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ABSTRACT 

Cadmium stannate (Cd2SnO4) is a high performance TCO (transparent conducting oxide) that has 

been used in the fabrication of leading performance thin film CdTe solar cells. Several studies in this 

work were done to enhance the technical knowledgebase and industry processing of the Cd2SnO4: 

mechanical film properties, tantalum doping, pulsed-DC compared to RF plasma deposition, and 

modeling of the sputter system in Fluent and Comsol. 

Mechanical properties, determined from nanoindentation measurements, are valuable for flexible 

substrate design and topcoats. It was found films annealed in oxygen rather than nitrogen increases elastic 

modulus by 16% and hardness by 32%, but film electrical and optical properties were degraded.  

Tantalum was also investigated as an n-type dopant in Cd2SnO4 with the goal of removing the lab-

standard CdS plate anneal, which is impractical for industrial manufacturing. Various doping levels, 

deposition temperatures, and post-anneals were done on sputtered films. Quantification of film quality is 

done using three properties: electrical, optical, and crystalline. These properties are measured with x-ray 

diffraction, Hall effect, spectrophotometer, and a profilometer to measure thickness and surface 

roughness. While 1-10% Ta is not an effective dopant, a significant discovery is approximate film 

properties can be achieved with a 550
o
C undoped Cd2SnO4 deposition with a standard anneal compared to 

the standard 20
o
C film with CdS anneal. This film may be competitive in industry as an improvement for 

the current FTO (SnO4:F). 

Pulsed DC plasma sputtering was investigated to enhance Cd2SnO4 film properties and is known to 

deposit faster than with RF for certain materials. It was found PDC improves film qualities at deposition 

temperatures of 300
o
C and above, compared to standard RF Cd2SnO4 films. Even without any anneal, the 

530
o
C PDC deposition has good properties compared to the RF 550

o
C. While conductivity is not as high 

with PDC, the mobility of the film is outstanding. With added CdS anneals, deposition temperatures 

300
o
C and above give improvements to the standard RF film. Deposition rates of these PDC films is 

increases 6-21% over RF at corresponding temperatures. 

 The sputter deposition was also modeled in Fluent (gas and surface reactions) and Comsol 

(plasma) in order to approximate deposition rates under various conditions and optimize chamber 

properties. The result is there is a solid base for a comprehensive model for the sputter deposition.  
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CHAPTER 1: INTRODUCTION 

Solar energy converted directly to electrical power can be captured with a variety of proven 

photovoltaic technologies: amorphous silicon (a-Si), crystalline silicon (c-Si), thin films, and other 

emerging designs. DOE has placed a $1/W installed cost goal for solar energy that research is moving 

towards, in order to make solar economically viable compared to current non-renewable energy prices. 

Cadmium Telluride [CdTe] is a branch of the thin film photovoltaic solar power production 

receiving attention due to its high efficiency and lower processing costs compared to alternative 

technologies. The commercial solar panel company, First Solar, has recently  achieved 17.3% cell 

efficiency and 14.4% total area module efficiency with CdTe [1]. 

 

Figure 1.1: Solar Cell learning curves [2]. 

 

Future economical large-scale commercial production success lies in thin film solar cells. 

Improvements to efficiency or a reduction in processing cost can mean a significant cost savings for the 

industry. Research is being done globally to determine advancements in these films. 

In an attempt to achieve solar cell 1$/Watt goal, our research strives to both reduce manufacturing 

cost and improve efficiency. There are many solar cells in the early research stages: CIGS, CIS, GaAs, 

multijunction, and organic. In terms of large-scale availability, there are three cells that are currently 

competitive for manufacturing: c-Si [single crystal silicon], Cadmium Telluride, and a-Si [amorphous 

silicon]. The efficiencies are shown in Figure 1.2. 
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Figure 1.2: Efficiency comparison for c-Si, CdTe, and a-Si [3]. 

 

To achieve the 1$/Watt competitive energy goal, ~25% efficiency is required for current 

manufacture costs. Crystalline silicon and CdTe are both capable of achieving this efficiency; however 

the CdTe is superior to c-Si in various aspects. CdTe can be manufactured continuously, not in batches, 

and can also be deposited on flexible substrates. However it does have challenges in large scale 

manufacturing. The record NREL film (Ἧ=16.5%) is composed of 

glass/Cd2SnO4/Zn2SnO4/CdS/CdTe/metal. The typical film however has 

glass/FTO/SnO2/CdS/CdTe/metal. The TCO window layer is different because the Zn2SnO4 requires 

complex processing (surface plate anneal). FTO (fluorine doped tin oxide) is easy to deposit and 

commonly used in the electronics industry. 

  Cd2SnO4 is more desirable due to its lower resistance and higher transparency than SnO2:F 

(FTO). It has been reported RF plasma deposition  can obtain a Hall mobility of 60 cm
2
/V-s and charge 

carrier concentrations of 5x10
18

 cm
-3 

due to its crystal structure [4]. Standard Cd2SnO4 processing 

involves a high-energy post-deposition contact anneal and etch in order to adequately dope the material as 

n-type and maintain favorable optical and electrical properties. However, this contact annealing is not 

economical for large-scale manufacturing. The goal of this research is to eliminate the need for this post 

anneal and, in doing so, take a limited lab-scale technique to a large scale processing level. Additional 

work is also done to better characterize the TCO and investigate high-speed deposition processes. 
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CHAPTER 2: TECHNICAL BACKGROUND 

Due to the multidisciplinary nature of this project, a brief section is dedicated to explaining the 

mechanics of the solar cell system itself. 

