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Populärvetenskaplig sammanfattning 

Transparenta ledande oxider deponerade via magnetronsputtering: syntes 

och karaktärisering 

När man nämner metaller så tänker många på ett blankt, kanske silverfärgat material som kan leda 

ström. Transparens är nog inte en egenskap de flesta skulle använda. Om man då säger glas är det just 

ett transparent material man tänker på, t.ex. en fönsterruta, som de flesta inte relaterar till som ett 

ledande material. Nu vill vi dock ha ledande material som är transparenta, vad finns då? Ett svar till 

detta är material gruppen TCO, transparenta ledande oxider. Dessa används idag i stor utsträckning 

inom ”flat screen” tv-apparater, solceller och ”smarta” fönster. Här används TCOer som det översta 

lagret för att släppa in/ut ljus samtidigt som det kan leda de strömmar som uppkommer för att varje 

tillämpning ska fungera. I denna rapport tas en processmetod fram för TCO-materialet AZO, 

aluminium-dopad zink-oxid, med beläggningsmetoden rf-magnetron-sputtring, där rf står för 

radiofrekvens.  Materialen tenn-dopad indium-oxid, ITO, och zink-oxid, ZnO, studeras även dessa. 

ITO är också en TCO, som AZO, medans ZnO t.ex. används som ett intrinsiskt lager mellan CdS och 

AZO i CIGS solceller.  

För att TCO material ska vara transparenta bör de absorbera så lite som möjligt av det inkommande 

ljuset. Detta är möjligt ifall materialets bandgap är större än energin hos de inkommande fotonerna 

och att spridningen inuti materialet är så liten som möjligt. Att uppnå det andra av dessa två krav 

underlättas om materialet utgörs av en tunnfilm vilket minskar risken att fotonerna stöter på defekter 

som kan få ljuset att spridas. Vad gällande första kravet så är bandgapet till stor del en 

materialegenskap, men det går att justera i viss mån genom dopning. Att dopa ett material innebär att 

tillföra extra elektroner eller hål och detta kan ske både intrinsiskt eller extrinsiskt. Intrinsiskt i detta 

fall är syrevakanser i kristallstrukturen, d.v.s. att det saknas syreatomer, och extrinsisk dopning är 

genom att tillföra ett nytt ämne till strukturen som har fler eller färre valenselektroner än atomerna i 

strukturen. Ett element med färre valenselektroner dopar materialet genom uppkomst av hålledning, 

kallas för p-dopning, något som inte hanteras i denna rapport, och ett ämne med fler valenselektroner 

tillför extra elektroner och kallas för n-dopning. För karakterisering av AZO filmerna användes bl.a. 

spektroskopisk ellipsometri, SE, för att uppskatta värdena för laddningstransporterna. SE är en optisk 

metod där en modell skapas för att efterlikna den reella kurvan som mäts upp. När modellen väl är klar 

så kan mätningar på samma material utföras relativt snabbt. 

AZO filmerna deponerades under 5 min med en sputtereffekt på 640 W och detta gjordes i vakuum 

med ett tryck på 0,6 mbar. Resultatet var <200 nm tjocka filmer med en transparens >80 % för 

majoriteten av filmerna. Som processgaser användes Ar och O2 där inverkan av O2 påverkade 

filmernas elektriska egenskaper stort.  Resultaten visade en betydande inverkan av O2 halt i gasflödet, 

där 0-1 % resulterade i låga lager-resistanser kring 30-40 Ω/□. Över 1 % så ökade resistansen 

nämnvärt. Vid ökad O2 så erhölls dock en lägre absorption, vilket resulterade i en optimering av O2-

halten där 0,5 % valdes som det bästa flödet för att ge både en låg lager-resistans och låg absorbans. 

Effekten av att värma substratet under deponering studerades också vilket resulterade i något lägre 

absorption, troligen kopplat till de tunnare filmerna som erhölls, och en resistans liknande den för 

filmer utan tillförd värme. ITO och ZnO visade också en korrelation mellan O2 halt i flödet och lager-

resistans. Resultaten för ZnO liknade AZO, vilket var förväntat då det är samma värdmaterial, men 

ITO visade högre lager-resistans både vid låga och höga O2 halter med ett minimum vid 2,4-3,0 %.  

Dessa resultat är jämförbara med vad som är state-of-the-art idag och de resultat som andra rapporter 

åstadkommit. För polykristallina AZO filmer ligger de bästa kring 2*10-4 Ωcm i resistivitet och 
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majoriteten inom 10-3-10-4 Ωcm. Den bästa AZO filmen med det optimerade flödet gav en resistivitet 

på ~6,0*10-4 Ωcm och vid värmt substrat erhölls ett värde på ~5,0*10-4 Ωcm. ITO visade liknande 

resultat, bästa litteraturvärdena är kring 1-2*10-4 Ωcm, med några inom 10-5 Ωcm, och i denna rapport 

erhölls 5,6–7,0 10-4 Ωcm. I litteraturen är det påvisat att en värmebehandling efter deponering kan 

minska resistiviteten nämnvärt, ett nästa steg i utvecklingen av bra ledande ITO material.  

För att testa den optimerade AZO filmen i en applikation deponerades den som det översta lagret på 

CIGS solceller, med ZnO som ett intrinsiskt mellanlager. Då denna studie utfördes vid ett nytt 

deponeringssystem så jämfördes de nya AZO och ZnO filmerna med filmer från ett annat system. En 

korsdeponering utfördes och nya AZO filmen med referens ZnO under presterade bäst vid den EQE-

mätning, external quantum efficiency, som gjordes. För den nya AZO med nya ZnO var de bästa 

uppmätta värdena i nivå med referensen, men medel fill factor, FF, var lägre. Detta kan vara beroende 

på att nya ZnO var relativt ledande och orsakade shunt spänningar. 
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Acronyms and abbreviations 

AZO Aluminum doped zinc oxide   α Absorption coefficient (cm-1) 

 (Al:ZnO)  μ Charge carrier mobility (cm2V-1s-1) 

ITO Tinn doped indium oxide   n Charge carrier concentration (cm-3) 

 (Sn:In2O3)  τ Scattering time (s-1) 

i-ZnO Intrinsic zinc oxide  ρ Resistivity (Ωcm) 

4PP Four-point probe  Rs Sheet resistance (Ω/□) 

SE Spectroscopic Ellipsometry  Eg Band gap (eV) 

