg et al. 

[19] propose the above reaction mechanism for the decomposition of CZTS, with a first step 

of S-loss leading to dissociation into binary sulfides, followed by the evaporation of SnS. The 

kinetic model fits well with experimental data. Luckily, this reaction path lends itself to a 

fairly easy solution to the problem; with high enough sulfur pressure above, for example, a 

CZTS sample being annealed, the equilibrium will be pushed to the left and the 

decomposition will be slowed significantly, though not completely prevented. With a 

combination of sulfur and SnS pressures the CZTS surface can be completely stabilized.  

The authors argue that this explains the success of two-step synthesis techniques over, for 

example, a one-step sputtering technique, in which it would be difficult to prevent the surface 

decomposition of the CZTS, leading to high layer resistances and poor cell efficiencies. 

However, if Sn and S deposition rates could be kept high enough to compensate Sn loss 

during the final stages of sputtering and during cool down, perhaps this could be prevented 

[18].  

Kesterite has also been shown to be chemically unstable in contact with the Mo back contact. 

TEM analysis of the CZTS/Mo interface by Wätjen et al. [20] has confirmed that during 

annealing Mo will react with the kesterite, decomposing the kesterite into secondary 

compounds in the reaction:  

2Cu2ZnSnS4 + Mo → 2Cu2S + 2ZnS + 2SnS + MoS2 

CZTS synthesis is further limited by the fact that no ternary Cu-Zn-Sn phases exist, meaning 

that sulfurization or selenization of purely metallic precursors is likely to lead to phase 

                                                 
*
In the scope of this text two-step processes for CZTS includes processes where a chalcogen-containing 

precursors is annealed, either in inert or chalcogen-rich atmosphere. 
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separations [21]. Also, deposition of metallic Zn often leads to its sublimation due to the high 

vapor pressure of Zn. Platzer-Björkman et al. [22] have found that the inclusion of sulfur in 

the precursors also reduces tin-loss during annealing and leads to denser and more uniform  

annealed films. It is therefore preferable to have a chalcogen-containing precursor, which can 

be achieved for example by reactive sputtering [21] and electrodeposition [23]. With the 

chalcogens already incorporated into the film the sulfurization and selenization time can be 

drastically reduced and annealing, in S- or Se-containing atmosphere, can instead be focused 

on bringing about crystallization of CZTS from the precursor and increasing the grain size. As 

explained above an S-containing atmosphere is still preferable.  

Annealing temperature has been examined repeatedly in various articles, and most of them 

point to the need to be around or above 500°C. Katagiri et al. [15] showed the increase in all 

of their cells photovoltaic properties (FF, efficiency, Voc and Jsc) when increasing their 

sulfurization temperature from 350 to 500°C. Jiang et al. [24] also found that increasing the 

sulfurization temperature from 450 to 550°C yielded better results in film morphology. Other 

studies have confirmed this [25,26]. 

Na has proven to have the same effect on CZTS as on CIGS, that is to say, an increase in 

grain growth and superior film morphology as well as improved electrical properties. Also, 

for one-step deposition processes of CZTS, such as sputtering, a Cu-rich initial growth phase 

has proven beneficial for promoting grain growth, same as for CIGS. However, for good 

electrical properties the final film composition should still be Cu-poor and Zn-rich. [11] 

3.4 Material Characterization of CZTS 
In this section the theory behind the analysis techniques used in this project are briefly 

described, as well as the idiosyncrasies involved in analyzing CZTS, such as the many 

shortcomings of common material characterization techniques, such as X-ray diffractometry 

(XRD), Raman spectroscopy and X-ray fluorescence spectrometry (XRF), when faced with 

CZTS. 

3.4.1 XRD 

XRD is the most common X-ray diffraction technique. With it one can identify the crystal 

structure and quality of a sample by comparing its diffractogram with that of known 

crystalline substances in a database. The technique basically consists of irradiating your 

sample with a beam of single-wavelength X-rays with varying incident angle (θ) and 

detecting the intensity of the diffracted light at different diffraction angles (2θ), where 2θ is 

the angle between incident and diffracted light. A diffractogram thus consists of diffraction 

intensity vs. 2θ. Grazing-incidence XRD (GI-XRD) is a variant of XRD where the incident 

angle is kept constant at a low value (for example 1°), making the technique more surface 

sensitive.   

XRD can also be used to determine crystallinity, crystallite size, residual stress and preferred 

orientation. The diffractograms in the databases are generally obtained from powder samples 

with very fine powder size, which have perfectly random orientation. A preferred orientation, 

commonly observed for non-powder (monolithic) samples, is indicated by a discrepancy in 
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the ratios of the intensities of different peaks from the tabulated values for a powder sample. 

Sputtered CZTS has a tendency to become oriented in favor of the (112)-plane [15,27,28]. 

Since peak width is inversely related to grain size, the crystallite size can be deduced from the 

values of full width at half maximum (FWHM) of the peaks. Empirical equations exist that 

are used to approximate grain size based on FWHM, but these require knowledge of the shape 

of the crystallites and of instrumental factors, which can also contribute to the broadening of 

the peaks in a systematic manner (a form of “background” or minimal peak width). The 

broadening of the peaks can also depend on residual stress (see next paragraph), so here we 

will restrict ourselves to the basic correlation that smaller FWHM generally means larger 

crystallite size.   

Residual stress in a sample will change the spacing between crystallographic planes, as would 

intercalation or heavy doping. These factors can therefore shift the position of the diffraction 

peaks in the diffractogram. Tensile stress will shift the peaks to lower 2θ-values whereas 

compressive stress will shift the peaks to higher 2θ-values. If both types of strain are present 

the effect will appear as a broadening of the diffraction peaks. 

XRD can be a very useful technique, but when analyzing CZTS there is a problem with peak 

overlap due to similarities in symmetry and lattice parameters. Orthorhombic Cu3SnS4 and 

various Cu-S phases are distinguishable by XRD, but the kesterite, ZnS and Cu2SnS3 peaks 

overlap in most cases [14,29]. To illustrate this the main XRD peaks of these phases are 

presented in Table 1 below.  

Table 1: Overlapping XRD peak positions of CZTS and secondary phases, from [29]. 

CZTS  Tetragonal Cu2SnS3 Cubic Cu2SnS3 Cubic ZnS 

2θ [°] hkl 2θ [°] 2θ [°] 2θ [°] 

28.44 112 28.54 28.45 28.50 

32.93 200 33.07 32.96 33.03 

33.02 400 - - - 

47.33 204 47.47 47.31 47.40 

56.09 312 56.32 56.13 56.24 

56.20 116 - - - 

76.41 332 76.68 76.39 76.56 

 

Cu2S has XRD peaks around 26.9° and 46.0°. Cu1.96S has XRD peaks around 38.9°, 45.1° and 

53.5°. And Cu1.92S has XRD peaks around 31.4° and 35.3°. 

3.4.2 Raman Spectroscopy 

XRD is often complemented with Raman Spectroscopy (Raman), which can, to a certain 

extent, differentiate the different compounds; here the drawback is lack of quantitative 

measurement. Raman can give information on composition, phases, residual strain and 

crystallographic orientation. It does so by illuminating a sample with a focused laser beam 

and then collecting and analyzing the light scattered from the sample. Most of the scattered 

light will have the same energy as the incident light (elastically scattered), but when this has 

been filtered off some light remains which has a slightly different energy (inelastically 

scattered).  
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This shift in energy between incident and inelastically scattered light is due to photon 

interactions with phonon modes, that is to say, with vibrational modes in the material. The 

vibrational modes of a material are characteristic of the bonds or molecules present in the 

material. The scattered light is then separated according to wavelength by a diffraction grating 

and the intensity at a specific wavelength is recorded by a detector. A Raman spectrum 

consists of wavenumber vs. intensity in arbitrary units (a.u.).  

Different vibrational modes give rise to different peaks or “vibration bands”. The Raman 

shifts for some of the common phases in the Cu-Zn-Sn-S system are given in Table 2 below. 

Note that some of the values come from sources where an excitation wavelength of 514 nm 

was used, and some where a wavelength of 488 nm was used, though the position and relative 

intensity of the peaks should be practically the same for both.  

Table 2: Raman shifts for CZTS and relevant phases, from [14,21,29]. 

Phase  Raman shifts in order of decreasing intensity (cm
-1

) 

Cu2ZnSnS4 338, 288, 352, 370, 250, 167 

Cu2SnS3 (tetragonal, <400°C) 336, 351, 297 

Cu2SnS3 (cubic, >400°C) 303, 356, 267 

Cu3SnS4 (orthorhombic) 318 

Cu2-xS (hexagonal) 476, 264 

ZnS (cubic) 350, 275 

SnS (orthorhombic) 190, 160, 219 

SnS2 (hexagonal) 314, 215 

MoS2 (hexagonal) 410, 384, 288 

 

It is often difficult in Raman spectra to distinguish the overlapping peaks. Several secondary 

phases have peaks close to those of CZTS, especially tetragonal Cu2SnS3 and ZnS cannot be 

discarded when using an excitation wavelength of 514 nm. ZnS can, however, be 

distinguished from CZTS when using 

an excitation wavelength in the UV 

region (325 nm) [21], which was 

unfortunately not possible in this 

project. Raman spectra are, as a rule, 

more used as “fingerprints” to 

recognize the appearance of a certain 

material based on its peaks with their 

internally related intensities.  

The area of the sample that is analyzed 

depends on how well-focused the laser 

beam is, what objective lens is used, if 

stray light is eliminated, etc., but can 

reach as small as, or for special 

instruments even smaller than, 1 μm 

Figure 13: Raman spectra of a kesterite sample before (precursor) 

and after (annealed) annealing, using an excitation wavelength of 

514 nm, from [21]. 



18 

 

across. The penetration depth is rather modest, only some 150 nm into CZTS [21]. This can 

be an issue when it comes to very localized secondary phases which are detected or missed 

depending on where on the sample you look. 

Residual strains in a material can be observed as shifts in the positions of the vibration bands 

since strain affects the strength and length of bonds between atoms, which in turn affects the 

vibrational frequency of a mode. Internal compressive stress will for example lead to a slight 

shift towards lower wavenumbers. Equivalently to XRD the peak width in Raman also gives 

information about the amount of ordering in the material. In a highly ordered material the 

bond lengths are very specific giving rise to narrow peaks. This is illustrated in the Raman 

spectra of Fig. 13, which shows the spectra of a precursor before and after annealing [21].  

3.4.3 XRF 

XRF can be used to determine the chemical composition of a sample. The sample is irradiated 

with primary X-rays from a specific material and the characteristic X-rays emitted from the 

sample are analyzed by their wavelength or energy, depending on detection system. Using a 

reference whose composition is known, the counts from a sample can then be converted into a 

composition through various calculations, including attenuation corrections.  

The primary X-rays are generated by irradiating different secondary targets with X-rays, 

causing them to emit their own characteristic X-rays. Using different secondary targets allows 

you to vary the energy of your primary X-rays and thereby varying the likelihood of causing 

characteristic X-rays of being emitted from different elements in your sample. A general rule 

of thumb is that a secondary target can be used to detect neighboring elements in the periodic 

table with lower atomic number; though some secondary targets are compounds and not 

elements.  

Some drawbacks of the XRF technique are peak overlap between elements, such as between 

Mo and S, and that it simply gives an average composition from the irradiated part of the 

sample, being unable to distinguish between, for example, Zn in ZnS and Zn in CZTS. Due to 

the penetrating power of X-rays there is also the possibility of the substrate contributing to the 

counts of the CZTS film components. The latter was resolved by taking an XRF spectrum on 

a substrate and simply subtracting its counts from later sample counts. However, this 

compensation will not be correct since the signal from the substrate will most likely suffer 

attenuation through the film.  

3.4.4 SEM and EDS 

In scanning electron microscopy (SEM), electrons, instead of light, are used to create a high 

resolution image. A focused electron beam is scanned across the sample and these primary 

electrons are either scattered inside the material and eventually escape from the surface or 

generate new electrons in the material which are then ejected. These secondary electrons are 

then collected and the electron counts in different points are converted into light intensity in 

the image. 

Energy dispersive spectroscopy (EDS) is a spectroscopic method that is commonly integrated 

into a SEM. It detects the characteristic X-rays that are emitted when the vacancies left behind 
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by ejected electrons are filled by outer shell electrons. The characteristic X-rays are then 

divided up according to their energy and detected. EDS generally has a detection limit lower 

than 0.1 % and is good for chemical characterization. It can also be used for quantitative 

measurements by using software with various built-in calculations, such as matrix (ZAF) 

corrections and background subtraction. The quality of such quantitative measurements can 

be improved by calibration with a known sample with near the same composition as your 

sample, and only having homogeneous films. The results are given in relative percentages.  

In the absence of calibration and homogeneous samples quantitative information from EDS 

analysis should be interpreted with some skepticism. The interaction volume of the electron 

beam with the sample depends on the energy of the electrons; the higher the acceleration 

voltage of the electron gun the larger the interaction volume from which characteristic X-rays 

are emitted. Quantitative calculations assume homogeneous samples, and so for an 

inhomogeneous sample (e.g. a sample with a concentration gradient) the composition might 

depend on the acceleration voltage. In EDS there is also the issue of overlapping Mo and S 

lines, so determination of S-content with EDS should be performed on Mo-free substrates. 

Since the stainless steel substrates used in this project are not as brittle as the SLG substrates 

commonly used, images of cross-sections could not be achieved simply by cracking the 

sample in two. Instead, vacuum-approved silver tape is attached to the top of the sample and 

the substrate is bent back and forth until the film partially detaches from the substrate. The 

tape is then ripped off with some of the film hopefully remaining on it. In this disarray, one 

hopes to find a suitable fragment of film whose cross-section is visible. For EDS linescan 

measurements one hopes to find a fragment with a thin section of film, to give the highest 

resolution.  

If instead, for example for EDS analysis, the sample is kept on the substrate, you have the 

issue of the stainless steel substrates used being magnetic and their attraction to the magnetic 

lenses in the electron gun. The substrate must be properly attached to the sample table with 

carbon tabs to prevent the sample from flying up towards the lens aperture.  

3.5 Electrical Characterization 
The most important measurements performed on completed solar cells are current-voltage 

(IV) and quantum efficiency (QE) measurements. These give information on the electrical 

properties of the materials and interfaces.  