2.1 Physics of Thin Film Solar Cells 

Semiconductor materials can have electrons at one of two states: in the valence band (held within the 

lattice), or the conduction band (a free electron able to move around). Illumination can excite electrons in 

the valence band to the conduction band if there is sufficient photon energy. Once an electron is excited to 

the conduction band and mobile, there is a positive space left behind, described as a hole. The hole also is 

free to move, much like a dislocation in a lattice. The electron eventually relaxes back into the valence 

band, and a photon can then again generate another electron-hole pair (EHP).  

The band gap, unique to particular materials, determines what portion of the solar spectrum is 

absorbed. Photon energy above the band gap (Eg) can excite an electron, while lower energy will simply 

be transmitted through the material. For photons with significantly greater energy than Eg, the resulting 

excited electron will release excess energy thermally. Both thickness and band gap are optimized in a 

solar cell to maximize the total amount of photon energy absorbed (band gap CdTe is 1.49 [5], CdS is 

2.42 [6]). 

 

Figure 2.1: Band Diagram 

 

In order to create electron flow instead of contained recombination, a p-n junction must be 

present. Without an electric field, the net motion of excited electrons is 0. The p-n junction is where a 

material is doped heavily with either a p or n type material, defined by valence electrons. CdS and CdTe 

are complex however conceptually can be described with a silicon diagram  (Figure 2.2 and Figure 2.3).  

The p and n materials are then combined to form a junction.  An n-type material has significantly more 
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free electrons compared to holes because these materials have 5 valence electrons within in a 4p 

covalently bonded bulk (Figure 2.1).  A p-type material is the opposite; with only 3 valence electrons 

there are gaps (holes) available for electrons. This shifts the balance of holes and electrons in the lattice, 

normally equal in an undoped bulk material. 

 

Figure 2.2: CdTe [crystalline cubic] structure. 

 

Figure 2.3: CdS [hexagonal cubic] structure. 

The material bonds affect the energy levels the electrons can occupy and how they move about 

the crystal lattice. The band diagram from Figure 2.1 can be adjusted to show both the n and p type 

material. N-type material has more electrons available, so instead of requiring the entire Eg of the bulk 

material, there is a small amount of energy needed to excite electrons into the conduction band. The p-

type has holes available at a much lower energy level than the conduction band, so it also takes less Eph 

(photon energy) to move electrons to a mobile location. The curved edge is representative of the electric 

field imparted by the charge separation.  

 

Figure 2.4: P-N junction band gap diagram. 
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When the p and n type materials are brought together, diffusion of the electrons and holes occurs 

across the junction. A gap is left in the center devoid of mobile charge carriers, but ions from the donors 

and acceptors remain, creating an internal electric field (Figure 2.5). This electrostatic potential forces the 

charge carriers to move against the concentration gradient, giving an eventual force equilibrium position.  

The Fermi energy is the probability of electron and hole occupation, and represents the electrochemical 

potential of the material. 

  When illuminated, the materials generate electron hole pairs. Due to the electric field 

concentrated at the junction, the EHPôs are separated based on charge. Minority carriers (p-type = 

electrons, n-type =holes) flow to the opposite region (electrons from p to n,, holes from n to p) due to the 

charge separation.  

 

Figure 2.5: EHP generation in p-n junction. 

 

While the physics of photovoltaics is fairly complicated, solar cells can be explained simply as 

materials. In processing: 

1. N and P type materials are doped separately into a bulk material with 4 covalent bonds (for Si). 

The bulk is required so the different materials have the different electron numbers. 

2. Eg is the energy required to knock out an electron.  

a. Very large for the bulk because the electrons are stable 

b. Much lower for N and P types because the doping is unstable with electrons and holes 

(electron vacancy) within the bulk. For doped, Eg is the same, donor or acceptor atoms 

give the carriers. 

3. Create a junction by juxtaposing the n and p doped bulk materials together. The purpose of this is 

to generate a local electric field to control carrier direction. 
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4. Holes and free electrons diffuse naturally; when they do they leave a fixed + or ï ion (this is what 

stays at the junction boundary). 

a. In the n-type: pulling an electron out leaves an empty available state (electron vacancy) 

b. In the p-type: acceptor gains an electron, the hole migrates to reduce entropy 

When illuminated (and Eph > Eg): 

1. An Electron-Hole Pair is created (this is for EACH semiconductor material depending on 

wavelength (ie Eph)). 

2. The majority carrier (p = +, n = -) is already on its side (i.e. for n type, electrons will fill the 

available state) 

3. The minority carrier migrates to the other side 

b. If the minority carrier doesnôt recombine on the way to the other side, it generates 

electron motion (electricity) 

2.2 Properties of Solar Cells 

There are three primary properties to determine the performance of a solar cell film that can be 

measured in a lab: band gap, minority free carriers, and carrier lifetime.  