CIGS Copper Indium Gallium Selenide   Eg,opt Optical band gap (eV) 

 solar cell (CuInxGa(1-x)Se2)  EF Fermi level 

TCO Transparent conductive oxide  EBM Burnstein-Moss shift (eV) 

CB Conduction band  σ Conductivity (Scm-1) 

CBM Conduction band minimum  σø Absorption cross-section (m2) 

VB Valence band  λp Plasma wavelength (nm) 

VBM Valence band maximum  q Elementary charge (1.602*10-19 C) 

dc Direct current  A Absorption 

rf Radio frequency  R Reflectance  

MSE Mean square error  T Transmittance 

XRD X-ray diffraction  d Thickness (m) 

GI Grazing incidence  ε0 Vacuum dielectric constant 

T2T Theta-2theta   (8.85*10-12 F/m) 

SEM Scanning electron microscope  ω Angular frequency (rad/s) 

FF Fill factor  VH Hall voltage (V) 

EQE External quantum efficiency  ℏ Planck constant (6.626*10-34 Js) 

JSC Current density  m* Charge carrier effective mass 

VOC Voltage, open circuit  I Current (A) 

NIST National Institute of Science and   B Magnetic flux density (T) 

 Technology    
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1 Introduction 
1.1 Introduction 

The demand for improved performances and smarter products puts a huge demand on materials and 

solutions. For example, improved solar cells to increase their efficiencies while using materials in a 

sustainable way. The area of the materials that this thesis deals with is TCOs, transparent conductive 

oxides. TCOs are used in a wide range of applications that require a combination of electrical 

conductivity and high optical transparency. Everyday products that use TCOs are low-E (low 

emissivity) windows and flat-screen TVs.1–3 TCOs are also an important component in today’s solar 

cells as they enable photons to pass through to a high degree, see Figure 1.1b, and then can efficiently 

conduct the resulting current to the contacts of the cell. Figure 1.1a-b shows a CIGS solar cell with a 

TCO top layer and a schematic picture of a CIGS solar cell with light coming through (the arrow). 

  

Figure 1.1 a) A sample containing 36 CIGS cells, b) Schematic picture of a CIGS cell, arrow symbolize light coming through. 

In this thesis, the focus is primarily on the TCO aluminum doped zinc oxide, AZO, but also tin doped 

indium oxide, ITO, and zinc oxide, ZnO, will be discussed. ITO is the best performing TCO of them, 

but it has some drawbacks.1 The main issue is related to the high cost of indium as it is a very rare 

metal in the crust of earth2 and it has high supply risk. AZO exceeds here as its components are 

abundant and inexpensive in comparison to indium. Performance-wise AZO is similar to ITO with 

resistivity in mind, but ITO has a higher carrier mobility and looks like a more robust material as more 

reports show values below 10-4 Ω cm.4  It is the low cost that makes AZO very attractive as a TCO for 

large scale productions, where cost reductions would be possible. In2O3 and ZnO are metal oxides with 

very good performances, which is why this thesis is focused upon those two, however, there are other 

metal oxides that are used as TCOs or have the potential for it, e.g. SnO2, TiO2 and Cu2O. These might 

be used in applications where In2O3 and ZnO do not fulfill certain criteria. To improve the performance 

of the metal oxides doping is needed. For doping material, the list is very long e.g. ZnO has been doped 

with Al, Ga, B, Y, In, Sc, Si, Ge, Ti and more, with various results.1,5,6 The dopants help by improving 

the conductivity and enable the ability to tune the band gap, to some extent, but it is the properties of 

the base material that will define the TCO’s usability. AZO for an example has shown high 

transparency and low resistance but is not stable at high temperatures (>400 oC), making it a bad choice 

for TCO when an application demands high process temperatures.7 There have also been reports on 

ITO not being chemically stable at higher temperatures (>250 oC).8 

Pure ZnO in this thesis is used as an intrinsic layer, i-ZnO, between the CIGS cell and the top AZO 

layer when testing the developed material in an application. It has been proven that the addition of an 

i-ZnO layer improves the solar cell performance.9,10 

a. b. 
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1.2 Project scope 

The aim of this thesis is to develop and optimize the deposition method for AZO, ITO and ZnO, with 

a primarily focus on AZO. The background is as followed; the department of solid state electronics at 

Uppsala University, Sweden, recently acquired a new magnetron sputter for deposition of transparent 

conducting oxides. The purpose is to provide thin films of AZO and ZnO with improved performance 

as well as introduce ITO as an available material. To do this, relevant characterization methods should 

be used and literature study should be done to understand the underlying mechanics. As a 

demonstration of the performance, the AZO and ZnO will be applied in CIGS solar cells as the TCO 

layer and be compared to a reference. 

 

2 Theory 
2.1 Theory of TCOs 

For a metal oxide to be transparent it needs to transmit photons in the visible region. A band gap (Eg), 
see eq. 2.1 and Figure 2.1, larger than the energy of the incoming photons in the visible spectrum 

means that the photons do not possess the energy needed to excite the electrons from the valence band 

maximum (VBM) to the conduction band minimum (CBM), and therefore making the material 

transparent. 

 

 

 

Figure 2.1 Overview of a direct band gap, Eg, with a Burnstein-Moss shift resulting in Eg,opt. 

For a transparent metal oxide to be conductive as well, some changes have to be made to the band 

structure. To allow conductivity the electrons need states close to the CB to easily make transitions to 

be able to conduct a current. With no excess of electrons, for thermal excitation at room temperature, 

Eg might be too large to sufficiently excite electrons to the CB where the conduction would occur. 

With an excess of electrons, however, additional donor levels are created close to the CBM and by 

thermal excitations, it is now possible to occupy states in the CB. 

To create an excess of electrons there are two main categories: internal doping or external doping. 

Internal doping can be achieved by e.g. oxygen vacancies in the lattice of the metal oxide. External 

doping can be done by addition of a higher valence atom in the lattice. Creating an excess of electrons 

is called n-doping while if holes would be created it is called p-doping. By n-doping, the optical band 

 𝐸𝑔 =  𝐸𝐶𝐵𝑀 − 𝐸𝑉𝐵𝑀  
  2.1 

ECBM-EVBM 

EVBM 

EF 

Eg,opt 

EBM 

ECBM-EVBM Eg 
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gap can shift, a so-called Burnstein-Moss shift.3,11 The lowest unoccupied state now lays higher up in 

the CB, the Fermi level (EF) is shifted and the band gap expands. Now instead of VBM to CBM being 

the optical band gap, it is now 

where EBM is the Burnstein-Moss shift. The energy needed for a photon to excite an electron from the 

valence band is now increased.  