3.5.1 IV Measurements 

IV measurements measure the diode characteristics of a solar cell. They are performed by 

mounting the cell on a temperature-controlled test bed and connecting electrodes to the front 

and back contacts (the Mo back-contact can usually be exposed by scribing). The voltage 

across the device is then swept over a pre-determined span by varying the external load 

resistance, and the current through the device is measured. This is done both in the dark and 

under illumination. The ideal illumination would be with a spectrum that as closely as 

possible resembles that of the sun, for example the AM1.5 solar spectrum.  A combination of 

light from W- and Xe-lamps, which gives a decent match to the AM1.5 solar spectrum, is 

often employed. The match can be further improved by the use of filters.  
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IV measurements are widely performed in research environments to calculate the efficiency 

(PCE from section 3.2). A given efficiency is inversely proportional to the measured area and 

so the area needs to be well-defined. This is often done by scribing out a pre-determined area 

from surrounding material to isolate for example a 0.5 cm
2
 cell. This then needs to be given 

when stating your cell efficiency. From IV measurements the presence of series resistance, 

voltage-dependent charge carrier collection and ideality factors can be found. Useful 

information can also be obtained by performing temperature-dependent IV measurements.  

3.5.2 QE Measurements 

In QE measurements the front and back contacts of a solar cell are connected in an outer 

circuit and monochromatized light from a W- or Xe-lamp is shone on a small area (a few mm 

across) of the sample. The wavelength of the incoming light is varied and the resulting current 

is measured. Generally no voltage is applied (V = 0), but additional information can also be 

obtained by applying a bias to the cell while performing QE measurements. Where IV 

measurements give information on the total short-circuit current density (Jsc) of the cell, QE 

measurements give information on the current density of the cell as a function of wavelength.  

It is also common practice to measure the external quantum efficiency (EQE), which is the 

percentage of incident photons being converted into e
–
 – h

+
 pairs. The EQE is then plotted 

against the wavelength or photon energy. Integrating the EQE curve over photon flux gives 

the total Jsc of the cell.  

EQE measurements give information on loss mechanisms in the cell. Losses can be optical 

(reflection or parasitic absorption within the cell) or electrical (e.g. recombination losses). For 

example, the majority of blue light is absorbed in and near the p-n junction (near the surface), 

and the majority of red light is absorbed deeper into the absorber material near the back 

contact, so the shape of the QE curve can give information about where in the cell the losses 

are occurring.  

3.6 Prior Art – Sputtering CZTS from a Compound Target 
CZTS is a relatively new research topic, but the body of knowledge on the subject is growing 

exponentially. Synthesis techniques that have been used to deposit CZTS range from different 

forms of sputtering, co-evaporation and evaporation from a single source, to spray pyrolysis, 

electrodeposition and sol-gel. There is, however, very little research available on the topic of 

sputtering from quaternary, compound targets, and it seems the majority of such studies have 

used a two-step process with sputtering followed by annealing or sulfurization.  

The problem with sputtering from a compound target – as compared to, say, evaporation from 

a single, metallic source where the composition of the precursor can be tweaked by changing 

the ratio of masses in the source [24] – is that with a compound target it is difficult to tweak 

the composition. You have to have a near perfect composition in your target to begin with; the 

option is to buy or make a completely new target. Also, an advantage of co-evaporation or co-

sputtering is the ability to vary deposition rates of the different components, which can be 

used to make a Cu-rich initial phase and yet have a Sn- and S-rich final phase, or to introduce 

beneficial bandgap gradients. It is likely possible to achieve similar results by sputtering from 

a series of compound targets with varying composition, though perhaps less straightforward. 



21 

 

Katagiri et al. [15] is one group that has explored the possibility of sputtering from a 

compound target. After extensive investigations they found a compound target composition 

that would give a favorable absorber composition. The absorber was then deposited with RF 

magnetron sputtering with long deposition time (4 h), and sulfurized at 500°C with a 3 h hold 

time in a N2 + H2S(5%) atmosphere. Using a SLG/Mo/CZTS/CdS/ZnO:Al/Al stack they 

achieved a conversion efficiency of 6.5 % and a Voc of 682 mV. Before arriving at a perfect 

target composition they employed co-sputtering of two compound targets with different 

composition to get the correct film composition.  

He et al. [28] performed a study on the effects of sulfurization of CZTS deposited by RF 

sputtering from a compound target with varying substrate temperature (350-500°C). A 1 h 

sulfurization was carried out in an Ar + H2S(5%) atmosphere at 520°C and was found to lead 

to improved crystallinity and grain growth, relaxation of compressive stress in the films and 

an increase in Cu-content. The effects of the latter two combine to decrease the bandgap of 

the materials. Both the as-deposited and annealed films exhibited kesterite structure but the 

long annealing time caused Zn and Sn loss leading to the emergence of a Cu2S phase. The 

authors point out the need to carefully select the composition of the compound target since 

there is a significant deviation in composition between the target and the films it produces. 

Wang et al. [30] used RF magnetron sputtering from a compound target with varying 

substrate temperature (RT to 300°C) to make CZTS thin films in a one-step process. For 

increasing substrate temperatures they observed a shift in composition to more Cu-rich and 

Zn-poor, and a change from preferred orientation along the (112)-plane to a randomly 

oriented film with an accompanying increase in the light absorption coefficient. No cells were 

made but the kesterite phase was confirmed by XRD, Raman and TEM analysis. The films 

were, however, sputtered in pure Ar, and though no deposition time is given it could be 

assumed to be quite long with RF sputtering. Secondary Cu2-xS and Cu2SnS3 phases were 

detected already at deposition temperatures of 250°C, most likely due to a long exposure to 

relatively high temperatures and low pressure, leading to the decomposition of the CZTS.   

4. Experimental Procedure  
Several different processes were encountered in the course of this collaborative project 

between Midsummer AB and the Ångström Solar Center. This section has been divided into 

two parts describing the processes and equipment that have been employed at each location.  

4.1 Midsummer AB  
Midsummer produce and sell manufacturing equipment for the fabrication of CIGS solar cells 

on stainless steel substrates. Their DUO line utilizes magnetron sputtering in all processing 

steps, allowing the entire cell to be fabricated, from diffusion layer to ITO, in a continuous 

process without breaking vacuum. There are two R&D tools at Midsummer, each of which 

can accommodate up to 7 cathodes. The R&D tools are rebuilt optical disc manufacturing 

equipment from Ulvac. One of these smaller machines, called the SMO1 (Fig. 14), was used 

for deposition of CZTS absorber and related layers. Due to the limited number of cathodes in 
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the SMO1 the substrates were “pre-sputtered” with diffusion barrier, Na precursor and Mo 

back contact in a DUO line, with remaining layers being deposited in the SMO1.  

The same type of pre-sputter recipe was used throughout the project and the time interval 

between pre-sputtering and subsequent sputtering in the SMO1 – during which the pre-

sputtered substrates were stored in dry air – was limited to a few days. Though these 

parameters were kept as constant as possible there were of course inescapable variations, such 

as a new batch of stainless steel from the supplier, as well as variations in humidity (which 

affects the oxidation of the Na) and the time-span that the pre-sputtered substrate has been 

stored.  

The SMO1 is loaded by a robot arm from a substrate 

cassette. Inside the machine there are eight arms, two of 

which are equipped with substrate holders. The holders 

use steel “claws” that grab onto the substrate and 

maneuver them around to the different stations where 

the cathodes are. The arms have a backing with graphite 

heating coils, one outer and one inner. The heating duty 

cycle is given in percentages, and due to the increased 

cooling at the edges of the substrate a higher percentage 

is required on the outer spiral. This is referred to as the 

substrate heating, and is denoted with %/%. The ratio 

depends on the particular heater configuration and has 

been fairly optimized to give an even heat distribution.  

The substrate temperature is measured in situ with two pyrometers, perpendicularly mounted 

100 mm above the substrate surface, with two different temperature ranges. A pyrometer is a 

device that determines the surface temperature of an object by measuring the thermal 

radiation it emits. The advantage of this type of device is that it measures temperature from a 

distance, without direct contact with the substrate. The disadvantage is that the emittance of 

the object being measured needs to be well known to get an accurate reading, and the 

emittance depends both on the emissivity, morphology and surface finish of the materials 

present, the shape and temperature of the object, as well as interference phenomena, which 

vary with thickness during the whole deposition process. The pyrometer temperatures are 

thus, quite frankly,  just approximations of the real temperature. 

When an arm brings a substrate to a specific station it seals off the station chamber from the 

rest of the machine allowing reactive gases, background pressure (sputter pressure) and gas 

flow rates to be changed for that individual station. The sputter pressure is determined by the 

position of a gate valve before the vacuum pump and the combined flow rate of gases. The 

background pressure with an open gate valve is in the magnitude of 10
-3

 mbar; with a half-

open gate valve it is in the magnitude of 10
-2

 mbar. All stations can employ DC or p-DC 

power supplies, depending on what target is used there. One station also holds the option of 

sputtering with a RF power supply. All stations can switch between the two or three types of 

supply.  

Figure 14: The SMO1 at Midsummer AB. 
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In the SMO1 the pre-sputtered substrates are sputtered with CZTS as absorber layer, CdS, 

In2S3, ZnS or Zn(O,S) as buffer layer, and Zn:MgO and ITO as window layers. The CZTS 

compound target has a stated composition of 22 at% Cu, 15.5 at% Zn, 12.5 at% Sn and 

50 at% S. The majority of sputtering parameters have been kept constant, especially for the 

buffer and window layers. Some of the constant sputter parameters that have been used during 

this project are summarized in Appendix B.1.  

At Midsummer a silver grid is used as front contact for the CIGS solar cells. This is done by 

screen-printing an Ag-paste followed by curing of the paste in a belt oven at high 

temperatures (up to 260°C). This process works well for CIGS solar cells but due to the 

thermal instability of CZTS this process could not be directly replicated for this project. When 

a silver grid was attempted during the course of this project it was done with the modification 

that the screen-printed CZTS cells were heated in a normal oven at 200°C for about 10 min to 

cure the paste. Most likely this modification deteriorated the quality of both the front contact 

and the absorber material (due to diffusion) and resulted in cells with very low Voc.  

4.2 The Ångström Solar Center 
The Ångström Solar Center (ÅSC) has a significantly more labor-intensive and time-

consuming fabrication process, but then they also achieve relatively high efficiencies with 

their CZTS solar cells. Where Midsummer uses stainless steel the ÅSC uses soda-lime glass 

(SLG) substrates, as do the majority of researchers in the subject area. SLG has many 

advantages, such as being translucent and brittle, allowing many important analysis 

techniques, such as SEM and spectrophotometry, to be performed without extensive sample 

preparation. It also has Na already in it, so no Na has to be added onto the substrate, like 

Midsummer does with the Na precursor.  

The Mo back contact is sputtered with DC onto cleaned SLG, followed by deposition of 

precursor films by reactive p-DC magnetron co-sputtering of various targets (for example 

Cu:Sn-alloy and Zn) with H2S. This is followed by a rapid thermal anneal in a tube furnace. 

To accomplish high cooling and heating rates the samples are put inside a graphite box which 

is transferred between a water-cooled zone and the adjacent, preheated furnace. The samples 

are brought up to a high temperature (~550°C) within two minutes and are kept there for three 

minutes before being transferred back to the cooled zone. The anneal is carried out in an S-

containing atmosphere, the source of which is solid S which evaporates at the high 

temperatures involved in the anneal. 

After annealing a potassium cyanide etch is performed where the samples are immersed in 

5 wt% KCN for 2 min. The KCN has a high preferential etching ratio for Cu2S, including 

non-stoichiometric phases (Cu2-xS), which are thus removed from the absorber. The CdS 

buffer layer is applied by chemical bath deposition (CBD), a wet chemical process making 

use of the precipitation of CdS from a solution containing cadmium acetate and thiourea. The 

precipitation is controlled by adjusting pH with an ammonia solution. The buffer layer is then 

followed by deposition of i:ZnO and Al:ZnO by reactive sputtering with O2. The front contact 

is composed of Ni-Al-Ni layers deposited by sequential evaporation in thicknesses of 

~60 nm/~2 μm/~60 nm.  
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4.3 Analysis Instruments 
The analysis techniques used at the ÅSC were XRD, XRF, Raman, IV and QE. The 

instruments used at Midsummer were SEM with EDS and a multimeter for measuring Voc 

under a solar simulator lamp. 

EQE and IV measurements were performed on 0.5 cm
2
 cells. EQE measurements were 

performed after calibration with externally calibrated Si and InGaS solar cells. The 

wavelength of the light was varied between 300 and 1000 nm in 10 nm steps with a spot size 

of ~4 mm
2
. Integrating the EQE curve over photon flux gives the absolute Jsc of the cell, 

which was used to calibrate the intensity of the light in the IV measurements.  

IV measurements were performed with a halogen lamp and a temperature controlled sample 

stage, maintaining a sample temperature of 25°C. Due to the mismatch in spectrum between 

the halogen lamp and the AM1.5 spectrum, the intensity of the lamp was adjusted to obtain 

the same Jsc as is obtained from the EQE, after correction has been made for grid shading.  

The diffractometers used were two Siemens D5000, one with Bragg-Brentano focusing 

geometry for θ-2θ measurements and one with parallel beam geometry with 1° incidence 

angle for GI-XRD. For the θ-2θ measurements all samples were analyzed between 2θ 10° and 

80° with 0.04° step size and 2.0 s/step. The D5000 makes use of CuKα radiation and the 

signals are stripped from Kα2 and peak fitted with EVA software.  

The XRF was a PANalytical Epsilon 5 run with a CZTS analysis program, where Cu and Zn 

are detected with Ge as secondary target and Sn is detected with BaF2 as secondary target. 

The targets were run at 75 kV and 8 mA for Ge and 100 kV and 3 mA for BaF2. The 

composition was assumed to contain 50 % S in the calculations, which made use of an RBS-

calibrated CZTS reference film and attenuation corrections.  

Raman scattering was measured with a Renishaw Ramascope run with a 514 nm Ar
+
 laser 

(green) and calibrated with a Si single crystal. The spectrum range was 120-800 cm
-1

 with 

120 s exposure time and 4 consecutive accumulations. The laser beam and the light scattered 

from the sample is focused through a Leica optical microscope and the scattered light is then 

collected using a CCD (charged-coupled device) camera and the wavelength of the light is 

analyzed in a spectrometer. 

X-ray microanalysis with EDS was performed in a Hitachi S-4800 FE-SEM with a Bruker 

Quantax 800 system. EDS data was acquired with a working distance of 14 mm and 1000x 

magnification, and analyzed with Esprit software.  

When only Voc is stated it was measured on full-size 225 cm
2
 cells using a Fluke 175 

multimeter under a Newport Oriel solar simulator with a 1000 W, 6x6 in. Xe arc lamp, 

simulating the AM1.5 solar spectrum. The sample was vacuum-sucked onto a temperature-

controlled sample stage, maintaining a sample temperature of 25°C. 

4.4 List of Samples 
A detailed list of samples is given in Appendix B.2. 
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5. Results and Discussion 
As previously mentioned it has been established that a Cu-rich initial growth phase promotes 

increased grain size in one-step CZTS deposition processes. To determine if the same effect 

could be achieved with chalcogen compounds such as Cu2S and/or ZnS an investigation of 

seed layers for CZTS was performed.  