2.2.1  Band Gap 

The band gap is the minimum energy required to excite an electron from the valence to 

conduction band (Eg = Ec ï Ev). It can be determined with measurements of optical properties, particularly 

the absorption over available wavelengths. Absorption increases with photon energy after the band gap is 

reached, but is relatively low for areas in close proximity to the band gap due simply to probability of 

alternative energy losses. Absorption depth is the inverse of the absorption coefficient and represents the 

depth the light penetrates until its intensity has dropped by a factor of 1/e. The intensity of light is directly 

related to the absorption coefficient and depth within the film with equation 2.1:  

      (2.1) 

where I is light intensity at depth x in the film, I0 is incident light at the film surface, and Ŭ is the 

absorption coefficient. 

2.2.2  Carrier concentration  

Carrier concentration is the number or electrons or holes in the material and is also dependent on 

band gap, temperature, and doping. For materials with higher band gaps, it takes more energy to excite an 

electron to move (valence to conduction band). Therefore these materials have lower carrier 
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concentrations. Increased temperature can increase the carrier concentration value, but room temperature 

measurements are standard for consistent comparisons.  

2.2.3  Recombination  

Recombination refers to electrons that stabilize down to the valence from the conduction band, 

which removes a hole in the process. The main types of recombination are radiative, SRH (Shockley-

Read-Hall), and Auger. Auger recombination describes when, instead of the energy release of 

recombination in the form of a photon or heat, the energy is absorbed by an electron in the conduction 

band. This electron then thermalizes down into the conduction band edge. This can limit carrier lifetime 

but is less prevalent with increased doping. SRH recombination is simply due to defects in the film. For 

direct band gap materials (CdTe films), radiative recombination is dominant. In this form, when 

recombination occurs, the energy is released as a photon close to the bandgap. It is only weakly absorbed 

and is transmitted out of the film.  

Carrier lifetime is the average time a carrier can spend in an excited state before it recombines. 

Thickness of a film is limited by mobility and carrier lifetime (Ű), and be calculated by: 

†         (2.2)  

where ȹn is the excess minority carriers, and R is recombination. 

2.2.4   Mobility  

Electron motion due to charge carrier excitation is controlled by its direction and the electric field 

(due to p-n junction). Mobility refers to the net carrier movement in the presence of an electric field. It 

relates to diffusivity coefficient with equation 2.3: 

Ὀ   ‘       (2.3) 

where k is the Boltzmann constant, T is temperature, q is the electric charge. The carrier density directly 

relates to Jo and Voc, calculated in equations 2.4 and 2.5.  

2.2.5   Efficiency  

There are 3 major properties that characterize the performance (Ἧ) of a solar cell: short circuit 

current (Jsc), open circuit voltage (Voc), and fill factor (FF). The following equations describe in an ideal 

sense what impacts these properties.  

The Voc is calculated with J0 as  
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 ὠ  ÌÎ  ρ     (2.5) 

where k is the Boltzmann constant, T is temperature, Jph is the photon generated current. The Voc is critical 

as it is the maximum voltage the system can output, and is a measure of the amount of recombination in 

the system. The conversion efficiency, used as the total efficiency of solar cell films, is calculated with: 

    
           (2.6) 

where FF is the fill factor. The fill factor is a ratio of the maximum power over the Voc x Jsc. It describes 

the ratio of Pmax over the area under the IV curve (Figure 2.6) generated from the short circuit current (Jsc) 

and open circuit voltage (Voc). 

 

Figure 2.6: IV curve for solar cell. 

 

The irradiance value (Pin) is 1000 W/m
2
 when using the standard AM1.5 spectrum. The Air Mass 

1.5 value is standard practice for measurement and reflective of the average irradiance in North America, 

used because longitude, season, and time of day (corresponding to zenith angle) make irradiance variable. 

The total conversion efficiency then is a ratio of the generated maximum power and the incident power.  

Typical values for crystalline silicon are a Jsc of 35 mA/cm
2
, Voc up to 0.65 V, FF 0.75 - 0.80, conversion 

efficiency = 17 -18% [7].  

TCO films are primarily compared with conductivity, parameters of which can be measured with 

the Hall effect equipment available. Conductivity (ů) is the inverse of resistivity (R), and using the Drude 

model can be characterized by mobility x carrier density x carrier charge: 

„   ὲὩʈO  ὲή‘  ὴή‘     (2.7) 

where mobility (µ) is the drift speed (eɚ) over the applied electric field (mv). 
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Film resistance can be directly measured and exemplifies the number of free carriers available. 

The cell resistance and power generation sections are drawn in Figure 2.7) as circuit diagram. 

 

Figure 2.7: Solar cell circuit schematic. 

 

Figure 2.8: CdTe solar cell. 

The p and n type have already been discussed, but there is another generation and resistance 

component, the TCO. While not specifically generating voltage alone, the TCO is an additional n-type 

material that works with the p-n junction to add to total voltage output.  The transparent conducting oxide 

(TCO) is a class of conductive and transparent materials. While frequently used in optoelectric devices 

like touch screens, the TCO is also used in thin film solar cells as a top conduction layer. This negates the 

use of a screen-printed front metal contact networks typical of silicon cells.  