The conductivity (σ) for a n-doped TCO has a correlation to the charge carrier density following eq. 

2.3 

where q is the elementary charge (1.602*10-19 C), n is the charge carrier density and μ is the mobility 

of the electrons. With this equation, it is easy to see that to increase the conductivity the number of 

charge carrier has to increase, but also the carrier mobility could be increased to improve the 

conductivity. Studies have shown a correlation between n and μ where higher n results in a lower μ.3,6 

These studies had ZnO and ITO as materials of choice. Even though it is possible to tune the mobility 

it is strongly connected to the material used and thus making the carrier concentration, through doping, 

the property of choice when tuning the conductivity. The mobility should, however, not be forgotten 

as it is crucial to have good mobility when striving for high conductivity and high transparency. 

The amount of doping possible, however, has a maximum which can be connected to eq. 2.4.1 

In eq. 2.4, α is the absorption coefficient and σø is the absorption cross-section. This absorption is 

connected to free carrier absorption, a phenomenon where already excited electrons or holes absorbs 

a photon and are excited again. This free carrier absorption equation shows that it is not possible to 

dope a TCO without an effect on the absorption. With increasing carrier density n, the absorption will 

increase. With this in mind, it is clear that there is an optimum of how much dopant a TCO can have 

to both increase the conductivity while still be transparent to satisfying degrees. Another mechanism 

contributing to absorption and reflection at longer wavelength is plasma oscillation, also known as 

plasmons.3 Here electrons are energized by e.g. incoming photons at and around the materials specific 

plasma wavelength, (λp). This wavelength is related to the n as λp ∝ 1/√n and Figure 2.2 portray a 

schematic of how the number of charge carrier affect the absorption at longer wavelengths. In Figure 

2.2, by increasing the charge carrier concentration the λp is reached at lower wavelengths, ultimately 

lowering the range of which the TCO is transparent. 

 𝐸𝑔,𝑜𝑝𝑡
 

=  𝐸𝐶𝐵𝑀 − 𝐸𝑉𝐵𝑀 + 𝐸𝐵𝑀 2.2 

 𝜎 =  𝑞𝑛𝜇 2.3 

 𝛼 =  𝜎∅𝑛 2.4 
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Figure 2.2 Schematic overview of the influence of the charge carrier concentration on absorption.  

The reason for the high absorption at shorter wavelength is due to incoming photons having the energy 

needed to excite electrons across the gap of Eg,opt, thus the material absorbs the majority of incoming 

photons. 

As shown it is possible to tune a TCO’s transparency and conductivity which is a great property as 

TCOs are used in a large number of applications, demanding different properties to fulfill every need.  

2.2 Deposition techniques 

The deposition technique used in this thesis is the physical technique called magnetron sputtering. In 

sputtering, high energetic ions, Ar+ in this case, in a plasma impinge on the surface of a sputtering 

target, Figure 2.3. Atoms are ejected, sputtered, towards the substrate and condense there, creating a 

thin film. Electrons ejected will ionize the Ar gas, sustaining the plasma. The plasma can be excited in 

two ways: direct current (dc) and radio frequency (rf). In dc-sputtering, the more inexpensive of the 

two, a direct current is used to turn the target into a cathode and the substrate into an anode, requires a 

conductive target.12 Sputtering in a mixture of argon and a reactive gas, such as oxygen, can lead to 

the formation of an insulating layer on the sputtering target, poisoning, that could result in arcing. Rf-

sputtering changes the potential of the target at a radio frequency of 13.56 MHz to oscillate electrons 

in the process gas, causing collisions which ionize the process gas. The process and sputter gas is 

usually argon with additions of e.g. oxygen to alter the oxide growth. Rf-sputtering works well with 

both conductive and insulating sputtering targets. 

During rf-sputtering, when the target is negative the positive Ar+ ions will bombard the target surface, 

sputtering of target particles. If this would be sustained a charge up on the target surface would occur 

and the risk of arcing would increase. By altering the potential of the target to positive the built-up 

charge is neutralized by electrons. In both dc- and rf-sputtering any negatively charged ions will 

“bombard” in the opposite direction than the positive Ar+ ions. This can occur when introducing e.g. 

O2 as a process gas with the intention of increasing the oxide ratio of a TCO as the oxygen ion is the 

negatively charged O-.  

λp 

Wavelength 
(nm) 

Eg,opt 

 n 
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Figure 2.3 A schematic figure showing sputtering of a target (●) with argon plasma (Ar+ ●). 

The free electron (●) will sustain the plasma by ionizing more Ar atoms (Ar ●).  

Sputtering is done in a vacuum, requiring a system similar to the one in Figure 2.4. A sample is loaded 

from the loading chamber into the deposition chamber, Figure 2.4a-b, the process gas is then pumped 

into the deposition chamber and the pressure is around 0.1 to 2 mbar. By continued application of the 

dc/rf and a cascade effect of the ions/electrons ionizing the Ar gas, the plasma will be sustained. 

Magnets behind the cathode will focus the plasma at certain places on the target, increasing the 

sputtering there.  

 

Figure 2.4 The new sputter machine used to deposit AZO, ZnO and ITO. a-b are the loading chamber and deposition chamber. 

2.3 Characterization 

Optical properties of a thin film are typically described by its transmittance and reflectance. 

Transmittance (T) and reflectance (R) are measured by illuminating the sample with light at different 

wavelengths, achieved with a monochromator, then detecting how much was transmitted/reflected. To 

know how much was transmitted/reflected a reference is made with the system trying to create a perfect 

transmitting/reflecting sample, which then the real sample is compared to. From the transmittance and 

reflectance values, the absorption (A) can be calculated with  

a. 

b. 

Ar+ 

e– 

Ar 
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The main quantity describing electrical properties is resistivity. If the conductivity is known the film’s 

resistivity (ρ) can be obtained by the inversed conductivity 

In this thesis, the resistivity is obtained through a film’s sheet resistance, by a method called Four-

Point Probe (4PP). It is constructed of four points, one millimeter apart, where the outer two are 

connected to a direct current while the inner two measures the floating potential. This setup is used in 

order to avoid the effect of contact resistance on the measurement. For thin films, the thickness is 

viewed as finite while the areal is infinite, applicable in this paper where the thicknesses ≤250 nm are 

much smaller than the distance between the probe tips. The conversion between the sheet resistance 

and the resistivity is obtained using eq. 2.7 

where (d) is the thickness of the film.  