The first step involved establishing the correct process parameters to achieve the desired seed 

layer, which proved easier said than done in the case of ZnS, why it is granted its own section. 

The effect of various seed layer thicknesses on Voc and on grain size was then studied. This 

was followed by a more extensive study of the effect on composition, morphology and 

orientation when applying a combination of chalcogen compounds. 

In another study the effect that annealing, performed at the ÅSC, had on Midsummer’s 

absorber was explored.  

A substantial part of the time spent on this project was dedicated to investigating the 

differences in processing and material choice between Midsummer and the ÅSC by 

comparing cells made at Midsummer but with the ÅSC’s front contact grid, with cells made 

with Midsummer’s absorber layer but with remaining layers deposited at the ÅSC. The results 

of the investigation, which was not part of the original goals, were non-conclusive but not 

irrelevant, and are therefore presented in Appendix A.  

5.1 Reactive Sputtering of Zn  
The sputtering of ZnS (which went under the working name Zn”S”) posed somewhat of a 

problem during this project. The only available Zn source was a Zn target, which was then 

reactively sputtered with H2S to attain the compound material.  

The initial trials with ZnS were done with RF sputtering. The lower deposition rate in RF 

leads to longer runs to achieve the same layer thickness and hence also to a longer exposure of 

the underlying layers to a high temperature, which in the case of CZTS might lead to a 

degradation of the kesterite in the film. Besides having a very non-stoichiometric composition 

(S/Zn << 1), the films were very thin, even with a relatively long sputtering time, and it was 

decided that it would be preferable to sputter in p-DC. Also, the ZnS layer on the Zn target 

should be thin enough to not require RF. The reason for the poor (and non-linear increase) in 

stoichiometry might however have been caused by the target not having reached compound 

mode and a build-up of a compound layer taking place on the surface.  

EDS analysis of the first trials with p-DC showed that the films were once again non-

stoichiometric, but with S/Zn-ratios >> 1. Nonetheless, several sample series were 

subsequently run with varying sputter energy of Zn with 20 sccm H2S and the gate valve in 

open position, referred to as Zn-recipe 1. A later trial lead to S/Zn-ratios closer to 

stoichiometry and a new recipe, Zn-recipe 2, was subsequently used, with 5 sccm H2S and the 

gate valve in the middle position.  

This latter recipe was used on several samples, but when the same sample recipes were 

repeated at a later date the Zn process repeatedly terminated due to excessive arcing. Most 
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likely the Zn-process had now reached compound mode
*
, but the sputter parameters were not 

correctly designed to prevent arcing.  

The Zn-process had to be revised yet again, which was done by changing the sputter effect, 

gas flow rates, gate position, frequency and length of the reverse pulse, and then observing the 

number of arcs and the resulting composition in a large series of samples on stainless steel 

substrates. It was found that changing the gate valve position from middle to open (lowering 

the operating pressure), as well as increasing the Ar gas flow (from 0), alleviated the arcing. 

Both will likely bring the system back to metal mode, the former by an increase in the energy 

of the bombarding species and the latter by an increase in the sputter rate. 

Returning to metal mode leads to a deterioration of the amount of S being incorporated into 

the film and so several samples had a very low S/Zn-ratios, consisting of almost pure Zn. We 

wished to remain in compound mode but with process parameters that successfully prevent 

arcing. Thus you need to maintain a sufficiently high partial pressure of H2S, but change the 

frequency and reverse time of the voltage pulses. After this series the frequency was 

increased.  

These samples were later complemented with a series, also on stainless steel substrates, where 

the total pressure in the chamber was kept relatively constant by having the sum of gas flows 

remain the same (see Table 3 below). There were no issues with arcs in any of the samples. 

Observe that the required cooling step between sample runs was accidentally omitted and the 

substrate temperature therefore inadvertently increases from sample to sample. These were 

then analyzed with GI-XRD to see what phases were present in the films and with EDS to 

find the S/Zn-ratio. The GI diffractograms are presented in Fig. 15. 

Table 3: Sputter parameters and compositions of reactively sputtered Zn with constant sum of flow rates. 

Sample Zn 

(kJ) 

Sub. heat 

(%/%) 

Ar  

(sccm) 

H2S  

(sccm) 

Effect  

(W) 

Gate 

position 

Pyrometer 

T (°C) 

S/Zn 

121213#301 100 30/43 0 16 300 Open 461 1.37 

121213#302 100 30/43 3 13 300 Open 499 1.38 

121213#303 100 30/43 6 10 300 Open 557 1.35 

                                                 
*
Opening the cathode and looking at the target showed that it was only the racetrack that had become compound, 

and so, in this case, the balance was between how large a portion of the racetrack was metallic and how much 

was ceramic/compound.  
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Figure 15: GI-XRD diffractograms of samples with ZnS reactively sputtered with a constant sum of flow rates but 

with various proportions of H2S:Ar (see Table 3). Sphalerite (red) and wurtzite (blue) diffraction patterns are 

included for reference. 

ZnS has two main phases: the high-temperature, hexagonal, wurtzite phase and the low-

temperature, cubic, sphalerite phase. The diffractograms appear to best agree with the wurtzite 

phase, though some peaks are absent, likely an indication of orientation in the films. The 

phase transition usually occurs above 1000°C, but the (at RT) thermodynamically less stable 

wurtzite phase can still be attained when using a non-equilibrium deposition technique such as 

sputtering. Both the appearance of the diffractograms and the composition seem to have been 

little affected by the variations introduced, both in the form of varying gas flows and 

temperature. Later runs with ZnS were after this done with 6 sccm Ar and 10 sccm H2S (the 

recipe of sample 121213#303), referred to as Zn-recipe 3. The three Zn-recipes are 

summarized in Table 4 . 

Table 4: Zn-recipes used in the course of this project. 

Zn-recipe Effect [W] Ar [sccm] H2S [sccm] Gate valve 

position 

1 300 0 20 Open 

2 300 0 5 Middle 

3 300 6 10 Open 

 

The behavior of the Zn target encountered in this project seems to have a counterpart in the 

work of Ericson et al. [27] who used reactive sputtering of Zn and Cu:Sn targets to make their 

precursors. In the cited article they observed the Zn target voltage as a function of the reactive 

H2S gas flow, finding an abrupt and early transition to compound mode. The target surface 

reacts quickly with H2S, followed by a large change in sputtering yield upon entering 

compound mode.  
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As a conclusion to this section it suffices to say that process control is made significantly 

more difficult when this type of transition is involved. When encountering such a process it is 

preferable to set out investigating its properties extensively before embarking on experiments 

where the process is used and assumed stable.  

5.2 The Effects of ZnS Seed Layer Thickness 
The effect of ZnS as a seed layer was investigated in the complete cells of sample series 1 

(Appendix B.2). The SEM cross-sections and the measured Voc are shown in Fig. 16 and 17 

respectively. 

  

Figure 16: SEM cross-sections showing the grain size of the CZTS layer in complete solar cells made with varying 

ZnS seed layer thickness (sputter energy), as indicated in the figure. 

It appears as if the ZnS seed layer 

“kills” the cells completely. ZnSe has 

been shown to cause current-blocking 

when segregated at the 

absorber/buffer-interface, increasing 

Rs and creating “dead areas” of the cell 

[31]. Other researchers have stated that 

also ZnS can be responsible for high 

Rs and low FF [22,32], which would 

eventually lead to a decrease in Voc. 

Based on the results it seems likely 

that the ZnS is lying as a thin layer at the bottom of the absorber, causing these adverse 

effects.  

It appears as if the addition of ZnS affects the grain size in some way, with thicker ZnS 

leading to a slight increase in grain size, or at least crystallinity, but the difference is mainly 

Figure 17: Open-circuit voltage of complete solar cells made with 

varying ZnS seed layer thickness (sputter energy), measured in 

the middle and on the perimeter of the cell. 
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seen in the top half of the film, which is a somewhat surprising result. Later experiments, such 

as those in section 5.4, will show that generally speaking the ZnS will stay where it is 

deposited, that is to say, if it is deposited at the bottom of the stack, it stays at the bottom. It 

therefore seems unlikely that the ZnS has ended up on top in this case, and so it must be 

something else that gives the appearance of larger grains on the top.  

Since there was no cooling step between the ZnS deposition and the deposition of the 

absorber, a probable explanation for the apparent grain growth might simply be that a thicker 

ZnS layer leads to higher temperatures going into the CZTS deposition (though temperatures 

out were the same), and that the higher temperature, and not the ZnS, is behind the change in 

morphology. Even if it was the ZnS that caused the increase in grain size this effect does not 

compare to that of adding Cu2S as a seed layer, as we will see in the next section. 

5.3 The Effects of Cu2S Seed Layer Thickness and Substrate Heating 
The first few sample series were composed to evaluate the effect of different Cu2S seed layers 

thicknesses and heating parameters during CZTS deposition on the morphology of the CZTS 

films and on the Voc of finalized stacks. Thereafter, the material characteristics of this type of 

sample were analyzed and a study was performed to try and determine if the seed layer 

remains as a secondary phase or if it is incorporated into the absorber.  

5.3.1 The Effect on Voc and Grain Size 

Investigations into the effects of Cu2S seed layer thickness and substrate heating on Voc and 

grain size were performed on two sample series where seed layer thickness and substrate 

heating had been varied separately (see sample series 2 and 3 in Appendix B.2).  The 

measured Voc of these samples are shown in Fig. 18 below. 

 

Figure 18: Open-circuit voltage of complete solar cells made with 200 kJ of CZTS and with a-b) varying substrate 

heating or c-d) varying Cu2S seed layer thickness (sputter energy), measured in the middle and on the perimeter of 

the cell. 
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The Cu2S seed layer does not seem to have the same adverse effects as the ZnS, indicating 

either that it is more easily incorporated into the absorber structure or that it, as a highly 

conductive phase, instead only acts as a secondary current collector. The latter, however, is 

contradicted by the argument that a combination of Cu2S/Mo2S would lead to a high 

resistance at the back contact, and that an abundance of Cu gives rise to Cu-rich grain 

boundaries, resulting in increased recombination rates and diminished Voc [11], which would 

sway us in favor of the former.  

The trend in Voc for the two series with varying substrate heating indicates that Voc increases 

slightly when going from 20/30 to 30/45, after which it plummets. 40/55 appears to have been 

much too high a substrate heating for CZTS deposition, most likely leading to a 

decomposition of CZTS into binary and ternary phases which shunt the cell. In the series with 

varying seed layer thickness the Voc was similar for both 5 and 10 kJ Cu2S, but drops quickly 

for thicker layers.  

Combined these series indicate that the substrate heating should be kept below 40/55 and that 

no more than 10 kJ of Cu2S should be used as a seed layer. Increasing the substrate heat from 

20/30 to 30/45 seems beneficial, though more extensive electrical and material 

characterization would be required to confirm this.   

Two samples from another sample series (sample series 6 in Appendix B.2), with and without 

Cu2S but with the same substrate temperature, were imaged in SEM. The results are shown in 

Fig. 19. In the sample without seed layer the grains appear small and columnar, whereas the 

sample with 10 kJ of Cu2S as seed layer appears to have larger, more rounded grains, 

spanning the entire film thickness. The results were similar for samples taken from the 

abovementioned series.  

 

Figure 19: SEM cross-sections showing the increase in grain size of CZTS films made a) without and b) with a 10 kJ 

sputter energy Cu2S seed layer. 

The results from the series with varying seed layer thickness imply a limit on the thickness, 

above which the benefits are outweighed by the electrically detrimental disadvantages. To 

investigate if this apparent restriction might be dependent on the thickness on the CZTS layer 

sample series 4 (Appendix B.2), with a thicker CZTS layer, was made. The results of Voc 

measurements on sample series 4 are shown in Fig. 20 below. 
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Figure 20: Open-circuit voltage of complete solar cells made with 400 kJ of CZTS and a) varying substrate heating or 

b) varying Cu2S seed layer thickness (sputter energy), measured in the middle and on the perimeter of the cell. 

The results in Voc again seem to imply that the limit is the same for the thicker film as for the 

thinner. It seems that with thicker seed layers the Cu2S will stop acting as a seed layer and 

only affect the film negatively – by the formation of  Cu2S crystallites for example – 

independent of the thickness of the CZTS film.  

The thickness of the 400 kJ sputtered CZTS-film was measured in SEM to be approximately 

1.7 μm. Since these previous samples had been made into complete cells their material 

characteristics were evaluated by making a similar samples series, sample series 5 (Appendix 

B.2), with 10/20 kJ Cu2S seed layer and varying substrate heat, which was analyzed with 

XRD, XRF and Raman at the ÅSC, the results of which are presented in the following 

sections. 

5.3.2 XRD 

The XRD diffractograms are presented in Fig. 21 and 22 below. 

 

Figure 21: XRD diffractograms of samples with 10 kJ Cu2S seed layer and substrate heat increasing from top to 

bottom. 
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Figure 22: XRD diffractograms of samples with 20 kJ Cu2S seed layer and substrate heat increasing from top to 

bottom. 

The substrate peaks were identified by performing XRD analysis on a clean pre-sputtered 

substrate. These peaks originate from the stainless steel substrate and pre-sputtered layers, 

with the most intense peak belonging to the highly oriented Mo back contact. The slight 

shoulder on the Mo peak likely originates from a thin MoS2 layer. 

With the exception of one sample, sample 121004#305, all of the diffractograms exhibit 

several of the unique kesterite peaks along with those peaks that are common to ZnS, Cu2SnS3 

(CTS) and CZTS, which arise from cubic, sphalerite symmetry. In sample #305 the unique 

kesterite peaks are absent except for one very small peak around 18.5°. However, the cubic, 

sphalerite symmetry is still prominent. Notable is also the emergence of a very small peak 

around 32°, suggesting the presence of a Cu-S secondary phase, likely Cu1.92S. 

In the samples that were deposited with the highest substrate temperatures, #308 and #312, a 

small peak seems to appear just above 46°, a peak that could originate from Cu1.96S or – more 

likely – Cu2S. Those same two samples, as well as perhaps #307, also appear to have a more 

distinct shoulder peak on the main Mo-peak, which could be due to a contribution from 

Cu1.96S or a thicker MoS2 layer. 

5.3.3 Raman 

The Raman spectra are presented in Fig. 23 below. 
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Figure 23: Raman spectra of samples with varying substrate heat and a) 10 kJ Cu2S or b) 20 kJ Cu2S. The black bars 

along the bottom indicate the positions of the kesterite vibration bands. 

These peaks are fairly similar to the Raman spectra of the precursor in Fig. 13 (section 3.4.2). 