In order to be effective, the TCO should have a high level of clarity so there is no shading of 

photon energy, and it should have a low resistance to reduce any losses in the circuit. Chemical and 

thermal durability are also critical properties for cell longevity. Although TCO resistivity (around 5 x 10
-

4
ɋȚcm) is several orders of magnitude higher than metals (2 x 10

-8
 ɋȚcm) [8] it is an improvement on 

reducing the light to the rest of the cell.  

2.3 Processing of TCO Films 

There are a variety of film deposition methods (CVD, PVD, ED, CSS) [9] used to apply a TCO to 

(most commonly) low Na glass or treated soda lime glass  [10]. The typical TCO, fluorine doped tin 

oxide (SnO2:F), is costly and often requires an additional buffer layer for CdTe films [11][10]. NREL 

research determined several advantages of Cd2SnO4 over the conventional SnO2: resistivies 2-6 times 

lower (1.5x 10
-4
 Ý), high mobility, high carrier concentration, and improved optical properties [12]. After 

depositing the TCO, the n-type CdS is deposited and a junction is made between the p-type CdTe with the 

metal backing.  Various anneals and surface treatments are used throughout to improve contacts and 
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increase crystallization. Due to the variance in processing options, the focus of this paper shall be the 

Cd2SnO4 TCO with deposition methods consistent with CSM and NREL lab research: 

1) Sputter amorphous cadmium tin oxide film onto a room temperature substrate 

2) Anneal film at high temperature in contact with a CdS film on a separate substrate 

The initial film is sputtered from a stoichiometric Cd2SnO4 ceramic target. The targets used at 

NREL and CSM are made by Materion (formerly Cerac) by hot-pressing pre-reacted Cd2SnO4 powder. 

The Cd2SnO4 powder is made by sintering a stoichiometric mixture of CdO and SnO2 powders and then 

milling the sintered product into a fine powder. The hot pressing is performed in a graphite crucible, 

which results in some oxygen being removed from the target. The pressed target is annealed in oxygen to 

return it to a fully oxidized state. X-ray diffraction shows that the as-delivered targets are polycrystalline 

rhombohedral Cd2SnO4 (Figure 2.9) [13]. 

 

Figure 2.9: XRD of the three doped targets. 

 

The initial film is sputtered using an RF magnetron sputter gun in a vacuum chamber. The sputter 

gas volume is 50% Ar + 50% O2 at 10 mtorr. The added oxygen is used to combat oxygen depletion in the 

target due to plasma interaction, and stabilize the sputter target surface composition. A pure argon 

atmosphere will cause the target surface to be reduced to a Cd-Sn alloy and cause the deposited film to be 

only partially oxidized. The sputter power is 100 W from a 13.56 MHz radio frequency power supply. A 

100 minute deposition under these conditions produces a 400 nm thick film on a room temperature 3òx3ò 

borosilicate glass substrate. The substrate is rotated during deposition at approximately 20 rpm to produce 
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a uniform film thickness across the substrate. XRD of the as-deposited film shows it is amorphous, and 

XPS shows that it is a cadmium tin oxide composition. A CdS contact anneal performed on the cadmium 

tin oxide film to crystallize and add additional Cd ions to the lattice (doping). A borosilicate glass plate 

with a 200 nm thick CdS film on it is placed on top of the cadmium tin oxide film. The two films are 

annealed face-to-face in a nitrogen atmosphere in a tube furnace. The anneal consists of a 20 minute ramp 

to 400
o
C, a 30 minute dwell at 400

o
C, a 12 minute ramp to 600

o
C, a 60 minute dwell at 600

o
C, and a 3-4 

hour cool to room temperature. XRD of the annealed film shows it to be cubic polycrystalline Cd2SnO4. 

Typical films have high optical transmission and bulk resistivity around 2.5 x 10
-4
 ɋȚcm. 

Annealing in nitrogen with no CdS plate also causes the film to crystallize and become 

conductive, but the crystals are smaller and the conductivity is not as high. CdS has a vapor pressure near 

3 mtorr at 600
o
C. Experimentation with adding elemental Cd or S to the tube furnace indicates that Cd is 

the active material in the CdS contact plate anneal. It appears that the Cd aids the film crystallization 

slightly and increases the free electron density in the film by a factor of 3-7. The Burstein shift effect 

results in increased Eg due to high doping. It has been investigated that the resulting O vacancies from 

post-deposition annealing increases carrier concentrations due to the Burstein shift effect [14]. 

CdS annealed films exhibit a hazy region around the perimeter shown by XPS as a Sn-depleted 

composition. Tin sulfide has a vapor pressure  approximately twice as high as CdS at 600
o
C, and may be 

reacting with S vapor from the CdS plate and sublimating, leaking out from between the edges of the 

plates. The haziness, caused by film roughness can be removed by etching the annealed film in a solution 

of 0.3 mL bromine in 50 mL methanol for 3 minutes. The etched film has a very clear, uniform 

appearance. 

2.4   Relevance of Project ï Prior Work  

There are three major commercial TCOs: fluorine doped tin oxide (SnO2:F), aluminum doped zinc 

oxide (ZnO:Al), and indium tin oxide (ITO, 90% In2O3, 10% SnO2 by weight). Zinc oxide can be doped 

using other materials, but Al is cost effective. Zinc oxide is being used in some thin film amorphous Si (a-

Si) or Cu(In,Ga)Se2(CIGS) photovoltaic panels, but it is observed to have poor chemical and thermal 

stability. Encapsulation with very low water vapor transport rates is required to make durable 

photovoltaic panels. ITO is also used in some thin film a-Si or CIGS photovoltaic panels, but the indium 

content makes this option costly [15]. 