To provide more insight into the material properties, spectroscopic ellipsometry, SE, was used to 

measure the thickness and the electrical and optical properties such as charge carrier density, charge 

carrier mobility and the dielectric function. In ellipsometry, polarized broadband light is reflected upon 

the sample and the phase change in the polarized light is measured.13 This enables a contact-free 

method of analyzing a sample. A model is then needed to describe the resulting plot and it is from this 

model the properties of the sample can be obtained. The quality of the fit is measured by a mean square 

error value (MSE). For this there are several functions that can be equipped to the fitting model, trying 

to mimic the results obtained from the measurement, and these functions are e.g. Lorentz oscillators 

and Gaussian models. To get desired information such as charge carrier density and carrier mobility a 

Drude model can be used which can be set to use those specific fit parameters. The equations are eq. 

2.8 and 2.9 below 

 

where ℏ is the reduced Planck constant, ω is the angular frequency, ε0 is the vacuum dielectric constant, 

τ is the scattering time, m* is the carrier effective mass. n, ρ, μ and q are the same as mentioned earlier, 

charge carrier conc., resistivity, charge carrier mobility and elementary charge. 

To verify the ellipsometry model and to determine the carrier concentration and carrier mobility of the 

samples directly, Hall measurements were done for a small number of samples. The Hall effect is based 

upon the Lorentz force, a combination of the electric and magnetic forces. In an xyz-orientation a 

current (I) is applied in x-direction while a magnetic field (B) is applied in the z-direction, resulting in 

a Lorentz force in the negative y-direction. The electrons going in the opposite direction of the current 

will subject to the Lorentz force and cause an excess of electrons in that direction. The voltage 

produced by caused unbalance in electron concentration on the y-axis is called Hall voltage (VH) and 

 𝐴 =  1 − (𝑅 + 𝑇) 2.5 

 
𝜎 =

1

𝜌
 

2.6 

 𝑅𝑠 =  
𝜌

𝑑
 

2.7 

 
𝜀𝐷𝑟𝑢𝑑𝑒(𝐸 = ℏ𝜔) =

−ℏ2

𝜀0𝜌(𝜏 ∗ 𝐸2 + 𝑖ℏ𝐸)
 

2.8 

 
𝜌 =  

𝑚∗

𝑛𝑞2𝜏
=

1

𝑞𝜇𝑛
 

2.9 
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it is from this measured voltage the carrier concentration and carrier mobility can be calculated from 

the following equations 

AZO’s preferred crystal orientation, when deposited by sputtering, is parallel to the c-axis (002),3 that 

is perpendicular to the substrate surface, and to confirm that was the case in this thesis as well x-ray 

diffraction measurements, XRD, were done. The most common XRD is done with Cu Kα radiation, 

has a wavelength of 1.54 Å, which is radiated upon the sample at a defined range of incident angles. 

If the sample contains some crystal structure the radiation will diffract the incoming radiation at 

discreet angles according to Bragg’s law. Every crystalline material has a unique diffraction pattern 

that depends on the crystal structure and element in the film. 

 

3 Experimental methods 
3.1 Deposition 

The deposition tool and much of the characterization equipment was situated in the Myfab cleanroom 

at Ångström laboratories, a part of Uppsala University, Sweden.  

The deposition of AZO was done using rf-magnetron sputtering, as it was an insulating ceramic target.3 

The deposition started with pre-sputtering of the target with Ar, followed by a second pre-sputtering, 

at a lower pressure and the addition of O2. If no O2 were to be added the second pre-sputter was done 

with Ar only.  Specific deposition parameters can be seen in Table 3.1.  

Table 3.1 Deposition routine for AZO. 

Subtask Unit 

Sputter power AZO 640 W 

Pre-sputter of target with Ar: pressure 20 mbar 

Pre-sputter of target with Ar: time 60 s 

Pre-sputter of target with Ar and O2: pressure 0.6 mbar 

Pre-sputter of target with Ar and O2: time 60 s 

Deposition pressure 0.6 mbar 

Deposition time AZO 300 s 

Argon variations AZO 20-100 sccm 

Oxygen variations AZO 0-1.2 sccm 

 

Then 5 min of deposition was done to yield a ~200 nm film which was chosen as a convenient 

thickness. The AZO target used was ZnO-Al 2 wt%, 99.99 % pure, and was situated above the substrate 

at a distance of 5 cm. For substrates, soda-lime glass slides were used primarily and Si/SiO2 (100) were 

used for doing spectroscopic ellipsometry and Hall measurements.  

 
|𝑉𝐻| =

𝐼𝐵

𝑞𝑛𝑑
 

2.10 

 
𝜇 =  

|𝑉𝐻|

𝐼𝐵𝑅𝑠

=  
1

𝑞𝑛𝑑𝑅𝑠 
 

 
2.11 
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In a first series, the oxygen flow was initially varied between 0-1.2 sccm to find a suitable range 

contributing to low sheet resistance (Rs). Then the argon flow was altered between 20-100 sccm, again 

to find an optimum flow resulting in low Rs. 

Four different substrate temperatures were investigated; 150, 200, 250 and 305oC. The deposition 

parameters were the same as for the room temperature deposition except that one-hour pre-heat was 

done to be certain that the substrate reached the temperature aimed for.  

ZnO was deposited with rf-magnetron, due to it being a ceramic target, sputtering with the same 

deposition pressure, pre sputter pressure and power as for AZO. A film thickness of 80 nm was the 

aim as it was the standard thickness used at the department, for making solar cells and through a test 

run it was calculated that 137 s deposition time should yield that thickness. The sheet resistance of the 

ZnO film in correlation with O2 and Ar flows were studied over a range of 0-1.48 % O2 flow ratio. 

The ITO was deposited with dc-magnetron-sputtering, as it is not as insulating as AZO/ZnO, but 

otherwise with similar parameters as AZO. Three differences were that the Ar flow was set to 40 sccm 

throughout the depositions, the O2 flow ratio was varied over a larger range, 1.48-4.76 %, and the 

standard deposition time was 120 s, compared to the 300 s for AZO. 