None of them stand out except perhaps the prominent Cu2S peak around 467 cm
-1

 in sample 

#308, which is one of two samples with the highest substrate temperature. One would expect 

the same results in the other sample with the highest substrate temperature but with 20 kJ of 

Cu2S (#312), but in this case there is no evidence of Cu2S. Based on its diffractogram one 

would also expect to find evidence of Cu-S phases in sample #305. Perhaps the Cu2S-

crystallites are concentrated to certain regions in the samples, and with the relatively small 

analysis area (~10-100 μm) and penetration depth (~150 nm) of the Ramanoscope used, it 

would be mainly chance that determines if you hit such a region or not. This is another 

argument for a combination of techniques for phase determination.  

The Raman spectra, along with XRD, confirm the existence of kesterite in these samples, but 

the peaks are relatively broad and the patterns resemble those of the ÅSC’s precursors. One 

surprising result is that even sample #305, which showed little or no evidence of kesterite in 

the diffractogram, exhibits the kesterite “fingerprint” in Raman. These results can, however, 

be unified. Experience at the ÅSC has shown that if the Raman spectrum indicates the 

existence of kesterite, but the XRD diffractogram indicates cubic, sphalerite symmetry, the 

sample most likely contains the metastable, sphalerite form of CZTS with disordered cations 

[21]. Though the transition to this phase generally occurs at temperatures above 876°C the 

phase can also form when using non-equilibrium synthesis techniques, of which sputtering is 

an example.  

5.3.4 XRF 

The XRF compositions are presented in the phase diagrams of Fig. 24 below. 
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Figure 24: Phase diagrams with compositions of samples with varying substrate heat and a) 10 kJ Cu2S or b) 20 kJ 

Cu2S. 

The most obvious compositional trend is the drastic loss of tin when increasing the 

temperature. This is a well-known issue with CZTS, where tin losses present an obstacle 

which it is necessary to overcome, either through considerations during annealing or by over-

compensating for tin losses in the composition of the compound target, as has been done with 

the target used in this case. 

As the Sn component decreases the Zn component increases, very predictably so for the 

samples in Fig. 23 (b), and similarly for the samples in 23 (a) with the exception of #305. 

Sample #305 once again appears to be an outlier, and one might suspect that this is due to the 

fact that its temperature deviated from the trend (see Table 13 in Appendix B.2). This issue of 

the temperature deviating for the first sample in a run is discussed further in section 5.6. The 

Cu increase appears less drastic during heating.  

A quick comparison (disregarding the outlier) between the compositions of the samples with 

10 and 20 kJ Cu2S shows no extreme difference in Cu-content. This is probably due to the 

fact that the seed layers are still very thin in comparison with the thicker CZTS-layer, and the 

addition of a small amount of Cu in the initial growth phase does not greatly affect the total 

composition. 

Both #308 and #312 are in a three-phase region with a high likelihood of Cu2S being present, 

which explains the modest Voc observed for the samples with higher deposition temperature. 

Due to their proximity to detrimental phases however, none of the compositions are optimal 

for making solar cells and a more Zn-rich composition would be desirable, which lead us to 

the experimental set-up described in section 5.4. 

5.3.5 Where Does the Seed Layer Go? 

Given that the Cu2S seed layer has a positive effect on grain size, and given that Voc drops 

when applying excessive amounts of Cu2S, it would be sensible to ask where the Cu2S goes 

after it has fulfilled its purpose. Does it get fully incorporated into the CZTS and simply make 

the total composition more Cu-rich? Does it remain as some sort of flux layer ending up on 

the top as is the case for CIGS? Or, does it partially integrate, leading to a Cu-gradient 

through the film? Cu reportedly has a high diffusion constant in CZTS [11], which would 

argue for the first. 
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The compositions of the three samples of sample series 6 (Appendix B.2), with 0/5/10 kJ 

Cu2S seed layer, were estimated using EDS with 12 and 20 kV acceleration voltage. The 

different acceleration voltages give different penetration depth into the sample and a 

significant discrepancy between the calculated compositions would indicate an 

inhomogeneous sample. The Cu/metal-ratio was calculated and plotted for both voltages (Fig. 

25).  

It was then attempted to make “lift-off” samples of these to allow analysis of the backside of 

the films. Lift-off samples are prepared by cutting out ~1x5 cm strips of sample using plate 

shears and gluing them onto cleaned SLG substrates with epoxy glue, which is then allowed 

to cure in ~70°C for about 10-15 min, after which the steel strip is lifted from the glass, 

hopefully leading to the CZTS separating from the Mo and staying on the glass. After 

repeated attempts it was established that the adhesion to the Mo was too good and instead of 

staying on the substrate the Mo followed with the absorber layer during the lift-off. The lift-

off only worked for one sample, the one with 10 kJ Cu2S (130107#307). The EDS 

composition of this one lift-off sample was also measured with 12 and 20 kV acceleration 

voltage. 

The results in Fig. 25 are somewhat 

bewildering at first. The difference 

between 12 kV and 20 kV for sample 

#307 is pretty much the same for 

both the front and back sides of the 

sample. This difference, which 

expressed as a percentage is quite 

large, appears to be due to a method 

problem. The Zn/metal-ratio was 

pretty much the same for 12 and 

20 kV whereas the Sn/metal-ratio 

showed the inverse results to the 

ones in Fig. 25 above, that is to say, the Sn/metal-ratio was consistently higher for 20 kV, by 

the same factor as the Cu/metal-ratio is smaller. 

The expected result was that there may be some Cu2S left at the bottom, or that it has 

functioned as a flux agent, ending up on top, or yet another possibility: that there at least was 

a more Cu-rich phase on the underside of the film. None of these could be either confirmed or 

dismissed based on these results, though one might speculate to say – assuming that a method 

flaw is the only cause behind the difference observed – that there appears to be no Cu-

gradient and no Cu2S remaining at the bottom.  To complement these results GI-XRD was run 

on the lift-off sample (Fig. 26).  

Figure 25: Cu/metal ratio using 12 kV (blue) and 20 kV (green) 

acceleration voltages in EDS on samples with varying Cu2S seed 

layer thickness, including one lift-off sample. 
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Figure 26: GI-XRD diffractogram of lift-off sample with 10 kJ Cu2S seed layer. 

The diffractogram is in very good agreement with kesterite. The peak intensities are different 

from the tabulated powder diffractogram values, indicating a preferentially oriented film. One 

small but distinct peak at 40° does not belong to kesterite but does seem to agree with 

Mo/MoS2, indicating that traces of the substrate followed with the absorber even in this case, 

though to a far lesser degree than with the rest of the samples. Though none of the detectable 

copper sulfide phases were observed one cannot rule out the possibility that the Cu2S has 

stuck to the Mo, or that a Cu-rich phase has contributed to the formation of copper tin 

sulfides, which would be difficult to detect.  

A number of EDS line-scans were run on “pie 

pieces” (Fig. 27) from sample #307. This sample 

shape is used to get as thin a sample as possible 

without having to resort to complicated sample 

preparation. Having a thin sample, like that at the 

apex of the pie piece, will decrease the analysis 

volume and minimize the overlap of the measured 

areas, thereby increasing resolution. The results of 

the line-scans generally agreed that the level of 

Cu at% was constant throughout the CZTS layer. 

However, despite analyzing pie pieces, overlap of 

analysis volumes and interference from the 

background made the error margin quite large, and the noise was significant. Only relatively 

large differences in Cu-content would have been detectable above the noise. A more 

sophisticated technique would probably yield more confidence-inspiring results.  

Figure 27: Example of pie piece, from a sample 

with 10 kJ Cu2S seed layer, used for line-scan 

EDS-analysis due to the thinness of the sample at 

the apex giving a small analysis volume. Line-

scan was run along the yellow arrow. 
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5.4 The Effect of Cu2S Seed Layer and ZnS Top/Seed Layer Thickness 
This section presents some attempts to tweak the film composition with the addition of ZnS. 

The compositions attained from the compound target were generally Zn-poor and dangerously 

close to regions with high likelihoods of detrimental secondary phases. To investigate if ZnS 

could be incorporated into the absorber structure and be used to shift the total composition of 

the films several combinations were made with both Cu2S and ZnS, with ZnS deposited either 

as a seed layer, on top of the films or in several separate layers intercalated into the CZTS. 

A sample series with 0/5/10 kJ Cu2S seed layer and varying amount of ZnS deposited on top 

was made, along with four samples with 5 kJ Cu2S and varying amount of ZnS both deposited 

as seed layers (sample series 7 in Appendix B.2). The results of their material characterization 

with XRD, XRF, Raman and SEM are presented in their respective sections below, followed 

by a short section on the intercalation of ZnS layers into the CZTS. 

5.4.1 The Effect on Grain Size  

The SEM cross sections of samples 121030#306-314 are shown in Fig. 28 below. These are 

the samples with ZnS deposited on top of the absorber film. 

 

Figure 28: SEM cross-sections showing the change in grain size of the CZTS layer in samples made with varying Cu2S 

seed layer and a ZnS top layer thicknesses (sputter energies), as indicated in the figure. 

The implementation of a Cu2S seed layer once again manifests itself in a drastic increase in 

grain size. One can also observe a slight change in morphology in the samples with only ZnS 

(Fig. 28, a-c). The effect seems fairly similar to that observed in section 5.2 with ZnS seed 

layers, despite the fact that here the ZnS was deposited on top. However, upon inspecting the 

pyrometer temperatures of these three samples when exiting the CZTS deposition (516, 551 
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and 563°C respectively) it seems plausible that the change is due to an increase in substrate 

temperature rather than the addition of ZnS. Increasing substrate temperature is known to 

cause grain growth, whereas ZnS is not. The issue may therefore, once again, be that of a 

temperature deviation for the first sample in a series. 

5.4.2 XRD 

The XRD diffractograms are presented in Fig. 29-32 below. 

 

Figure 29: XRD diffractograms of samples without seed layer and 10 kJ (#306), 20 kJ (#307) or 30 kJ (#308) ZnS 

deposited on top. 

 

Figure 30: XRD diffractograms of samples with 5 kJ Cu2S seed layer and 10 kJ (#309), 20 kJ (#310) or 30 kJ (#311) 

ZnS deposited on top. 
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Figure 31: XRD diffractograms of samples with 10 kJ Cu2S seed layer and 10 kJ (#312), 20 kJ (#313) or 30 kJ (#314) 

ZnS deposited on top. 

 

Figure 32: XRD diffractograms of samples with 5 kJ Cu2S and 10 kJ (#315), 20 kJ (#316) or 30 kJ (#317) ZnS both as 

seed layers. 

The diffractograms appear very similar, but there are some subtle differences, particularly in 

peak intensity ratios and in the full width at half maximum (FWHM) values of the peaks. The 

FWHM values were extracted for three of the peaks common to ZnS, CTS and CZTS in each 

diffractogram and plotted in Fig. 33 below.  
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Figure 33: a-c) FWHM of three XRD peaks as a function of amount of Cu2S added and d) sum of FWHM of three 

XRD peaks as a function of the amount of ZnS added. 

That Cu2S contributes to grain growth when acting as a seed layer is once again confirmed in 

Fig. 33 (a-c) by the drop in FWHM for an increase in Cu2S. The (112) peak seems to be the 

one least affected by the Cu2S. The addition of ZnS to the top has no clear effect on the grain 

size and no obvious trend related to the amount of ZnS is visible in Fig. 33 (d), where the 

FWHM of the previously used peaks have been added up for all 9 samples. The exception is 

perhaps the series with no Cu2S, where a slight decrease in the sum of FWHM of all peaks is 

visible. This seems to correlate with the change in morphology of the samples with no Cu2S 

as seen from SEM cross-sections (Fig. 28, a-c), an effect that, it was speculated, was most 

likely due to temperature variations.  

5.4.3 Raman 

The Raman spectra of this sample 

series were very similar, with the 

exception of some slight peak shifts of 

the main 338cm
-1

 peak and 

differences in peak width. We will not 

discuss them at length and instead 

only present them in Fig. 34, for 

completeness and to show their 

likeness. 

Figure 34: Raman spectra of sample series 7, all of which 

display typical kesterite spectra and appear very similar. 
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5.4.4 XRF 

The XRF compositions are illustrated in the phase diagrams of Fig. 35 below. 

 

Figure 35: Phase diagrams with compositions of samples with a-c) varying Cu2S seed layer thickness and amount of 

ZnS deposited on top and d) 5 kJ Cu2S and varying amount of ZnS as seed layers. 

The desired effect of tweaking the total composition appears to have been achieved, but 

looking at the backside of samples #315-317 clearly establishes the presence of ZnS 

secondary phase, which appears as bright areas in SEM images (Fig. 36). As previously 

mentioned, this is a less destructive 

secondary phase when present in the bulk 

of the absorber, yet spread out on the back 

as it is here it will likely act as a current 

barrier and decrease the Isc of a solar cell. 

The ZnS appears to be concentrated to the 

backside of the films, as opposed to being 

spread throughout the film thickness as 

would be the case with a homogeneously 

Zn-rich film.  It therefore appears as if the 

ZnS does not get incorporated into the 

absorber but instead remains unreacted 

where it was deposited.  Figure 36: SEM image of sample with ZnS as seed layer. 

Bright areas indicate ZnS secondary phase. 
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5.4.5 EDS 

To investigate the homogeneity of the samples EDS was performed on the top surface with 12 

and 20 kV acceleration voltages.  

 

Figure 37: Zn/metal ratio using 12 (blue) and 20 (green) kV acceleration voltages in EDS on samples with varying 

Cu2S seed layer thickness and amount of ZnS deposited on top. 

The results in Fig. 37 indicate that the samples with ZnS deposited on top were indeed 

inhomogeneous, with a higher Zn-ratio toward the top of the sample. Recall, however, from 

section 5.3.5, that a difference of 0.1 for 12 and 20 kV might be an effect of a flawed method, 

though in that case there was no discrepancy in the Zn/metal ratio for 12 and 20 kV. 

5.4.6 The Sandwich Experiment 

The sandwich experiment (sample series 8 in Appendix B.2) was an attempt at getting away 

from the unwanted gradient in samples where ZnS had been added by intercalating thinner 

layers of ZnS between thinner layers of CZTS. Since these experiments were not successful in 

achieving homogeneous layers, even when unreasonably high temperatures were employed, 

we will merely note that the Zn-gradient was again confirmed by EDS analysis and that the 

ZnS layers were clearly visible in SEM (Fig. 39), which indicates difficulties in integrating 

ZnS into the absorber layer. Either this is due to a low diffusion coefficient for Zn at these 

temperatures or it does not diffuse when in the form of ZnS. 

The results of the EDS analysis with 12 and 20 kV acceleration voltages for the three identical 

samples are shown in Fig. 38 below. The samples had a 5 kJ Cu2S seed layer and a total of 

30 kJ ZnS (3x10 kJ) intercalated into 300 kJ CZTS (3x100 kJ). 