CdTe is the only commercially successful thin film photovoltaic technology to date [7]. The front 

layer in a CdTe solar cell is a TCO, generally SnO2:F. Tin oxide is used because it has extremely good 
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thermal and chemical durability, necessary for producing high efficiency CdTe solar cells. Its optical and 

electronic properties are also unaffected by water vapor exposure. 

The challenge with using SnO2:F in CdTe cells is that its optical transmission and electrical 

conduction are not as good as ZnO or ITO. This reduces the efficiency of the CdTe cells by reducing their 

photocurrent and fill factor. In the laboratory, this has been overcome by using a different transparent 

conducting oxide, Cd2SnO4. It can have extremely good optical and electronic properties, and also 

tolerates high temperatures well. However, the processing methods that are used to make high quality 

laboratory films are not amenable to large scale commercial production. 

The difficulties presented by lab processing are the post-deposition contact anneal and the 

postanneal etching. Neither process is particularly compatible with rapid processing on a large substrate. 

Ideally, we want to develop a process that makes high quality as-deposited Cd2SnO4 films with no need 

for a post-deposition anneal and thus no need for a post-anneal etch. Barring that, a process that uses a gas 

phase post-deposition anneal with no post-anneal etch could be acceptable. 

Various treatments in an attempt to overcome these challenges have been tested on Cd2SnO4 thin 

films. One method was ion implantation to modify the structural and optical properties with Ag 
9+

, which 

resulted in roughness increases so large the absorption and transmission collapsed [16]. A ZnSnOx buffer 

layer was investigated successfully by NREL to reduce the probability of forming localized TCO/CdTe 

junctions when the CdS film layer thickness is decreased. This is attributed to the ZTOôs high bandgap 

and resistivity matching to the CdS. It can also act as an etch-stop layer and reduces back layer shunting 

[12]. 

Many n-type dopants for SnO2 and Cd2SnO4 TCOs have been investigated by a number of groups 

for improvements to carrier mobility and conductivity. PbO doping in Cd2SnO4 with an anneal was found 

to greatly improve the film properties, perhaps due to a sintered network from the oxidation of Pb 

mobility (Pb
2+

 Ÿ Pb
4+

+2e
-
)[17].  In2O3 and SnO2 n-type dopants investigated using EELS (electron-

energy-loss-spectroscopy) into Cd2SnO4 demonstrate mechanisms of the electron carriers. Indium doping 

is compensated by In (III) onto Sn (IV) and Cd (II) sites compared to the less effective doping onto Sn or 

Sb sites, which only sponsors one carrier per dopant atom [18]. Indium and tantalum combined doping 

from metal powder deposition on Cd2SnO4 assist the oxygen vacancies and interstitial cadmium as 

electron donors. Other materials [In, Sn, Nb, Va, W, Mb] were seen to accumulate in secondary phases or 

along grain boundaries as electrically inactive [19].  

In 1975, Ta doping was tested using targets made by a settling technique in Cd2SnO4 (Ta 0.02% 

doping). It was found that with an anneal between 400-700
o
C in Ar or CdS film properties were improved 
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[19]. This confirmed tantalum as an n-type dopant, but progress moved towards the lab-standard CdS 

plate anneal instead due to the presence of secondary phases (CdSnO3 and CdO) generated from the 

older-technology targetsô uneven deposition rate. It was also determined that heated deposition, dependent 

on substrate crystallinity, could generate crystalized films (400-500
o
C for glass, 150

o
C for single crystal 

Si). The mechanism is thought to be CdO diffusion into Cd2SnO4 to form interstitial donors. Improved 

Hall mobility plotted as a function of electron concentration is shown in Figure 2.10. 

 

Figure 2.10: Cd2SnO4 and .02% Ta doping and anneal mobility [19]. 

 

While large conductivities can be achieved with high free-carrier concentrations and mobilities, 

the free carrier increase can add to absorption and recombination. The Ta doped film at 500
o
C substrate 

deposition gave 1.7 x 10
20

 cm
-3
 carrier concentration. Higher concentrations due to increased doping 

could not be investigated because the solubility of Ta limits target preparation. 

The work done in 1978, which has not been investigated in a published manner since, 

recommends: 

ñThe economics would improve significantly if conditions were found for the 

formation of single-phase Cd2SnO4 films. If this were the case post-deposition heat 

treatment might be unnecessary and even more attractive transparent electrode 

properties could be expected as a result of potentially higher electron mobilities.ò [20] 

2.5  Thesis Work  

Previous work was done many years ago demonstrating Ta as an n-type dopant in Cd2SnO4.  

Improved technology (hot pressed targets and enhanced sputtering knowledge) allows current research to 

enhance the level and stability of Ta doping. The 1975 study target was made by mixing component 

powder in a methanol suspension and settled. For this work, the Ta-doped targets Cd2SnO4 targets were 
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made by a more standard process.  The targets used from Materion were made in a similar manner to their 

undoped Cd2SnO4 targets, but tantalum oxide was added to the powder mixture before it was sintered. 