3.2 Characterization 

Sheet resistance measurements on all samples were done by the 4PP and the first measure of the thin 

film thicknesses was done using a stylus profiler "Dektak 150". Later the thicknesses from the 

ellipsometry were used when calculating the resistivity using eq. 2.7. The SE measurements were done 

at an angle of 65o and the modelling was done with Complete EASE 6, version 6.46. The model that 

best mimicked the measurements were constructed of a PSemi-M0, two Gaussian and A Drude 

function. PSemi-M0 is a variation of Herzinger-Johs Parameterized Semiconductor Oscillator 

function and is in the model to mimic the dielectric functions. The Gaussian oscillators modifies the 

dielectric parameters ε1 ε2 with a Gaussian line shape and a Kramer-Kronig consistent line shape 

respectively. The Drude function was used to explain the free electron contribution to the model and 

within that function, it was possible to choose which parameters to fit, resistivity and scattering time 

or carrier concentration and carrier mobility (μ).13 The latter pair was chosen here as it enabled the 

possibility to set a value for the effective mass, an option that was not present when fitting resistivity 

and scattering time. The electron effective mass was set to 0.28, taken from a table of semiconductor 

basic data.14 

Transparency (T) and reflectance (R) measurements were done over the wavelength range 300-1300 

nm using a Xe-lamp and a quartz halogen lamp while altering to the one most representative of the 

intensity spectrum of natural solar radiation. The setup used was a PVE300 Photovoltaic Device 

Characterization System and the calibration curves were done at steps of 2 nm while the measurements 

were done at steps of 4 nm. The present calibration of the system, when measurements were done, 

caused the sum total of T and R to be above 100 % for some samples, resulting in an absorbance below 

0. This is not physically possible but accepted in this thesis as all samples had the same error, making 

it possible to compare them.  Figure 3.1 shows an example of these curves and the corresponding 

absorption which was calculated with eq. 2.5. 
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Figure 3.1 Example of absorption, reflectance and transmittance of an AZO sample. 

For a selection of AZO samples, both with and without substrate heat, and two ITO samples were 

measured in a Hall setup. For the measurement, a magnetic flux density of 500 mT was used. The Hall 

measurement was done with a non-ideal contact setup different from the recommended configuration 

according to NIST, National Institute of Science and Technology,15. Square samples (8x8 mm) were 

used but they were larger than the four contacts by a few mm. As NIST explains, the contacts on a 

square sample should be at the very edge of each corner to give a more correct measurement.  

XRD measurements were done on AZO samples, both when deposited at room temperature and when 

heated, over the range 20-70o (2θ). Both grazing incidence (GI) and theta-2theta (T2T) measurements 

were done to see the preferential orientation and unordered contribution of the crystals. The surfaces 

of films deposited at room temperature and while heated were examined using scanning electrode 

microscopy, SEM. The films thicknesses were examined as well to see if they matched to the ones 

from the stylus probe and ellipsometry. 

 

4 Results 

Most of the work was devoted to the AZO process development. Several process parameters were 

investigated in order to identify their impact on the resulting AZO performance. A more limited 

investigation of the undoped ZnO with a focus on potential use in CIGS solar cells was also carried 

out. Finally, ITO, an alternative TCO material was also studied to some extent. 

4.1 AZO 

Oxygen concentration during deposition has a huge impact on both the electrical and optical properties 

of AZO. Therefore, the work started by identifying the optimum oxygen supply as partial flow. To 

clarify the terms, the O2 flows are in sccm but to describe the flow of Ar as well, partial concentrations 

of O2 are used. E.g. 0.4 sccm of O2 in a flow of 40 sccm of Ar will be ~0.99 % O2 flow ratio calculated 

as 

0.4

(0.4 + 40)
= 0.0099 → 0.99 % 
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4.1.1 Oxygen and argon impact 

The oxygen was the first growth parameter investigated and a wide range of O2 flow ratios was tested. 

From 0 to 2.91 % O2 in the process gas while having an Ar flow at a constant 40 sccm showed a large 

increase in Rs after 0.99 %, see Figure 4.1. The O2 dependence between 0 and 0.99 % was of interest 

but when setting a lower O2 flow it was revealed that the deposition system did not allow O2 flows 

lower than 0.4 sccm (0.99 % O2 flow ratio). To overcome this the Ar flow was altered, a parameter 

first planned to be constant throughout the experiments. By increasing the Ar flow, the O2 flow ratio 

was lowered and here a flow of 80 sccm Ar gave the best values. Several runs were made and the Rs 

values were similar to the ones from 0 % and lower than 0.99 % O2 flow ratio, see Table 4.1.  

 

Figure 4.1 The absorption and sheet resistance as a function of the O2 flow ratio. 

Table 4.1 Sheet resistances of several samples at low O2 flow ratios. 

O2 flow ratio 

(%) 

Rs
4PP  

(Ω/□) 

  29.57 

  32.72 

  32.86 

0.00 33.92 

  35.70 

  35.74 

  37.39 

  31.58 

0.50 32.21 

  34.46 

  40.00 

  41.80 

0.99 48.07 

  66.46 

 

 

 

 

 
O2 flow ratio (%) 
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As these flow ratios showed promising Rs values, absorption values were calculated from R and T 

measurements using eq. 2.5 and the results can be seen in Figure 4.2a-c, the curves are mean values of 

the calculated absorption curves.  

 

Figure 4.2 a), b) and c) shows the absorption difference between 0, 0.5 & 0.99 flow ratio of O2. b) zoomed in 

 with error bars. c) zoomed in with error bars and an offset to depicture the error bars better. 

The three absorption curves were similar, both shape and values. When zoomed in, Figure 4.2b, their 

differences can be seen as 0 % O2 flow ratio having higher absorption from a wavelength >430 nm. It 

was interesting that the curves were so similar even though the 0.99 % O2 flow ratio had a higher Rs 

than the other. The spread of the absorption curves was also calculated, Figure 4.2b-c, and shows a 

large overlap of the 0.5 % and 0.99 % O2 flow ratio. Figure 4.2c shows the curves with an offset to 

help view the amplitude of the spread of the curves. 

The uniformity of the AZO deposition with an O2 flow ratio of 0.5 % can be seen in Figure 4.3. The 

uneven uniformity was not expected, however, a gradual decrease from the middle and out was 

expected, but the deposition geometry should lead to a rotational symmetry. 
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Figure 4.3 The uniformity of an AZO thin film deposited at an O2 flow ratio of 0.5 %. 

4.1.2 Substrate temperature impact 

As optimized O2 and Ar flows were set the effect of heating the substrate during the deposition were 

investigated. The four different substrate temperatures were investigated 150, 200, 250 and 305 oC 

showed no significant improvement in the Rs, but an increase for the temperature 250 and 305 oC, see 

Table 4.2. Reversed were the sum of transmittance and reflectance higher for the two higher 

temperatures, especially at longer wavelengths, see Figure 4.4.  

Table 4.2 Rs values for the heated samples with their temperature and O2 flow ratio. 