 
Figure 38: Zn/metal ratio using 12 (blue) and 20 (green) kV 

acceleration voltages in EDS on identical samples with ZnS 

intercalated into the CZTS absorber layer. 

 
Figure 39: SEM cross-section of sandwich sample 

clearly showing bright layers of ZnS intercalated 

into the CZTS film. 
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5.5 Annealing of Absorber Films 
Of all the samples made in this project the ones with the best composition (Fig. 40) were 

chosen to be annealed (sample series 11 in Appendix B.2). These included one sample with 

pure CZTS and two samples with 5 kJ Cu2S and 20/30 kJ ZnS deposited below the CZTS. 

Two larger pieces ((25-28)x(15-18)mm) were cut out from each of the Cu2S+ZnS samples. 

Both were to be made into small cells but one piece from each sample was annealed in the 

ÅSC’s tube furnace together with approximately 20 mg of elemental sulfur. One smaller piece 

((10)x(10)mm), for material analysis, was also cut from each of the three samples and 

annealed. This was done to compare the electrical and material properties before and after 

annealing. Except for the annealing step the two larger pieces from each sample were treated 

exactly the same, with KCN-etch, CBD-CdS, etc., all performed at the ÅSC. Note that the 

smaller pieces for material analysis were not etched and are therefore not wholly 

representative of the material in the solar cells.  

After annealing some form of powder that had fallen from the back of the samples was 

observed in the graphite box. Some of the absorber film had also flaked off along the edges of 

the samples. The powder was collected and analyzed in EDS and the results indicated some 

form of Fe-Cr-S compound, with a majority of iron and sulfur and a smaller part chrome. A 

quick calculation shows that the reaction between Fe and S2 at 500°C is thermodynamically 

spontaneous, so it comes as no big surprise that the steel substrate reacts during the annealing 

process. This may pose a problem for the possibility of performing sulfurization at 

Midsummer, as it would be necessary to achieve a sulfurization that affects only the absorber 

and not the substrate. 

Presented in the following sections we have the XRF compositions of the pre-annealed 

samples, followed by the results of XRD analysis, Raman analysis and SEM imaging of pre- 

and post-annealed specimens from all three samples. Lastly, the results of the IV and QE 

measurements of the completed solar cells – made with annealed and non-annealed absorber 

material – are presented. 

5.5.1 XRF 

The XRF compositions are illustrated in the phase diagram of Fig. 40. 

 

Figure 40: Phase diagram with compositions of samples for annealing. 
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5.5.2 XRD 

Fig. 41-43 below compare the pre- and post-annealed diffractograms of the three samples. 

Note that the post-anneal diffractograms generally had lower intensities than their pre-anneal 

equivalents and have here been rescaled to facilitate comparison between the two.  

 

Figure 41: XRD diffractograms of the pre- and post-annealed samples with pure CZTS. 

 

Figure 42: XRD diffractograms of the pre- and post-annealed samples with 5 kJ Cu2S and 20 kJ ZnS. 
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Figure 43: XRD diffractograms of the pre- and post-annealed samples with 5 kJ Cu2S and 30 kJ ZnS. 

The diffractograms exhibit several of the smaller, unique kesterite peaks, establishing the 

presence of the kesterite phase. The “shoulder” on the largest (Mo) peak around 40° has, after 

annealing, become a separate peak, emerging all the more distinctly due to the increased 

sharpness of the main Mo peak. This shoulder peak can have several different origins. It 

might be that the MoS2 peak has increased in size due to Mo reacting with sulfur during 

annealing. It could also be that the diffusion barrier simply becomes more “visible” when 

parts of the film along the edges of the samples have flaked off. It is also possible that the 

peak has arisen from Cu2S. All these phases have peaks in the region where the shoulder 

appears. The most likely candidate, however, is MoS2, since it has been established that a 

thicker MoS2 layer forms during annealing [20,21].   

All of the post-anneal diffractograms show the appearance of a peak around 32°. It is 

especially distinct for the pure CZTS sample which also exhibits a very small new peak 

around 66.5°. The former has been encountered before and was then identified as Cu1.96S. The 

latter seems to agree well with the strongest peak from Cu2S. Based on the argument that 

XRD has a large penetration depth (had the Cu-S phases been present in the pre-anneal 

samples they would have been detected) these results indicate that annealing brought about an 

increase in Cu-S phases, perhaps due to Sn-loss and decomposition of the CZTS.  

FWHM were extracted for the kesterite peaks with miller indices (002) and (110) at ca. 28.5° 

and 47° respectively. The values are presented in Table 5 below. 

Table 5: FWHM of pre- and post-anneal XRD peaks. 

 Pre-anneal Post-anneal 

 (002) FWHM [2θ]  (110) FWHM [2θ]  (002) FWHM [2θ]  (110) FWHM [2θ]  

121022#309 0.253 0.296 0.129 0.166 

121213#310 0.207 0.235 0.128 0.151 

121213#311 0.203 0.230 0.128 0.152 
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The decrease in the FWHM-values 

after annealing is unmistakable, most 

likely indicating an increase in grain 

size as described in section 3.4.1. A 

slight peak shift is also observed for 

several of the peaks, for example in 

the (110) peak of the pre-annealed 

121213#311 sample (green) in Fig. 

44. This could indicate that tensile 

stress in the film has relaxed after 

annealing, though peak shifts can 

also be due to other factors that lead 

to a change in d-spacing.  

5.5.3 Raman 

The Raman spectra for pre- and post-annealed samples are found in Fig. 45 below.  

 

Figure 45: Raman spectra of pre- and post-annealed samples with a) pure CZTS, b) 5 kJ Cu2S and 20 kJ ZnS and c) 

5 kJ Cu2S and 30 kJ ZnS. The black bars along the bottom indicate the positions of the kesterite vibration bands. 

Figure 44: Shift in the (110) peak in the diffractogram of a pre-

annealed sample (green) compared to the post-annealed sample 

(black), indicating a relaxation of tensile stress. 
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The Raman spectra once again show clear signs of kesterite. Here the FWHM for the main 

peak, located around 338cm
-1

, also seems to have decreased after annealing, but due to the 

significant overlap of different peaks the FWHM is much harder to extract for Raman than for 

XRD. Very approximate FWHM-values for this main peak were calculated using a Lorentzian 

peak fit in Fityk [33] and are presented in Table 6 below. These values also indicate an 

increase in grain size and confirm the observations made in XRD. 

Table 6: Approximate pre- and post-anneal FWHM-values of the main Raman peak.  

Sample Pre-anneal FWHM 

[cm
-1

] 

Post-anneal FWHM 

[cm
-1

] 

121022#309 28 22 

121213#310 30 24 

121213#311 30 24 

5.5.4 SEM 

SEM cross-sections of the Cu2S+ZnS samples, pre- and post-anneal, are shown in Fig. 46 

below.  

 

Figure 46: SEM cross-sections showing the grain size and porosity of the CZTS layer in samples with 5 kJ Cu2S and 

a-b) 20 kJ ZnS or c-d) 30 kJ ZnS as seed layers, with pre-anneal samples to the left and post-anneal samples to the 

right. Bright areas on the bottom of the films indicate ZnS secondary phase. 

The grain size increase after annealing is not as marked as one might have expected, likely 

due to the fact that these samples had a Cu2S seed layer and therefore had a fairly large grain 

size to begin with. Despite the lack of visual verification the grain size has arguably increased 

in view of the FWHM-values from XRD. Also noteworthy is the apparent increase in porosity 

after annealing. Recall that these samples had not been etched and so the porosity cannot be 

due to the removal of Cu2S. A possible explanation could be the removal of defects and 

reorganization or reshaping of the grains during annealing giving rise to pores.  
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As can also be seen in Fig. 46, the ZnS – which was very distinct on the bottom of the pre-

annealed samples – is still present, still on the bottom, in the annealed samples. Though the 

presence of ZnS is predicted by the phase diagram, one would expect it to be evenly 

distributed throughout the film if it were homogeneously Zn-rich. It would seem that even the 

high temperatures involved in the annealing process are not enough to allow for diffusion and 

redistribution of the ZnS phase in the absorber films, and that the ZnS simply remains where 

it is deposited.  

The increase in grain size is less ambiguous for the pure CZTS sample (121022#309), whose 

SEM cross-sections are shown in Fig. 47 below. Observe, once again, the increase in porosity 

of the sample.  

 

Figure 47: SEM cross-sections showing the grain size and porosity of the CZTS layer in a) pre-anneal and b) post-

anneal samples with pure CZTS. 

5.5.5 IV and QE 

IV and EQE curves of solar cells made with annealed and non-annealed absorber are 

presented in Fig. 48-51 and Fig. 52-55 respectively. 

 
     Figure 48: IV curves of solar cells made with non- 

     annealed sample 121213#310. 

 
     Figure 49: IV curves of solar cells made with annealed  

     sample 121213#310. 
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The Voc, Jsc, FF and cell efficiency of the best solar cells from each sample are presented in 

Table 7 below: 

 
     Figure 50: IV curves of solar cells made with non- 

     annealed sample 121213#311. 

 
     Figure 51: IV curves of solar cells made with annealed  

     sample 121213#311. 

  

 
     Figure 52: QE curve of solar cell made with non- 

     annealed sample 121213#310. 

 
     Figure 53: QE curve of solar cell made with annealed  

     sample 121213#310. 

  

 
     Figure 54: QE curve of solar cell made with non- 

     annealed sample 121213#311. 

 
     Figure 55:  QE curve of solar cell made with annealed  

     sample 121213#311. 
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Table 7: Cell data of solar cells made with annealed and non-annealed samples. 

Sample Voc [mV] Jsc [mA/cm
2
] FF [%] Efficiency [%] 

#310 177 2.57 30.61 0.14 

#310 annealed 238 4.41 36.09 0.38 

#311 44 2.48 25.03 0.03 

#311 annealed 311 4.32 42.01 0.57 

 

Both IV and EQE curves indicate that annealing had an overall positive impact on the 

electrical properties. One of the likely positive effects is the relaxation of internal stress in the 

material. Compressive stress in a material can induce the formation of defect centers, the 

removal of which will improve the electrical properties [28]. Annealing also heals out some of 

the atomic-scale defects that can arise during sputtering.  

The annealing process appears to have alleviated the shunting, even though both samples 

were KCN-etched. One explanation for this might be that the Cu2S
*
 extended the entire film 

thickness prior to the anneal, and were then redistributed into smaller, more homogeneously 

spread pockets. Another explanation could be that the Cu2S preferentially segregates during 

annealing in such a way as to make it more easily removed by etching. Another version of this 

last argument would be that the Cu2S did not exist before the anneal, but instead the pre-

anneal film was full of Cu defects, like a super-saturated solution. Annealing then improved 

the crystallinity of the film causing the “precipitation” of these defects into Cu2S, which could 

be removed by etching. This would be in agreement with the XRD results of section 5.5.2.  

The consistently low EQE, symptomatic of short carrier lifetimes and high recombination 

rates, manifests itself in the exceptionally low Jsc in the IV measurements. In addition, the 

EQE tails off quickly for longer wavelengths, which is generally a sign of recombination at 

the back contact. Among the cells made the highest Jsc was 4.32 mA/cm
2
, which is a fraction 

of the current densities achieved in the ÅSC’s baseline cells, which have values closer to 

20 mA/cm
2
. Though many other factors are likely to have influenced the electrical properties 

(see next paragraph), the low current densities look to be one of the main contributors to the 

poor performance of these cells, and based on previous results it does not seem unreasonable 

to assume that the ZnS plays a major role in this.  

There are some well-known issues with the electrical properties of CZTS, which is 

characterized by short carrier lifetimes limiting Voc as well as bulk and interface 

recombination [17,18]. As described in section 3.3.2, it is likely that some surface-localized 

decomposition of the kesterite absorber has taken place during sputtering. This could lead to a 

high probability of binary phases on the surface of the film causing high absorber/buffer 

interface recombination and high series resistance. Alternatively, any Cu2S formed from the 

decomposition could diffuse towards the back of the cell during annealing. As mentioned in 

section 5.3.1, the existence of a mix of Cu2S and Mo2S leads to a high resistance at the back 

contact, and a Cu-excess diminishes Voc [11]. Most likely there are also voids present in the 

cells with both pre- and post-annealed absorber, voids which increase the surface area, acting 

as recombination centers and thus leading to current losses [22]. 

                                                 
*
 In this paragraph Cu2S refers to Cu2S including all its non-stoichiometric varieties (e.g. Cu1.96S). 
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5.6 Stability of the CZTS Process 
The issue of process stability arose repeatedly in the course of this project, not only for the 

ZnS process but for the CZTS process as well. To get an overview of the stability of the 

CZTS process, considering the indications of drift that had been observed, the XRF 

compositions of all the pure CZTS samples were compiled into one phase diagram (Fig. 56). 

Compositions with the same color dots have been run with the same substrate heating during 

the CZTS deposition. In all else the parameters should be the same, though there are some 

unavoidable variations, such as what number in a series that a sample has been run, affecting 

the temperature.  

The green (20/30), blue (40/55) and yellow (50/65) dots all follow a distinct and explicable 

trend: increasing the temperature leads to a predictable loss of tin. The dots that deviate from 

this behavior are the red (30/45) and purple (36/51) dots, revealing an unexpected variation in 

the composition. Looking at the dates of these samples confirms that this is not due to some 

gradual change or drift, but appears more sporadic and random. This could point to 

inhomogeneities in the target itself, since an effect such as preferential sputtering of one 

component in the compound target would most likely manifest in the form of a gradual shift.  

 

Figure 56: Phase diagram with the compositions of all pure CZTS films with varying substrate temperature made in 

the course of this project. 

Though the samples were, as a general rule, taken from 

approximately the same region (slightly off centre), 

one cannot disregard the possibility that quite large 

deviations arise when the samples are taken from 

different regions of the substrate. The reason for this is 

that there are obvious issues with homogeneity in the 

sputtered films, as can be seen in the picture of a 

sputtered substrate in Fig. 57, where the varying shades 

of gray indicate a change in interference phenomena, 

originating from variations in composition, 

morphology or thickness of the film.  

Figure 57: Color variations in a CZTS film 

across the substrate, indicative of an 

inhomogeneity in the film. 



52 

 

Fig. 58 below shows how the EDS composition of a CZTS film on one substrate varied as a 

function of distance (in mm) from the center. This issue needs to be resolved, and some work 

was going on in the background of this project to investigate new magnetron designs to 

improve the uniformity of the CZTS films. In this project the original Ulvac cathode was used 

which was not designed for sputtering of CZTS.  

 

Figure 58: Compositional variations in a CZTS film as a function of distance from the center measured in mm. 

The variation introduced by which number in the series a sample has can in fact be alleviated 

by running a “dummy” prior to a series. The dummy, which would be heated, sputtered with a 

very thin film, and cooled, would bring up the latent heat in the SMO1’s arm. It is otherwise 

usually the first sample in a series that deviates quite drastically from the rest since the arm is 

cold when the first sample enters. The practice of running a dummy in the beginning of each 

samples series was introduced towards the end of the project.  