The amount of tantalum oxide added corresponds to 1%, 5%, and 10% Ta by weight. These targets held 

up well during deposition with minimal cracking, similar to undoped targets, with increased doping 

reducing the amount of cracking due to thermal an RF plasma forces.  

This research involves investigation of the doping at 0-10% with variation of chamber pressure, RF 

power, and substrate temperature. Additional post-deposition annealing of the films is also required in 

order to crystalize some of the films. The annealing parameters available for investigation include time, 

temperature, and whether a contact plate is used. Goals of the project reflect the characterization and 

investigation of a tantalum doped film performance. TCO film performance has been outlined as high 

optical transmission in NIR range, defined surface morphology for efficient light trapping and charge 

collection, good thermal and chemical stability, and low-cost growth process [21]. 

Questions of interest include whether a Cd2SnO4:Ta deposited at room temperature can be annealed 

without a CdS contact plate to make a high quality Cd2SnO4 film, whether annealing a doped film 

deposited at high temperature will improve it properties, and whether a CdS contact anneal will improve 

the properties of a doped film. Additional research of TCOs involve pulsed DC deposition, known to 

increase deposition rate while retaining film quality for similar TCO films. The RF plasma sputter process 

is modeled in Fluent with an added plasma model done in Comsol. The modeling is designed to predict 

deposition rates and can be used to optimize parameters. 

2.5.1    Measurements  

Typical characterization measurements to describe how the TCO will perform in photovoltaic cells 

include growth rate, surface roughness, crystalline structure, optical properties, electronic properties, and 

mechanical properties. 

Profilometer 

Film growth rate is characterized by masking the film, chemically etching the exposed region, 

and then using a Tencor P10 stylus surface profilometer to determine the film thickness. The stylus 

measures with continuous line scans taking differential height data at a set frequency.  The distance 

between data points is set by the combination of scan speed and sampling frequency. Measurements were 

taken at 300 ɛm scan at 50-100 µm/s and 100 Hz sampling with 5 mg force. The line length maximum 

depends on the z-axis variation. For general error, the step height repeatability is 0.001 µm maximum in 

the 13 µm range, and 0.005 µm maximum in the 300 µm range. Ra and Rt (the roughness variation 

maximum and average) is reflective of error of thickness measurements for a particular film. All films 
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were measured 2-5 times in various locations depending on precision of measurements to reduce errors 

due to uneven film deposition or etching irregularities. Thickness measurements are the largest 

contributor of error in electrical characterization as many of the values must be normalized (dividing by 

thickness) and is the least-repeatable due to the multiple steps involved. As this is an investigative project, 

error calculations or multiple trials for a single parameter set are not included. 

 

Figure 2.11: Profilometer photo. 

Hall Effect 

Hall effect is measured by a BioRAD semiconductor HL550PC Hall effect system at room 

temperature using 10 mm x 10 mm Van der Pauw samples with a 10 mA probe current. The Hall Effect 

equipment measures current over 4 probes with a varied electromagnetic field. A 1 cm
2
 square of the film 

is cut and indium contacts are soldered to the corners for improved conduction. The nodes are placed on 

the filmôs contacts, shown in Figure 2.12. 

 

Figure 2.12: Hall Effect setup in chamber. 

The magnetic field is used to create an asymmetric charge density from the Lorentz force, where 

the magnetic field is not parallel to charge motion. The current consist of movement of charge carriers 

(electrons and holes). Hall coefficient is the ratio of induced electrical field over the current density: 

Ὄὅ  
  

       (2.8) 
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where n is the electron concentration, p is the hole concentration, µ is mobility (electron or hole), and e is 

the absolute value of the electronic charge. The mobility [cm
2
/V-s] is calculated with an I-V curve. 

Electronic properties such as bulk resistivity, charge mobility, and free carrier concentration can 

be determined from Hall Effect measurements, done at room temperature. These are the primary electrical 

properties that will be compared for various films in this work. 

Spectrophotometer 

A spectrophotometer measures optical reflection, transmission, and absorption. Reflection and 

transmission are measured directly, and from these properties, absorption is calculated. If the film 

thickness is known, the absorption can be used to calculate a bulk absorption coefficient for the film as a 

function of light wavelength. The Cary 5G UV-Vis-NIR Spectrophotometer is used to measure 200-2000 

nm of light. A reflective sphere measured diffuse light while transmission was taken with a flat plate 

sample holder. Samples were normalized to blank substrates. Error is related to wavelength, between UV-

visible light and NIR (~1100-2500 nm), and is outlined in Table 2.1[22].  

Table 2.1: Spectrophotometer relevant error. 

 UV- VIS NIR 

Limiting Resolution < 0.05 nm < 0.2 nm 

Wavelength Reproducibility < 0.025 nm < 0.1 nm 

Std Dev[10 measurements] < 0.005 nm < 0.02 nm 

Accuracy ± 0.1 nm ± 0.4 nm 

X-Ray Diffraction  

 XRD was carried out using a Siemens Krystalloflex 810 x-ray diffraction apparatus using a Cu KŬ 

(27-40GHz frequency band) x-ray source at room temperature. The diffractograms were collected over a 

2ʃ range of 10-70
o
, a step size of 0.05

o
, and an effective scanning rate of 0.0167

o
/s. The rays penetrate 

both the film and substrate due to thickness, so the peak profile of the glass substrate was also measured. 