 

Figure 4.4 The sum total for the heated samples and one mean value at room temperature. 

Oxygen flow ratio 

(%) 

Substrate temp. 

(oC) 

Rs
4PP 

(Ω/□) 

0 200 33.51 

0.5 

150 37.03 

200 
32.07 

34.77 

250 
38.03 

42.88 

305 
63.88 

78.12 
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The spectroscopic ellipsometry was done on 6 samples of AZO on a substrate of silicon, 4 of the 

samples were heated during deposition. The Rs
SE in Table 4.3, containing the results from the 

ellipsometry, were calculated with eq. 2.7 and 2.9. During the creation of the model, it was found that 

the electron effective mass, m*, had a huge impact on the n and μ. Through literature search 0.28 was 

found as an estimation of the electron effective mass in ZnO. When implemented in the model the 

estimated Rs values became very similar to the 4PP for the heated samples. The model for AZOSi_1 

did not fit the measurement curve as well as the other samples while the estimation of the carrier 

mobility was too high for AZOSi_2. These might be the reasons for the differences in Rs. 

Table 4.3 Sample information and results from the spectroscopic ellipsometry. 

Sample 
Oxygen flow ratio 

(%) 

Substrate temp.  

(oC) 

Carrier conc. 

(1020 cm-3) 

Mobility 

(cm2V-1s-1) 

Thickness 

(nm) 
MSE 

Rs
SE 

(Ω/□) 

Rs
4PP 

(Ω/□) 

AZOSi_1 0 RT 4.56 34.2 195 14.6 20.6 29.32 

AZOSi_2 0.99 RT 3.12 50.2 193 8.66 20.7 50.69 

AZOSi_30 0 200 4.29 27.1 156 5.75 34.5 33.51 

AZOSi_31 0.5 200 4.04 32.1 160 6.92 30.1 32.07 

AZOSi_32 0.5 250 3.12 30.9 159 6.05 40.8 38.03 

AZOSi_33 0.5 305 2.95 24.2 140 1.62 62.8 63.88 

 

Hall measurements were done on five AZO samples, three at room temp. and two heated ones. Table 

4.4 contains the values of n, μ and Rs that the measurements resulted in as well as the Rs values from 

the 4PP, for comparison. Figure 4.5 shows the ρ and μ values for all expect ASiO2_3 because of the 

much higher ρ and μ, a result from depositing at a higher O2 flow ratio. 

Table 4.4 Results from the Hall measurements; values of carrier concentration and mobility and the sheet resistance. 

Sample 
Oxygen flow ratio 

(%) 

Substrate temp.  

(oC) 

Carrier conc. 

(1020 cm-3) 

Carrier mobility 

(cm2V-1s-1) 

Rs
Hall  

(Ω/□) 

Rs
4PP  

(Ω/□) 

ASiO2_1 0 RT 9.51 12.66 26.59 29.57 

ASiO2_2 0.50 RT 8.13 12.02 32.82 31.58 

ASiO2_3 1.48 RT 1.37*10-3 266.9 8778 2800 

ASiO2_4 0.50 200 5.65 11.75 58.57 63.07 

ASiO2_5 0.50 305 4.49 11.17 89.37 112.1 
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Figure 4.5 Overview of the ρ and μ from the Hall measurements. 

SEM images were taken on four AZO samples, see Figure 4.6, with deposition parameters which can 

be seen in Table 4.5. The films were polycrystalline which shows on the edge of the films. From the 

SEM images the influence of higher deposition temperature can be seen, the surfaces looked rougher 

and the sizes of the crystals were somewhat bigger.  

 

Figure 4.6 SEM images of AZO on Si with O2 flow ratio of 0.5 and 0.99 at room temp. and 0.5 at 200 and 305 oC. 

AZO Si 02 AZO Si 03 

AZO Si 31

 

AZO Si 33
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Table 4.5 Deposition parameters of the SEM samples. 

Sample 
O2 flow ratio 

(%) 

Substrate temp. 

(oC) 

AZO Si 02 0.5 RT 

AZO Si 03 0.99 RT 

AZO Si 31 0.5 200 

AZO Si 33 0.5 305 

 

A set of XRD measurements were made on the samples in Table 4.6 and the GI and T2T results can 

be seen in Figure 4.7. The GI XRDs shows that the films have not much randomly oriented 

contribution. The T2T XRDs confirmed that the AZO films were textured in (002), as expected, and 

that the temperature has affected the structure. 

Table 4.6 Deposition parameters of the XRD samples. 

 

 

Figure 4.7 XRD results of AZO samples. To the left are the GI and to the right are the T2T results. 

Specific deposition parameters can be seen in Table 4.6. 

4.2 ZnO 

With the new sputter machine, a ZnO deposition with zero addition of O2 in the gas flow resulted in 

lower values of Rs than the reference ZnO film from the old sputter which had a Rs of ~10 kΩ/□, see 

Table 4.7, even though they had similar thicknesses of 80 nm. When 1.48 % O2 flow ratio were added 

to the new sputter deposition the Rs increased with a factor of 105.  

 

Sample 
O2 flow ratio 

(%) 

Substrate temp. 

(oC) 

AZO_10 1.48 RT 

AZO_14 0 RT 

AZO_16 0.5 RT 

AZO_31 0.5 200 

AZO_33 0.5 305 

GI T2T 
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Table 4.7 O2 flow ratio for ZnO samples and the resulting Rs. 

Sample 
Oxygen flow ratio 

(%) 

Rs
4PP 

(Ω/□) 

ZnO_01 0 191.98 

ZnO_02 0.99 226.41 

ZnO_03 0.5 1533.9 

ZnO_04 1.48 +10E7 

Reference 0 ~10E3 

 

4.3 ITO 

The effect of O2 flow ratio on the Rs for ITO was studied on a couple of samples, see Table 4.8, with 

the following results in Figure 4.8. The samples had thicknesses between 215-261 nm, see Table 4.8. 

A clear correlation can be seen where the slope of increased Rs is steeper at lower O2 concentrations.  

A minimum in Rs can be found at 2.4 % O2 with a value of 25 Ω/□. However, the lowest resistivity 

was achieved by the sample at 2.91 % O2 flow ratio as it had a Rs of 26 Ω/□ but was ~45 nm thinner. 

It had a ρ of ~5.6*10-4 Ωcm, converted with eq. 2.7. This value was close to the best optimized AZO 

film, with no substrate heating, with a ρ of ~6.0*10-4 Ωcm. 