6. Conclusions 
The experiments in this project have shown that: 

 Kesterite-phase CZTS absorber films can be made by p-DC magnetron sputtering 

from a quaternary compound target 

 Enhanced film nucleation and growth can be achieved by the addition of a Cu2S seed 

layer and precise control of the temperature 

 Preliminary studies indicate that the Cu2S seed layer is most likely incorporated into 

the absorber film, but further studies are needed 

 Annealing improved the electrical properties even of warm-sputtered CZTS films, but 

might prove problematic with stainless steel substrates  

 The composition of the compound target yielded too Cu-rich and Zn-poor absorber 

films and should be revised 
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Though the results listed above are the most important ones it was also found that a ZnS seed 

layer does not have the same effect on absorber grain size as Cu2S. In addition, the ZnS 

proved difficult to incorporate into the absorber film and instead remained as it was – and 

where it was – deposited. Both the results and the literature presented indicate that this lack of 

incorporation lead to a ZnS layer that inhibited current collection and impaired the electrical 

properties of the films. It was also found that the homogeneity of the absorber films was poor, 

with compositional variations across the substrates most likely affecting the results of both 

material and electrical characterization.  

IV and EQE measurements of completed solar cells showed low current densities and 

frequent shunting. The shunting points to the recurrent presence of detrimental secondary 

phases, due in turn to either poor film compositions, decomposition of the CZTS phase taking 

place during warm-sputtering, or both. In the annealing experiments the low current densities 

were most likely due to a current-blocking ZnS layer towards the back contact. 

The annealing experiments performed reiterate the benefits of an annealing step, even for 

warm-sputtered CZTS. Both film quality and the electrical properties improved. The most 

obvious effect was that annealing alleviated shunting in the absorber material, the reason 

behind which was not investigated in this project.  

7. Recommendations for Future Work 
As hinted at the very end of the previous section, one question that was not answered here 

was how it was that annealing alleviated shunting. The annealing process clearly caused the 

emergence of Cu-S phases, but was this because of the “precipitation” of Cu defects, as 

argued in section 5.5.5, or due to surface-localized decomposition of the CZTS, as argued in 

section 5.5.2?  Since it would be difficult to argue that the removal of Cu2S created by 

decomposition could minimize shunting, the former would seem the likelier explanation – at 

least of these two options – in which case another question follows: what would be the nature 

of such a “super-saturated” Cu-rich CZTS phase? 

Since the benefits of a Cu2S seed layer were established in this project, it would be of great 

value to confirm, beyond the shadow of a doubt, that the Cu2S is fully incorporated into the 

film, remaining neither as shunting pockets of Cu2S nor as a contributor to a more Cu-rich 

phase in some part of the film. Should such results indicate that the Cu2S is, indeed, fully 

incorporated, it would be recommended to employ a compound target whose composition has 

been compensated so as to allow for the addition of Cu2S for grain growth. On a related topic, 

it could be of interest to investigate other types of Cu-containing seed layers, to see if any 

would have the same, or even enhanced, effects.  

It would have been of great interest to compare solar cells made with annealed and non-

annealed films of pure CZTS with good composition. A sample with pure CZTS was annealed 

in this project, but due to size constraints and a doubtful composition no cells were made from 

that sample. Annealing a pure CZTS film would give information on whether it was the 

presence of, for example, a ZnS bottom layer, that inhibited the performance of the cells, or if 

it was the absorber material in itself. Evidence suggests that avoiding the addition of ZnS 
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would likely improve the electrical properties. These experiments would hopefully lead to the 

adaptation of the SMO1 to allow for annealing in S-rich atmosphere in one of the chambers. 

It may also be of value to delve deeper into the reasons behind the problems with scribing 

(described in Appendix A.1). Suggestions for such work could be to investigate the 

contact/absorber interface when using a Cu2S seed layer, and to try various degrees of 

sulfurization of the pre-sputtered substrate before deposition of the CZTS to see if a thicker 

MoS2 layer would facilitate scribing.  

  



55 

 

8. Acknowledgements 
The author of this work would like to extend her warm gratitude to her supervisors Jan 

Sterner at Midsummer AB and Tove Ericson at the Ångström Solar Center at Uppsala 

University. Thank you for your patience, your time, and many educative and fruitful 

discussions. A big thank you goes out to Charlotte Platzer-Björkman, this projects topic 

reviewer and head of the CZTS group at the Ångström Solar Center, for organizing this 

collaboration and for all her valuable input and feedback.  

Thank you Eric Jaremalm and Sven Lindström, Vice President and President of Midsummer 

AB respectively, for letting me get an insight into their remarkable company and the 

extremely competent people who work there. Thank you members of the CZTS group for the 

use of your programs, methods and knowledge.  

 

  



56 

 

Bibliography 

[1] T.K. Todorov, J. Tang, S. Bag, O. Gunawan, T. Gokmen, Y. Zhu, D.B. Mitzi, 

Advanced Energy Materials 3 (2013) 34. 

[2] L. Liljeholm, Reactive Sputter Deposition of Functional Thin Films, Uppsala 

University, 2012. 

[3] V.S. Saji, I.-H. Choi, C.-W. Lee, Solar Energy 85 (2011) 2666. 

[4] U. Rau, H.W. Schock, Clean Electricity from Photovoltaics, 1st Ed., Imperial College 

Press, 2001. 

[5] I. Repins, N. Vora, C. Beall, S. Wei, Y. Yan, M. Romero, G. Teeter, H. Du, B. To, M. 

Young, in:, Materials Research Society Spring Meeting, National Renewable Energy 

Laboratory, San Francisco, California, 2011, pp. 1–12. 

[6] Understanding The Influence of Belt Furnace and Firing Parameters on Efficiency of 

Thin Film CIGS Solar Cells, Torrey Hill Technologies, LLC, San Diego, California, 

n.d. 

[7] K. Ottosson, The Role of i-ZnO for Shunt Prevention in Cu(In,Ga)Se2-based Solar 

Cells, Uppsala University, 2006. 

[8]  . Stolt,  .  edstr m, J. Kessler, M. Ruckh, K.-O. Velthaus, H.-W. Schock, Applied 

Physics Letters 62 (1993) 597. 

[9] J. Wennerberg, Design and Stability of Cu(In,Ga)Se2-Based Solar Cell Modules, 

Uppsala University, 2002. 

[10] H.W. Schock, U. Rau, T. Dullweber, G. Hanna, M. Balbo, T. Margorian- Friedelmeier, 

A. Jasenek, I. Kötschau, H. Kerber, H. Wiesner, in:, 16th European Photovoltaic Solar 

Energy Conference, 2000, pp. 304–308. 

[11] S. Delbos, EPJ Photovoltaics 3 (2012) 35004. 

[12] S. Chen, X.G. Gong, A. Walsh, S.-H. Wei, Applied Physics Letters 94 (2009) 041903. 

[13] I.D. Olekseyuk, I.V. Dudchak, L.V. Piskach, Journal of Alloys and Compounds 368 

(2004) 135. 

[14] J.J. Scragg, Studies of Cu2ZnSnS4 Films Prepared by Sulfurisation of Electrodeposited 

Precursors, University of Bath, 2010. 

[15] H. Katagiri, K. Jimbo, in:, 37th IEEE PVSC Conference, IEEE, 2011, pp. 3516 – 3521. 

[16] K. Tanaka, Y. Fukui, N. Moritake, H. Uchiki, Solar Energy Materials and Solar Cells 

95 (2011) 838. 



57 

 

[17] D.A.R. Barkhouse, O. Gunawan, T. Gokmen, T.K. Todorov, D.B. Mitzi, Progress in 

Photovoltaics: Research & Applications 20 (2012) 6. 

[18] I. Repins, C. Beall, N. Vora, C. DeHart, D. Kuciauskas, P. Dippo, B. To, J. Mann, W.-

C. Hsu, A. Goodrich, R. Noufi, Solar Energy Materials and Solar Cells 101 (2012) 154. 

[19] J.J. Scragg, T. Ericson, T. Kubart, M. Edoff, C. Platzer-bj, Chemistry of Materials 23 

(2011) 4625. 

[20] J.T. Wätjen, J.J. Scragg, T. Ericson, M. Edoff, C. Platzer-Björkman, Thin Solid Films 

(2012) http://dx.doi.org/10.1016/j.tsf.2012.11.079. 

[21] J.J. Scragg, T. Ericson, X. Fontané, V. Izquierdo-roca, A. Pérez-rodríguez, T. Kubart, 

M. Edoff, C. Platzer-björkman, Progress in Photovoltaics: Research & Applications 

(2012) DOI: 10.1002/pip. 

[22] C. Platzer-Björkman, J. Scragg, H. Flammersberger, T. Kubart, M. Edoff, Solar Energy 

Materials and Solar Cells 98 (2012) 110. 

[23] W. Septina, S. Ikeda, A. Kyoraiseki, T. Harada, M. Matsumura, Electrochimica Acta 

88 (2013) 436. 

[24] X. Jiang, L.-X. Shao, J. Zhang, D. Li, W. Xie, C.-W. Zou, J.-M. Chen, Surface and 

Coatings Technology (2012) doi:10.1016/j.surfcoat.2012.05.057. 

[25] T.K. Todorov, K.B. Reuter, D.B. Mitzi, Advanced Materials 22 (2010) E156. 

[26] H. Katagiri, N. Ishigaki, T. Ishida, K. Saito, Japanese Journal of Applied Physics 40 

(2001) 500. 

[27] T. Ericson, T. Kubart, J.J. Scragg, C. Platzer-Björkman, Thin Solid Films 520 (2012) 

7093. 

[28] J. He, L. Sun, K. Zhang, W. Wang, J. Jiang, Y. Chen, P. Yang, J. Chu, Applied Surface 

Science 264 (2013) 133. 

[29] P. a. Fernandes, P.M.P. Salomé, a. F. da Cunha, Journal of Alloys and Compounds 509 

(2011) 7600. 

[30] J. Wang, S. Li, J. Cai, B. Shen, Y. Ren, G. Qin, Journal of Alloys and Compounds 552 

(2013) 418. 

[31]  . Timo W t en,  .  ngman, M.  doff, C.  latzer-B  rkman, Applied Physics Letters 

100 (2012) 173510. 

[32] A. Ennaoui, M. Lux-Steiner, A. Weber, D. Abou-Ras, I. Kötschau, H.W. Schock, R. 

Schurr, A. Hölzing, S. Jost, R. Hock, Thin Solid Films 517 (2009) 2511. 

[33] M. Wojdyr, J. Appl. Cryst. 43 (2010).  



58 

 

List of Figures 
Figure 1: Electron confinement near the target in magnetron sputtering increasing the plasma 

density, from [2]. ........................................................................................................................ 4 

Figure 2: Hysteresis in sputter rate as a function of reactive gas flow during reactive 

sputtering, from [2]. ................................................................................................................... 5 

Figure 3: Equilibrium band diagram of a p-n junction in a Si semiconductor; filled and empty 

dots represent electrons and holes respectively. ......................................................................... 6 

Figure 4: Effect of applying a) forward bias and b) reverse bias to the p-n junction................. 6 

Figure 5: Current-voltage curves of a p-n junction in the dark (blue) and under illumination 

(red). ........................................................................................................................................... 7 

Figure 6: Finding the point of maximum power output from a current-voltage curve of a p-n 

junction under illumination (red). .............................................................................................. 7 

Figure 7: The effect of series resistance (Rs) and parallel resistance (Rp) on the fill factor. ..... 9 

Figure 8: The chalcopyrite crystal structure of CIGS, from [3]. ................................................ 9 

Figure 9: A typical cell stack for CIGS solar cells, from [6]. .................................................. 10 

Figure 10: Band diagram of the heterojunction between CIGS, buffer and window layers. ... 11 

Figure 11: The kesterite structure of CZTS, from [12]. ........................................................... 12 

Figure 12: Pseudo-ternary phase diagram of the Cu2S-ZnS-SnS2 system at 400°C, assuming a 

stoichiometric amount of S, from [14]. .................................................................................... 13 

Figure 13: Raman spectra of a kesterite sample before (precursor) and after (annealed) 

annealing, using an excitation wavelength of 514 nm, from [21]. ........................................... 17 

Figure 14: The SMO1 at Midsummer AB. .............................................................................. 22 

Figure 15: GI-XRD diffractograms of samples with ZnS reactively sputtered with a constant 

sum of flow rates but with various proportions of H2S:Ar (see Table 3). Sphalerite (red) and 

wurtzite (blue) diffraction patterns are included for reference................................................. 27 

Figure 16: SEM cross-sections showing the grain size of the CZTS layer in complete solar 

cells made with varying ZnS seed layer thickness (sputter energy), as indicated in the figure.

 .................................................................................................................................................. 28 

Figure 17: Open-circuit voltage of complete solar cells made with varying ZnS seed layer 

thickness (sputter energy), measured in the middle and on the perimeter of the cell. ............. 28 

Figure 18: Open-circuit voltage of complete solar cells made with 200 kJ of CZTS and with a-

b) varying substrate heating or c-d) varying Cu2S seed layer thickness (sputter energy), 

measured in the middle and on the perimeter of the cell.......................................................... 29 

Figure 19: SEM cross-sections showing the increase in grain size of CZTS films made a) 

without and b) with a 10 kJ sputter energy Cu2S seed layer. ................................................... 30 

Figure 20: Open-circuit voltage of complete solar cells made with 400 kJ of CZTS and a) 

varying substrate heating or b) varying Cu2S seed layer thickness (sputter energy), measured 

in the middle and on the perimeter of the cell. ......................................................................... 31 

Figure 21: XRD diffractograms of samples with 10 kJ Cu2S seed layer and substrate heat 

increasing from top to bottom. ................................................................................................. 31 

Figure 22: XRD diffractograms of samples with 20 kJ Cu2S seed layer and substrate heat 

increasing from top to bottom. ................................................................................................. 32 

file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001292
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001292
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001293
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001293
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001294
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001294
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001295
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001296
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001296
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001297
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001297
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001298
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001299
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001301
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001302
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001303
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001303
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001304
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001304
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001305
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001308
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001308


59 

 

Figure 23: Raman spectra of samples with varying substrate heat and a) 10 kJ Cu2S or b) 

20 kJ Cu2S. The black bars along the bottom indicate the positions of the kesterite vibration 

bands. ........................................................................................................................................ 33 

Figure 24: Phase diagrams with compositions of samples with varying substrate heat and a) 

10 kJ Cu2S or b) 20 kJ Cu2S. .................................................................................................... 34 

Figure 25: Cu/metal ratio using 12 kV (blue) and 20 kV (green) acceleration voltages in EDS 

on samples with varying Cu2S seed layer thickness, including one lift-off sample. ................ 35 

Figure 26: GI-XRD diffractogram of lift-off sample with 10 kJ Cu2S seed layer. .................. 36 

Figure 27: Example of pie piece, from a sample with 10 kJ Cu2S seed layer, used for line-scan 

EDS-analysis due to the thinness of the sample at the apex giving a small analysis volume. 