XRD data can be used to describe crystallinity of films, frequently illustrating why certain electrical 

properties are seen. 
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CHAPTER 3: STUDIES 

ñThe current activity on oxide film research is aimed at achieving new combinations of functionalities 

of metal oxide thin films grown by magnetron sputtering, and reaching physical limits of the performance 

of these materials. The present research is also covering the investigation of transition metal oxides 

growth processes in order to control the properties through changes in morphology and structureò [21]. 

There are six studies comprising this work: mechanical properties of annealed films, cooling plate design, 

Ta doping of Cd2SnO4, Pulsed DC sputter deposition, and sputter deposition modeled with aspects from 

Fluent and COMSOL. All the studies aim to enhance the understanding of TCOs for an improvement in 

efficiency and a decrease in overall manufacturing cost. 

3.1  Mechanical Properties of Annealed Films 

There has been recent interest in the solar community and by DOE in flexible thin film solar cells 

[23][24]. In the case of CdTe and other thin film cells, it is critical to consider ramifications of replacing 

thicker glass substrates with softer, pliable materials. One major factor is the mechanical properties of the 

TCO layer. The TCO, in this case Cd2SnO4, is a transparent conductor with relatively low resistivity (less 

than 5x10
-4
 ɋĿcm). Cd2SnO4 is used as the glass|n-type interface in rigid CdTe solar cells.  

3.1.1   Introduction  

It has been reported that minor bending or point loading damages amorphous silicon thin film 

flexible cells, reducing short circuit current, open circuit voltage, and fill factor [25]. CdTe films 

deposited on flexible foils or polymer substrates has achieved a maximum 11.3% efficiency [26]. The 

research discusses deposition methods and interface physics such as ohmic contacts, however mechanical 

properties of the interfaces have not been investigated. It is known that the probability of film 

delamination from flexible substrates is increased by mismatched Youngôs moduli and Poisson's ratio. 

This work strives to offer insight with property characterization for Cd2SnO4 for solar cell design or other 

applications with similar design criteria. A study of Cr2O3 thin films found that annealing in different 

oxygen concentrations can increase its hardness from 2.5 to 32 GPa [27], [28]. This work examines the 

relative effects of nitrogen and oxygen annealing atmospheres on Cd2SnO4 film properties.  

3.1.2   Film Preparation 

Colorado School of Mines lab standard practice to create Cd2SnO4 TCOs involves three stages: 

Cd2SnO4 film growth, CdS film growth, and a face-to-face anneal of the two films together.  

Cd2SnO4 thin films were grown on Corning ® Eagle 2000
TM

 borosilicate glass 37 x 37 x 1.1 mm 

thick. After the substrates were cut to 37 mm squares, they were cleaned by scrubbing both sides with 
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Micro-90 detergent and rinsing with deionized water. The rinsed substrates were blown dry with 

compressed nitrogen. The dried substrates were treated in a UV-Ozone cleaner for 30 minutes prior to 

being loaded into the deposition chamber. Four substrates were loaded onto a single substrate holder for 

the deposition. 

 Films were sputtered onto the substrates from a 50.8 mm diameter 6.35 mm thick stoichiometric 

5N pure Cd2SnO4 target manufactured by CERAC [ SS-973-2x1/4"]. The substrate-target standoff 

distance is approximately 15 cm and the substrate is rotated to enhance film uniformity. The steady state 

deposition conditions are listed in Table 3.1. The RF power was started at 30 W, ramped to 100 W in 1 

minute long 10 W steps, held at 100 W for 100 minutes, and ramped down to 30 W in 1 minute long 10 

W steps. The resulting films are smooth, 400 nm thick, highly resistive, transparent, pale yellow, 

amorphous cadmium tin oxide.  

Table 3.1: Cd2SnO4 film deposition parameters. 

Parameter Value 

Ar flow 10 sccm 

O2 flow 10 sccm 

Chamber pressure 10 mtorr 

RF power (forward) 100 W 

RF power (reflected) 0 W 

Substrate temperature 30ºC 

The CdS Eagle 2000 annealing plates were cleaned as described for the Cd2SnO4 substrates and 

loaded into a vacuum chamber. The chamber was evacuated to 3 x 10
-6
 torr, the substrate holder was 

heated to 150
o
C, and the substrates were coated with 150 nm of CdS at 0.3-0.5 nm/s by thermal 

evaporation from 4N pure CdS shards in a quartz crucible. The resulting films are smooth, transparent, 

bright yellow, polycrystalline CdS.  

The cadmium tin oxide coated substrates were annealed face-to-face against the CdS substrates in 

a quartz tube furnace containing a nitrogen atmosphere. The annealing sequence consisted of a 25 minute 

ramp from room temperature to 400
o
C, a 30 minute dwell at 400

o
C, a 15 minute ramp to 600

o
C, a 60 

minute dwell at 600
o
C, and a 3 hour cool to near 100

o
C (Figure 3.1). The resulting films are 

stoichiometric Cd2SnO4 with a cubic x-ray diffraction pattern. They are transparent in the center of the 
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substrate but tend to be hazy near the edges. Profilometer measurements show that the center of the film 

is as smooth as the as-deposited film, but the edges are significantly rougher. XPS measurements show 

that the roughened region has a Sn-poor composition, which may be due to volatile tin sulfides leaking 

from between the plates during the CdS surface plate anneal. The annealed film can be smoothed by 

etching for 2 minutes in a solution of 0.3 mL bromine in 150 mL methanol followed by a rinse in 200 mL 

of clean methanol.  