Table 4.8 O2 flow ratio for ITO samples and the resulting Rs. 

Sample 
Oxygen flow ratio  

(%) 

Thickness 

(nm) 

Rs
4PP  

(Ω /□) 

ITO-07 1.48 234 296 

ITO-08 1.96 252 62 

ITO-09 2.44 261 25 

ITO-10 2.91 215 26 

ITO-11 3.38 248 31 

ITO-12 3.85  48 

ITO-13 4.76  121 

 

The seven ITO samples’ reflectance and transmittance were measured and the sum total calculated in 

Figure 4.9. It is possible to see a spread between the three samples with the lowest Rs values and the 

increase in the total value follows the increase of added O2 during deposition. 
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Figure 4.8 The influence of O2 flow ratio on Rs for ITO. 

 

Figure 4.9 The total sum of reflectance and transmittance of the ITO samples. 

Two samples of ITO on SiO2 were Hall measured with different O2 flows during deposition; 1.2 and 

1.6 sccm. Other parameters were 40 sccm of Ar, room temperature and 120 s of sputtering. The results 

can be seen in Table 4.9 and note that Rs of both the Hall measurement and the 4PP are shown to view 

differences possible between the two.  

Table 4.9 Results of Hall measurements and 4PP of ITO on SiO2. 

Sample 
Carrier conc. 

(1020 cm-3) 

Mobility 

(cm2V-1s-1) 

Rs
Hall 

(Ω/□) 

Rs
4PP 

(Ω/□) 

ITOSiO2_1 1.97 22.43 58.93 75.80 

ITOSiO2_2 7.95 13.54 24.18 23.61 
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5 Discussion 

To know how well the manufactured AZO films performed they need to be compared to what is state-

of-the-art today and what values AZO TCOs usually show. One of the best performing AZO films 

have shown a resistivity of 8.54*10-5 Ωcm.16 This film was deposited by pulsed laser deposition at 230 
oC and at a base pressure of 3*10-9 bar. For polycrystalline AZO one of the best ρ values achieved is 

1.4*10-4 Ωcm.17 It was done with rf-sputtering at 305 oC followed by an annealing at 650 oC in a 

nitrogen atmosphere. The best performing AZO film produced in this thesis with the optimized 

parameters, 0.5 O2 flow ratio, and no substrate heating had a ρ of ~6.0*10-4 Ωcm. At a deposition 

temperature of 200 oC the best ρ achieved was ~5.0*10-4 Ωcm. The Rs of the two samples were similar, 

see Table 4.1 and Table 4.2, but their thicknesses differed, see Table 4.3. This thickness difference is 

connected to the deposition temperature as that was the only parameter that was changed between the 

samples. A densification of the film can be an explanation, a result of an increase in diffusion from the 

higher temperature.18 The reason for not achieving resistivities as low as state-of-the-art in literature 

can be many. For one, no intense heat treatment/annealing was done in this thesis but have shown to 

give a positive effect on the ρ.7,17,19 If lower sputtering power would have been used, improved 

crystallinity might be possible by increased diffusion time. If the deposition pressure would be 

optimized to decrease the stress of the film a lower ρ value would be expected.3,20 The overall results 

from literature lies within 10-3-10-4 Ωcm,1,8,17,18,21–27 a value that a majority of all samples in this thesis 

are within as well. It should be noted that it is not enough to evaluate only the resistivity as the optical 

properties are also important. Moreover, the effect of film thickness may also be important. In this 

respect, it can be concluded that the resistivity was comparable to the state-of-the-art AZO films and 

the films are suitable as TCO.  

The heated samples showed higher sum total values of transmittance and reflectance compared to 

samples at room temperature, Figure 4.4. The cause for these improved number is believed to because 

of the lower thicknesses acquired. At 200 oC the Rs were similar to those at room temperature but for 

higher temperatures, the Rs increased, see Table 4.2. 

When finding AZOs optimum flow parameters of O2 and Ar there was no significant difference at 

what Rs could be achieved between O2 flow ratio 0 and 0.5 %. However, in Figure 4.2 there was a 

difference in the absorption where 0.5 % had lower absorption at longer wavelengths. According to 

the relation λp ∝ 1/√n and eq. 2.4 the lower absorption was due to a lower count of charge carriers. 

This supports the possibility of having zero O2 added during the deposition would increase the intrinsic 

doping through oxygen vacancies in the AZO lattice, but at the expense of transparency, see eq. 2.4. 

The mobility should be affected as well, higher intrinsic doping will result in lower charge carrier 

mobilities. The ZnO depositions support this as well, a lower concentration of O2 in the process gas 

led to higher Rs values. With increased concentration, the Rs increased significantly, steeper increase 

than for AZO. The Hall measurement supports this as well as Table 4.4 is showing a higher charge 

carrier conc. for zero O2. The natural error in the results might be higher than one should expect, as 

according to NIST, the recommended sample geometry was not used. However, all samples measured 

here were of similar sizes and therefore should have similar errors. 

From the optical and electrical measurements, SE and Hall, it can be concluded that they do not give 

the same results, as can be seen in tables Table 4.3 and Table 4.4. The reason for this is not within this 

thesis but a speculation for it can be reasonable to give. Grain boundaries have been discussed for and 

against having an impact on the mobility and carrier concentration for TCOs. Other factors affecting 

the mobility and concentration exists as well.3,28 The reason for the difference might be that one or 

some of the limiting factors are not taken into account for one or both of the methods, thus resulting 

in differences between the two methods. The SE has an advantage over Hall and that is the speed at 

which a measurement can be made. SE is faster, but for that, a correct model needs to be made. The 

Hall setup is more simplistic for a novice to use as the SE requires knowledge of the functions that the 

model is built upon while with a functioning Hall setup the measurements are done repeatable steps. 
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However, in this report, it was known that the samples size/shape was not a recommended one for Hall 

measurements. Without a reference sample with the same size/shape, the size of the error is unknown. 

Because of this, in this report, it is difficult to conclude if the charge carrier mobilities and 

concentration are best estimated by the SE or Hall measurements. 

The SEM images taken indicate a poly crystalline structure grown perpendicular to the plane, this fits 

well with the XRD-measurements showing a (002) texture of the crystalline structure. Sample AZO 

Si 33 was deposited at the highest temperature, 305 oC, and seem to show a slight increase in crystal 

size if one compares the SEM images in Figure 4.6, both on the side and the top surface. As the 

deposition parameters were the same, other than the substrate temperature, the reason for the lower 

thickness for the heated samples might have a contribution from a densification. The film density or 

any other factors have, however, not been investigated further. 