Line-scan was run along the yellow arrow. .............................................................................. 36 

Figure 28: SEM cross-sections showing the change in grain size of the CZTS layer in samples 

made with varying Cu2S seed layer and a ZnS top layer thicknesses (sputter energies), as 

indicated in the figure. .............................................................................................................. 37 

Figure 29: XRD diffractograms of samples without seed layer and 10 kJ (#306), 20 kJ (#307) 

or 30 kJ (#308) ZnS deposited on top. ..................................................................................... 38 

Figure 30: XRD diffractograms of samples with 5 kJ Cu2S seed layer and 10 kJ (#309), 20 kJ 

(#310) or 30 kJ (#311) ZnS deposited on top. .......................................................................... 38 

Figure 31: XRD diffractograms of samples with 10 kJ Cu2S seed layer and 10 kJ (#312), 

20 kJ (#313) or 30 kJ (#314) ZnS deposited on top. ................................................................ 39 

Figure 32: XRD diffractograms of samples with 5 kJ Cu2S and 10 kJ (#315), 20 kJ (#316) or 

30 kJ (#317) ZnS both as seed layers. ...................................................................................... 39 

Figure 33: a-c) FWHM of three XRD peaks as a function of amount of Cu2S added and d) 

sum of FWHM of three XRD peaks as a function of the amount of ZnS added. .................... 40 

Figure 34: Raman spectra of sample series 7, all of which display typical kesterite spectra and 

appear very similar. .................................................................................................................. 40 

Figure 35: Phase diagrams with compositions of samples with a-c) varying Cu2S seed layer 

thickness and amount of ZnS deposited on top and d) 5 kJ Cu2S and varying amount of ZnS 

as seed layers. ........................................................................................................................... 41 

Figure 36: SEM image of sample with ZnS as seed layer. Bright areas indicate ZnS secondary 

phase. ........................................................................................................................................ 41 

Figure 37: Zn/metal ratio using 12 (blue) and 20 (green) kV acceleration voltages in EDS on 

samples with varying Cu2S seed layer thickness and amount of ZnS deposited on top. ......... 42 

Figure 38: Zn/metal ratio using 12 (blue) and 20 (green) kV acceleration voltages in EDS on 

identical samples with ZnS intercalated into the CZTS absorber layer. .................................. 42 

Figure 39: SEM cross-section of sandwich sample clearly showing bright layers of ZnS 

intercalated into the CZTS film. ............................................................................................... 42 

Figure 40: Phase diagram with compositions of samples for annealing. ................................. 43 

Figure 41: XRD diffractograms of the pre- and post-annealed samples with pure CZTS. ...... 44 

Figure 42: XRD diffractograms of the pre- and post-annealed samples with 5 kJ Cu2S and 20 

kJ ZnS. ...................................................................................................................................... 44 

Figure 43: XRD diffractograms of the pre- and post-annealed samples with 5 kJ Cu2S and 30 

kJ ZnS. ...................................................................................................................................... 45 

file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001316
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001316
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001318
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001318
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001318
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001325
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001325
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001327
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001327


60 

 

Figure 45: Raman spectra of pre- and post-annealed samples with a) pure CZTS, b) 5 kJ Cu2S 

and 20 kJ ZnS and c) 5 kJ Cu2S and 30 kJ ZnS. The black bars along the bottom indicate the 

positions of the kesterite vibration bands. ................................................................................ 46 

Figure 44: Shift in the (110) peak in the diffractogram of a pre-annealed sample (green) 

compared to the post-annealed sample (black), indicating a relaxation of tensile stress. ........ 46 

Figure 46: SEM cross-sections showing the grain size and porosity of the CZTS layer in 

samples with 5 kJ Cu2S and a-b) 20 kJ ZnS or c-d) 30 kJ ZnS as seed layers, with pre-anneal 

samples to the left and post-anneal samples to the right. Bright areas on the bottom of the 

films indicate ZnS secondary phase. ........................................................................................ 47 

Figure 47: SEM cross-sections showing the grain size and porosity of the CZTS layer in a) 

pre-anneal and b) post-anneal samples with pure CZTS. ......................................................... 48 

Figure 48: IV curves of solar cells made with non-annealed sample 121213#310 .................. 48 

Figure 49: IV curves of solar cells made with annealed sample 121213#310 ......................... 48 

Figure 50: IV curves of solar cells made with non-annealed sample 121213#311 .................. 49 

Figure 51: IV curves of solar cells made with annealed sample 121213#311 ......................... 49 

Figure 52: QE curve of solar cell made with non-annealed sample 121213#310 .................... 49 

Figure 53: QE curve of solar cell made with annealed sample 121213#310 ........................... 49 

Figure 54: QE curve of solar cell made with non-annealed sample 121213#311 .................... 49 

Figure 55:  QE curve of solar cell made with annealed sample 121213#311 .......................... 49 

Figure 56: Phase diagram with the compositions of all pure CZTS films with varying 

substrate temperature made in the course of this project. ........................................................ 51 

Figure 57: Color variations in a CZTS film across the substrate, indicative of an 

inhomogeneity in the film. ....................................................................................................... 51 

Figure 58: Compositional variations in a CZTS film as a function of distance from the center 

measured in mm. ...................................................................................................................... 52 

Figure 59: Small cells for electrical characterization. Each Π-shape is the front contact of one 

small cell. ................................................................................................................................. 63 

Figure 60: Microscopy pictures of mechanical scribe lines of various cell samples, where the 

picture in the lower right-hand corner represents a successful scribe where the metallic back-

contact has been exposed without penetrating through to underlying layers. .......................... 63 

Figure 61: Phase diagram with compositions of samples with and without Cu2S seed layer and 

varying substrate heat. .............................................................................................................. 64 

Figure 62: XRD diffractograms of samples with 0 kJ Cu2S and a substrate heating of 20/30 

(#301) and 30/45 (#302), as well as samples with 5 kJ Cu2S and a substrate heating of 20/30 

(#305) and 30/45 (#306). .......................................................................................................... 65 

Figure 63: Raman spectra of samples without and with a 5 kJ Cu2S seed layer and varying 

substrate heat. ........................................................................................................................... 65 

Figure 64: IV curve of solar cell made from absorber with 0 kJ Cu2S and a substrate heating 

of 20/30. ................................................................................................................................... 71 

Figure 65: IV curve of solar cell made from absorber with 0 kJ Cu2S and a substrate heating 

of 30/45. ................................................................................................................................... 71 

Figure 66: IV curve of solar cell made from absorber with 5 kJ Cu2S and a substrate heating 

of 20/30. ................................................................................................................................... 71 

file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001336
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001336
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001348
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001348
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001352
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001352
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001354
file:///D:/dokument/My%20Dropbox/CZTS/Rapporten/Exjobbsrapport4.docx%23_Toc355001354


61 

 

Figure 67: IV curve of solar cell made from absorber with 5 kJ Cu2S and a substrate heating 

of 30/45. ................................................................................................................................... 71 

Figure 68: IV curve of solar cell made from absorber with 5 kJ Cu2S and a substrate heating 

of 20/30. ................................................................................................................................... 72 

Figure 69: IV curve of solar cell made from absorber with 0 kJ Cu2S and a substrate heating 

of 20/30. ................................................................................................................................... 72 

Figure 70: QE curve of solar cell made from absorber with 5 kJ Cu2S and a substrate heating 

of 20/30. ................................................................................................................................... 72 

Figure 71: QE curve of solar cell made from absorber with 0 kJ Cu2S and a substrate heating 

of 20/30. ................................................................................................................................... 72 

 

  



62 

 

List of Tables 
Table 1: Overlapping XRD peak positions of CZTS and secondary phases, from [29]. ......... 16 

Table 2: Raman shifts for CZTS and relevant phases, from [14,21,29]................................... 17 

Table 3: Sputter parameters and compositions of reactively sputtered Zn with constant sum of 

flow rates. ................................................................................................................................. 26 

Table 4: Zn-recipes used in the course of this project. ............................................................. 27 

Table 5: FWHM of pre- and post-anneal XRD peaks. ............................................................. 45 

Table 6: Approximate pre- and post-anneal FWHM-values of the main Raman peak. ........... 47 

Table 7: Cell data of solar cells made with annealed and non-annealed samples. ................... 50 

Table 8 Sputtering parameters that were kept constant throughout the experiments. .............. 67 

Table 9: Sample series 1 – Complete cells with varying ZnS seed layer thickness. ................ 67 

Table 10: Sample series 2 – Complete cells with constant Cu2S seed layer thickness and 

varying substrate heat. .............................................................................................................. 67 

Table 11: Sample series 3 – Complete cells with constant substrate heat and varying Cu2S 

seed layer thickness. ................................................................................................................. 68 

Table 12: Sample series 4 – Complete cells with thicker CZTS absorber and with varying 

Cu2S seed layer thickness and substrate heat. .......................................................................... 68 

Table 13: Sample series 5 – Varying Cu2S seed layer thickness and substrate heat. ............... 68 

Table 14: Sample series 6 – Varying Cu2S seed layer thickness. ............................................ 68 

Table 15: Sample series 7 – Varying Cu2S seed layer thickness and ZnS thickness, deposited 

as seed layer or on top. ............................................................................................................. 69 

Table 16: Sample series 8 – The sandwich experiment. .......................................................... 69 

Table 17: Sample series 9 – Complete cells with and without Cu2S seed layer and varying 

substrate heat. ........................................................................................................................... 69 

Table 18: Sample series 10 – Complete cells with and without Cu2S seed layer. ................... 69 

Table 19: Sample series 11 – Annealing samples. ................................................................... 70 

 

 

 

  



63 

 

Appendices 

Appendix A – A Comparative Study of Solar Cell Stacks  
The purpose of this study was to explore the differences in methods, materials and results 

with different solar cell stacks by comparing cells made with: 

a) Midsummer’s absorber, buffer and window layers (sputtered CdS, Mg:ZnO, ITO) and 

with the ÅSC’s Ni-Al-Ni front contact  

b) Midsummer’s absorber and remaining layers being deposited at the ÅSC (CBD-CdS, 

i-ZnO, Al:ZnO and Ni-Al-Ni) 

The results were rather discouraging, revealing cells of very poor performance in both cases. 

The culprit appears to have been the CZTS process, which was yielding films of very 

questionable composition at the time. Details are given in the ensuing sections. The procedure 

for scribing out small cells (Fig. 59) for electrical characterization and the problems 

encountered with scribing and the making of lift-off samples are discussed in the next section.  

A.1 Issues with Scribing 

The most straight-forward way of creating a scribe line to separate small cells from each other 

is by manual scraping with a scalpel. To create a scribe line it is necessary to scrape off the 

upper layers, mainly consisting of the absorber, and expose the underlying back contact. A 

recurrent issue with the absorber material deposited from the compound target was that its 

toughness/hardness made it difficult to get the scribe to go through. Using more force instead 

made the scribe go through the back contact and perhaps even underlying layers as well. This 

contrasts significantly with the experience of scribing CZTS at the ÅSC.  Fig. 60 shows 

microscope images of some of the scribe lines, where the image in the lower right-hand 

corner is what a scribe line should look like. 

 
Figure 59: Small cells for electrical 

characterization. Each Π-shape is the 

front contact of one small cell.  

 
Figure 60: Microscopy pictures of mechanical scribe lines of various cell 

samples, where the picture in the lower right-hand corner represents a 

successful scribe where the metallic back-contact has been exposed without 

penetrating through to underlying layers. 

 

Several different theories for this behavior are possible: 

 The adhesion between Mo and absorber is higher for Midsummer than for the ÅSC 

because of: 
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a) A different layer interface caused by different ingredients or sputter parameters 

b) A thinner MoS2-layer 

 The absorber sputtered from the compound target was very non-stoichiometric and 

likely contained extensive binary and ternary phases, making the film tougher and less 

brittle and flaky 

 The absorber has smaller grains or poor crystallinity (they felt like “scribing a 

precursor”) which again made the film less brittle 

A thicker MoS2 layer decreases the adhesion between the layers and thus facilitates scribing. 

A study performed at the ÅSC indicated that the MoS2 formed during annealing, and not 

during the reactive sputtering of the precursor [21]. Thus, it might simply be the lack of an 

annealing step, and not the absence of reactive sputtering in the Midsummer process, that 

leads to a thinner/non-existent MoS2.  

Many attempts at lift-off sample preparation turned out unsuccessful (see section 5.3.5 for a 

description of the preparation technique). Samples without Cu2S and with low substrate 

temperature could rarely be made into lift-off samples. Either the CZTS stuck to the glass 

together with the Mo or none of it stuck, which indicates strong adhesion between the two 

layers. When it came to scribing of solar cells the same thing was observed: the addition of 

Cu2S and a higher deposition temperature of CZTS – likely leading to better crystallinity – 

facilitated scribing.  

The effect of Cu2S could be due to better crystallinity, a different interface, or a reaction with 

the Mo to make MoS2. The change in interface might also be simply that no Zn has access to 

the interface, since experience in this project has indicated that Zn, and especially ZnS, forms 

a very strong adhesion to the Mo. Suggestions for further investigations, to delve into the 

nature of the problem and possible solutions, are presented in chapter 7.  

A.2 Midsummer’s Absorber and the ÅSC’s Buffer, Window and Front Contact 

Cells with Midsummer’s absorber and the ÅSC’s buffer, window layers and front contact 

were made from sample series 9 (Appendix B.2). After sputtering up to absorber at 

Midsummer the samples were transported directly to the ÅSC for deposition of buffer, 

window layers and front contact. After scribing IV measurements revealed that they were all 

more or less shunted (see IV curves 

in Appendix C) and none of them 

achieved the same Voc as had been 

observed in the samples they were 

replicating (from sample series 3). 

Attempted EQE measurements on 

these samples gave no results as the 

current was too low to be measured. 

To try and determine the cause 

behind the poor electrical properties 

absorber samples which had not 
Figure 61: Phase diagram with compositions of samples with and 

without Cu2S seed layer and varying substrate heat. 
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been made into solar cells were analyzed. It was found that the most likely cause for the poor 

results was the compositions, illustrated in Fig. 61, which had shifted significantly as 

compared to earlier runs. The compositions of these samples indicate a high likelihood of 

copper tin sulfide secondary phases, which would act as detrimental recombination centers, 

and, depending on their conductivity, even shunt the cells.  

These same samples were analyzed with GI-XRD, the results of which are presented in Fig. 

62 below. 

 

Figure 62: XRD diffractograms of samples with 0 kJ Cu2S and a substrate heating of 20/30 (#301) and 30/45 (#302), as 

well as samples with 5 kJ Cu2S and a substrate heating of 20/30 (#305) and 30/45 (#306). 

The diffractogram of sample #301 has an appearance similar to that of a cold-sputtered ÅSC 

precursor, exhibiting cubic sphalerite symmetry (ZnS) but completely lacking in kesterite 

peaks. It may be that 20/30 is far too low a deposition temperature when no Cu2S is present to 

aid in the crystallization. Besides the ZnS 

peaks there is evidence of a Cu-S phase in 

#301, which seems to agree best with Cu1.92S. 

The Raman spectra for these samples, shown 

in Fig. 63, all show the typical kesterite 

peaks, including sample #301, whose XRD 

did not indicate any kesterite. As explained in 

section 5.3.3 this points to the presence of a 

cation-disordered sphalerite phase of CZTS. 

For the samples with lower deposition 

temperature (#301, #305) it is difficult to 

distinguish if the “hump” between ~280-

300 cm
-1

 is due to a broadening of the 
Figure 63: Raman spectra of samples without and with a 

5 kJ Cu2S seed layer and varying substrate heat. 
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kesterite peaks or a contribution from a CTS peak around 300 cm
-1

. The composition makes 

such a contribution likely, but then one would expect it to be present also in the samples with 

higher deposition temperature (#302, #306), for which there is less evidence.  

The change in composition (to even more Zn-poor) between these and previous samples was 

very drastic, indicating that something had happened to the CZTS process. It was never really 

discovered what the glitch had been, but the relative suddenness of the shift in composition 

rules out the possibility of preferential sputtering of ZnS from the compound target. Had a 

slow depletion of Zn from the target been the issue this change would likely have been more 

gradual. More likely explanations would be inhomogeneities in the bulk of the target or that 

the target was nearing the end of its lifespan.  

A.3 Midsummer’s Absorber, Buffer and Window and the ÅSC’s Front Contact 

Though the issue with the shift in CZTS composition had not been resolved, samples similar 

to those from the previous section (sample series 9) were made up to and including the ITO 

layer at Midsummer (samples series 10). These were then transported to the ÅSC and gridded 

with a Ni-Al-Ni front contact. Their IV and QE curves are presented in Appendix C. 

Though the composition was similar the IV curves, and the fact that the QE could at all be 

measured, indicated a slight improvement in electrical properties. The IV curves here exhibit 

a more diode-like behavior, where those in the previous section were badly shunted. This 

could signify that the time span between absorber deposition and deposition of buffer and 

subsequent layers was too long. This time span is usually minimized at the ÅSC when 

working with their own absorbers. It could also be a sign that cold-sputtered CdS is preferable 

for CZTS, but that would be a bold statement given the quality of the cells involved in the 

comparison.  

The Voc of sample 121122#301 had been measured with a multimeter at Midsummer to be 

265-275 mV over just about the entire surface of the cell. This value could not be repeated 

even for the best scribed cell of the same, but gridded, sample. The highest Voc measured for 

the small cells was 169 mV. Several theories to explain this could be presented. It may be due 

to some partial shunting caused by the scribe, where the back contact is damaged and flaked 

up in such a way as to gain contact with the TCO. It could also be due to the difference in the 

measurement methods; where the multimeter measures with pin-point probes in a specific 

spot, the IV measurements at the ÅSC measures an average Voc across the entire surface of 

the small, scribed out cells, an average that would include “dead” areas of cell in an 

inhomogeneous surface. Less likely, but a possible contributor to the difference, is that there 

is a significant difference in the intensity and spectra of the lamps at Midsummer and the 

ÅSC. 
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Appendix B – Sputter Parameters and Samples 

B.1 Constant Sputter Parameters 

The process parameters for the alternative buffer layers are not given due to confidentiality. 

Table 8 Sputtering parameters that were kept constant throughout the experiments. 

Target Method Time/energy 

[s/kJ] 

Power  

[W] 

Ar  

[sccm] 

H2S  

[sccm] 

Freq. 

[kHz] 

Rev. t 

[µs] 

Sub. heat 

[%/%] 

CZTS 

(1) 

p-DC  800 10 0    

CZTS 

(2)
†
 

p-DC  800 30 1    

Cu2S p-DC  500 20 0 85 5  

CdS  

(1)
‡
 

RF 40 s 300 5 4   0/0 

CdS  

(2) 

p-DC 20 kJ 500 10 5 85 5 0/0 

†
Only for sample series 2-5 

‡
Only for sample series 2-4 

B.2 List of Samples 

The CZTS was run with 10 sccm Ar with the exception of sample series 2-5, which were run 

with 30 sccm Ar and 1 sccm H2S. An important change made in the course of this project was 

the moving of the CdS target from the RF position to a p-DC position. This was done so as to 

accommodate both the Zn and the CdS targets at the same time. The two different process 

parameters are noted in Appendix B.1. The change was implemented to affect all samples 

after sample series 1-4. Sample series 1 was run with an alternative buffer, and sample series 

2-4 were run with RF CdS. 

Table 9: Sample series 1 – Complete cells with varying ZnS seed layer thickness. 

Sample ZnS (kJ) Sub. heat 

(%/%) 

CZTS 

(kJ) 

Sub. heat 

(%/%) 

Pyrometer T 

(°C) 

121030#302 0 30/43 300 36/51 554 

121030#303 5 30/43 300 36/51 557 

121030#304 10 30/43 300 36/51 555 

121030#305 20 30/43 300 36/51 566 

Zn was run with 5 sccm H2S and gate valve in the middle position. These samples were made 

with an alternative buffer layer since Zn was on the CdS position.  

Table 10: Sample series 2 – Complete cells with constant Cu2S seed layer thickness and varying substrate heat. 

Sample Cu2S  

(kJ) 

Sub. heat  

(%/%) 

CZTS 

(kJ) 

Sub. heat  

(%/%) 

Pyrometer T 

(°C) 

121002#301 0 - 200 20/30 375 

121002#302 0 - 200 30/45 467 

121002#303 0 - 200 40/55 527 

121002#304 0 - 200 50/65 577 

121002#309 10 0 200 20/30 398 

121002#310 10 0 200 30/45 471 

121002#311 10 0 200 40/55 519 

121002#312 10 0 200 50/65 562 

Made with (RF) CdS. 
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Table 11: Sample series 3 – Complete cells with constant substrate heat and varying Cu2S seed layer thickness. 

Sample Cu2S  

(kJ) 

Sub. heat  

(%/%) 

CZTS  

(kJ) 

Sub. heat  

(%/%) 

Pyrometer T 

(°C) 

121002#305 5 0 200 20/30 400 

121002#306 10 0 200 20/30 411 

121002#307 15 0 200 20/30 424 

121002#308 20 0 200 20/30 431 

121003#305 5 0 200 30/45 447 

121003#306 10 0 200 30/45 473 

121003#307 15 0 200 30/45 495 

121003#308 20 0 200 30/45 503 

Made with (RF) CdS. 

Table 12: Sample series 4 – Complete cells with thicker CZTS absorber and with varying Cu2S seed layer thickness 

and substrate heat.  

Sample Cu2S  

(kJ) 

Sub. heat  

(%/%) 

CZTS  

(kJ) 

Sub. heat  

(%/%) 

Pyrometer T 

(°C) 

121004#301 10 0 400 20/30 528 

121004#302 10 0 400 30/45 531 

121004#303 10 0 400 40/45 552 

121004#304 10 0 400 50/65 556 

121005#301 5 20/28 400 30/45 537 

121005#302 10 20/28 400 30/45 539 

121005#303 15 20/28 400 30/45 530 

121005#304 20 20/28 400 30/45 556 

Made with (RF) CdS. 

Table 13: Sample series 5 – Varying Cu2S seed layer thickness and substrate heat.  

Sample Cu2S  

(kJ) 

Sub. heat  

(%/%) 

CZTS  

(kJ) 

Sub. heat  

(%/%) 

Pyrometer T 

(°C) 

121004#305 10 0 400 20/30 430 

121004#306 10 0 400 30/45 562 

121004#307 10 0 400 40/45 657 

121004#308 10 0 400 50/65 644 

121004#309 20 0 400 20/30 472 

121004#310 20 0 400 30/45 552 

121004#311 20 0 400 40/45 599 

121004#312 20 0 400 50/65 634 

121004#313 10 0 200 30/45 505 
 

Table 14: Sample series 6 – Varying Cu2S seed layer thickness.  

Sample Cu2S  

(kJ) 

Sub. heat  

(%/%) 

CZTS  

(kJ) 

Sub. heat  

(%/%) 

Pyrometer T 

(°C) 

130107#305 0 - 300 36/51 516 

130107#306 5 30/43 300 36/51 505 

130107#307 10 30/43 300 36/51 533 
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Table 15: Sample series 7 – Varying Cu2S seed layer thickness and ZnS thickness, deposited as seed layer or on top. 

Sample Cu2S 

(kJ) 

Sub. heat 

(%/%) 

CZTS  

(kJ) 

Sub. heat 

(%/%) 

ZnS 

(kJ) 

Sub. heat 

(%/%) 

Pyrometer T 

(°C) 

121030#306 0 - 300 36/51 10 30/43 516 

121030#307 0 - 300 36/51 20 30/43 551 

121030#308 0 - 300 36/51 30 30/43 563 

121030#309 5 30/43 300 36/51 10 30/43 543 

121030#310 5 30/43 300 36/51 20 30/43 537 

121030#311 5 30/43 300 36/51 30 30/43 546 

121030#312 10 30/43 300 36/51 10 30/43 531 

121030#313 10 30/43 300 36/51 20 30/43 537 

121030#314 10 30/43 300 36/51 30 30/43 539 

Sample Cu2S 

(kJ) 

Sub. heat 

(%/%) 

ZnS  

(kJ) 

Sub. heat 

(%/%) 

CZTS 

(kJ) 

Sub. heat 

(%/%) 

Pyrometer T 

(°C) 

121030#315 5 30/43 10 30/43 300 36/51 564 

121030#316 5 30/43 20 30/43 300 36/51 572 

121030#317 5 30/43 30 30/43 300 36/51 571 

The Zn was run with 5 sccm H2S and the gate valve in the middle position. Samples 306-314 

were made with ZnS on top and 315-317 were made with both Cu2S and ZnS as seed layers.  

Table 16: Sample series 8 – The sandwich experiment. 

Sample Cu2S 

(kJ) 

Sub. 

heat 

(%/%) 

ZnS  

(kJ) 

Sub. 

heat 

(%/%) 

CZTS 

(kJ) 

Sub. 

heat 

(%/%) 

Pyrometer 

T (°C) 

Pyrometer 

T (°C) 

Pyrometer 

T (°C) 

121218#302 5 30/43 30 30/43 300 30/45 408 452 516 

121218#303 5 30/43 30 30/43 300 30/45 434 475 537 

121218#304 5 30/43 30 30/43 300 30/45 438 478 529 

The Zn was run with 6 sccm Ar and 10 sccm H2S and open gate valve. The Zn and CZTS 

were sputtered in intercalating layers, 3x10 kJ for Zn and 3x100 kJ for CZTS. Temperature 

was measured after each CZTS-deposition. The three sample recipes are identical.  

Table 17: Sample series 9 – Complete cells with and without Cu2S seed layer and varying substrate heat. 

Sample Cu2S  

(kJ) 

Sub. heat  

(%/%) 

CZTS  

(kJ) 

Sub. heat  

(%/%) 

Pyrometer T 

(°C) 

121114#301 0 - 300 20/30 417 

121114#302 0 - 300 30/45 542 

121114#305 5 30/43 300 20/30 455 

121114#306 5 30/43 300 30/45 531 

Complete cells were made with the ÅSC’s CBD-CdS, i:ZnO, Al:ZnO and Ni-Al-Ni front 

contact.  

Table 18: Sample series 10 – Complete cells with and without Cu2S seed layer. 

Sample Cu2S  

(kJ) 

Sub. heat  

(%/%) 

CZTS  

(kJ) 

Sub. heat  

(%/%) 

Pyrometer T 

(°C) 

121122#301 5  300 20/30 505 

121123#301 0  300 20/30 421 

Complete cells made with Midsummer’s CdS, Mg:ZnO, ITO and the ÅSC’s Ni-Al-Ni front 

contact.  
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Table 19: Sample series 11 – Annealing samples. 

Sample Cu2S 

(kJ) 

Sub. heat 

(%/%) 

ZnS  

(kJ) 

Sub. heat 

(%/%) 

CZTS 

(kJ) 

Sub. heat 

(%/%) 

Pyrometer T 

(°C) 

121022#309 0 - 0 - 300 36/51 526 

121213#310 5 30/43 20 30/43 300 30/45 521 

121213#311 5 30/43 30 30/43 300 30/45 523 

The Zn was run with 6 sccm Ar and 10 sccm H2S and open gate valve. Complete cells were 

made with the ÅSC’s CBD-CdS, i:ZnO, Al:ZnO and Ni-Al-Ni front contact. 
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Appendix C – IV and QE Curves 
Only the IV curve of the “best” cell of each sample is presented. 

C.1 Midsummer’s Absorber and the ÅSC’s Buffer, Window and Front Contact 

The cells whose IV curves are presented in Fig. 64-67 below were made with Midsummer’s 

absorber but with the ÅSC’s CBD-CdS, i-ZnO, Al:ZnO and Ni-Al-Ni front contact. 

 

C.2 Midsummer’s Absorber, Buffer and Window and the ÅSC’s Front Contact 

The cells whose IV and QE curves are presented in Fig. 68-71 below were made with 

Midsummer’s absorber, sputtered CdS, Mg:ZnO, ITO and the ÅSC’s Ni-Al-Ni front contact. 

 
Figure 64: IV curve of solar cell made from absorber 

with 0 kJ Cu2S and a substrate heating of 20/30. 

 
Figure 65: IV curve of solar cell made from absorber 

with 0 kJ Cu2S and a substrate heating of 30/45. 

  

 
Figure 66: IV curve of solar cell made from absorber 

with 5 kJ Cu2S and a substrate heating of 20/30. 

 
Figure 67: IV curve of solar cell made from absorber 

with 5 kJ Cu2S and a substrate heating of 30/45. 
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Figure 68: IV curve of solar cell made from absorber with 

5 kJ Cu2S and a substrate heating of 20/30. 

 
Figure 69: IV curve of solar cell made from absorber 

with 0 kJ Cu2S and a substrate heating of 20/30. 

  

 
Figure 70: QE curve of solar cell made from absorber 

with 5 kJ Cu2S and a substrate heating of 20/30. 

 
Figure 71: QE curve of solar cell made from absorber 

with 0 kJ Cu2S and a substrate heating of 20/30. 

 