The ITO deposition system showed promising results with a resistivity at 5.6*10-4 Ωcm with no 

additional heat treatment during or after the deposition. A minimum was found at 2.4 % O2 flow ratio 

but a small addition of O2 did improve the sum total, see Figure 4.9, and while still achieve a low ρ of 

7.7*10-4 Ωcm. These values are comparable to what is produced today but they are at the higher end 

of the list as resistivities as low as 1-2*10-4 Ωcm are common.3,5,29 It is however important to point out 

that many of the low ρ samples have had thermal treatments. In Figure 4.8 the correlation between O2 

flow ratio and Rs/ρ is visible and that there is an optimum flow to be studied. The reason for the 

increase of ρ at lower and higher O2 concentrations can be a point of discussion. There have been 

reports talking about O2 increasing the crystallinity of an ITO film, thus at lower concentrations the ρ 

is lower.29,30 This might be a result of increased scattering due to defects and grain boundaries, which 

will increase with lower crystallinity. At higher O2 flow ratio, as discussed earlier, the oxygen 

vacancies should decrease, decreasing the carrier concentration and in turn decreasing the conductivity 

according to eq. 2.3.  

As discussed, samples of both AZO and ITO have been produced with properties that are comparable 

to the state-of-the-art. To compare the best manufactured films of AZO, with and without substrate 

heat, and ITO their absorption curves have been plotted in Figure 5.1 for an easy overview with a 

complementary table with the important deposition parameters and the films resistivities. What could 

be seen were very similar absorption and resistivity values, with the exception that ITO had a lower 

band gap, Eg, showing as the film starts to absorb earlier than AZO at shorter wavelengths. AZO 

deposited at a substrate temperature of 200 oC performed the best in both absorption and resistivity but 

only to slightly better values. 

 

Figure 5.1 The best performing films of AZO, with and without substrate heat, and ITO.  

Table included shows important deposition parameters and the resistivity of the films. 

 

O2 flow ratio (%) 
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What the future should include for these films is a study of an annealing treatment for ITO, as literature 

shows improved properties as a result, and for AZO the effect of lower oxygen flows should be 

investigated, as the system didn’t not allow a flow lower than 0.4 sccm. 

 

6 Application on CIGS 

The main focus in this thesis has been to understand the influence of certain growth parameters for 

AZO and it has resulted in an optimized deposition method. As TCOs are used as components in e.g. 

solar cells, the optimized AZO, 0.5 O2 flow ratio and no substrate temperature, and ZnO have been 

applied on CIGS solar cell to evaluate the performance in an actual application. 

The AZO thin film and i-ZnO were deposited upon CIGS cells with CdS with a cross-examination to 

see the effect of depositing the intrinsic ZnO layer and AZO with the old and/or the new sputter 

machine. The new i-ZnO was deposited with the same parameters as the reference i-ZnO, that is, 0 O2 

flow ratio at room temperature. No previous ZnO had been deposited by the new system, thus it was 

unknown that the film had a factor of ~102 lower sheet resistance, at similar thicknesses. 

Table 6.1 Overview of the cross-deposition setup. 

Sample Intrinsic ZnO AZO 

AMref Reference Reference 

C_1 Reference New 

C_2 New Reference 

C_4 New New 

 

The CIGS cells were evaluated through iv-measurements and external quantum efficiency, EQE. An 

iv-measurement measure the current produced by the solar cell by sweeping the voltage and through a 

computer program the fill factor, current densities, etc. are calculated. The EQE is used to determine 

the photon efficiency of solar cells. EQE measures the spectral response, i.e. how many of the photons 

are collected at each wavelength, by measuring the current produced and comparing it to a reference.  

The IV-measurements that were done on the cross-deposition samples in Table 6.1 obtained the results 

in Figure 6.1. The figure shows the mean value of the fill factor (FF), the short circuit current density 

(JSC) and the open circuit voltage (VOC). To give a view over the scattering of values, max and min 

value of the fill factor is shown while the standard deviation is shown for both the other properties. 
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Figure 6.1 From the top: fill factor with max/min values, current density (short circuit) with 

 standard deviation and voltage (open circuit) with standard deviation.  

The values from the best cells from each sample are shown in Table 6.2, with the addition of the 

efficiency as well. These cells were chosen based on the FF at first hand. 

Table 6.2 The VOC, FF, JSC and efficiency of the best performing cells from each sample. 

Sample Cell number 
VOC 

(V) 

FF 

(%) 

JSC  

(mA/cm2) 

Efficiency 

(%) 

AMref 7 0.696 74.45 30.06 15.58 

C_1 31 0.702 75.41 25.24 15.44 

C_2 26 0.703 76.86 28.69 15.50 

C_4 25 0.702 75.27 24.00 15.85 
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The max values do not differ to a large extent, this can also be seen in Figure 6.2 where the best cells 

IV-curves from each sample are plotter together. However, showing on the FF one sample stand out, 

the one with new i-ZnO and new AZO. Its FF mean was lower, meaning bad IV curves. After a brief 

investigation, it was believed that the relatively high conductivity of the i-ZnO caused shunts. All of 

the IV-curves from that sample can be seen in Figure 6.3. According to the EQE measurements for 

these samples, sample C_1 with the reference i-ZnO and new AZO were performing the best, see 

Figure 6.4. This was believed to be a result from lower free charge carrier absorption. 

 

Figure 6.2 IV-curves from the best cell of each sample. 

 

Figure 6.3 All IV-curves from the cells of C_4. 
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Figure 6.4 EQE measurements of the i-ZnO and AZO cross-depositions. 

7 Conclusion 

In this thesis, a new process for AZO thin film has been established with rf-magnetron-sputtering. 

Based on a literature study, two growth parameters: O2 flow ratio in Ar and substrate temperature have 

been studied. The performances of the thin films were comparable to the state-of-the-art materials with 

a resistivity of 6.0*10-4 Ωcm. Heating the substrate during deposition did not improve the conductive 

properties of the AZO to a significant degree (5.0*10-4 Ωcm) and the absorption was only slightly 

improved as well. The crystal structure, however, was improved. A spectroscopic ellipsometry model 

was developed to determine the transport properties of AZO, enabling faster measurements in the 

future. ITO and ZnO were also briefly studied using the same methodology as AZO. The new process 

was deposited on CIGS solar cells as a demonstration of an application. The best performing solar 

cells were comparable with a reference although fill factor values indicate a need for further 

optimization.  
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