 

Figure 3.1: Anneal temperature profile. 

 

Two of the Cd2SnO4 films prepared by this process were annealed a second time without a CdS 

plate in an atmosphere of either nitrogen or oxygen. The temperature profile of these secondary anneals 

was the same as for the initial anneal with the CdS contact plate. It was hypothesized that the film 

annealed in oxygen may display a change in mechanical properties as previously reported for chromium 

oxide films [25]. The N2-annealed film served as a control to determine whether any changes observed in 

the O2-annealed film were due to the oxygen ambient or the extra thermal processing. The properties of 

the three films (standard film, N2-annealed film, and O2-annealed film) were measured and compared.  

3.1.3   Film Characterization 

X-ray Diffraction 

X-ray diffraction measurements were made to determine the films' crystal structure. The 

measurements were made in a Siemens Krystalloflex 810 x-ray diffraction apparatus using a Cu KŬ x-ray 

source. Figure 3.2 shows the x-ray diffraction patterns for the N2-annealed and O2-annealed films. Their 

peak locations agree well with the powder pattern for cubic crystalline Cd2SnO4 [29]. This indicates that 

a) the films are single-phase cubic Cd2SnO4, and b) the oxygen anneal did not cause any bulk chemical or 

structural changes in the Cd2SnO4 film.  



20 

 

 

 

Figure 3.2: X-ray diffraction patters for the N2-annealed and O2-annealed films. 

Hall Effect 

Table 3.2 compares the electronic properties of 0.3 µm thick standard, N2-annealed, and O2-

annealed films as determined from Hall effect measurements.  

Table 3.2:  Electronic properties determined from Hall Effect measurements. 

Parameter Standard process N2-annealed O2-annealed 

Sheet resistance (ɋ/sq) 19.8 24.6 156 

Hall Coeff. (m
2
/C) -.0596 -0.0761 -0.219 

Mobility (cm
2
/V-s) 30 31 14 

Carrier type n n n 

Carrier conc. [1/cm
2
] 10e+15 8.2e+15 2.8e+15 

 

The Hall effect results show that the oxygen anneal dramatically increased the film's sheet 

resistance. The increase can be attributed to both a reduction in carrier mobility and a reduction in carrier 

concentration. Oxygen vacancies have been postulated as a doping mechanism in Cd2SnO4 films. 

Annealing in oxygen could remove oxygen vacancies, reducing carrier concentration. The films showed 

no significant change in x-ray diffraction pattern, so the reduction in carrier mobility in the O2-annealed 

film cannot be attributed to major recrystallization. A plausible explanation is that the oxygen anneal 

increased the charge transport barrier at the grain boundaries, reducing the low-frequency charge carrier 

mobility that is measured by Hall effect.  
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Optical Transmission and Reflection 

The optical transmission and reflection of the films was measured with a Cary 5G 

spectrophotometer. Transmission was measured using the standard flat plate sample holder and reflection 

was measured using the diffuse reflectance accessory. Both measurements are normalized to a bare 

substrate.  

 

Figure 3.3: Transmission through film. 

 

Figure 3.3 shows the transmission through the film for wavelengths ranging from 300 nm to 2000 

nm. The oscillations occurring from approximately 400 nm to 1000 nm are due to constructive and 

destructive interference in the film. There are two notable features in this plot. First, the transmission for 

all of the films shows a rapid drop to zero as the wavelength decreases from 400 nm to 300 nm. This 

indicates a Cd2SnO4 band gap in that range. Second, the transmission through the standard film drops 

significantly compared to the N2 and O2 annealed films for wavelengths longer than 1400 nm. This is 

likely due to infrared absorption by free carriers in the film, which is consistent with the Hall effect 

measurements indicating that the standard film has a higher free carrier concentration than either the N2 or 

O2 annealed films.  
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Figure 3.4: Reflectance of the films. 

 

Figure 3.4 shows the reflectance of the films from 300 nm to 2000 nm. The reflectance also 

exhibits oscillations in the 400 nm ï 1000 nm range due to constructive and destructive interference, 

which is commonly observed in smooth thin films. It is notable that the standard film shows a slightly 

higher reflectance than the N2 and O2 annealed films at wavelengths longer than 1700 nm.  

 

Figure 3.5: Ŭ
2
 as a function of photon energy with linear regression lines. 

 

The absorption coefficient Ŭ for the three films was calculated over the range 300 nm ï 425 nm 

using the measured transmission and reflection data and the measured film thicknesses. Figure 3.5 shows 

a plot of Ŭ
2
 as a function of photon energy (eV) and an extrapolation of its linear section to Ŭ

2
 = 0 for each 
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of the films. Assuming the direct band gap relationship Ŭ
2
 = A(Eph-Eg)

0.5
 holds for this material (where A 

is a constant, Eph is the photon energy, and Eg is the band gap energy), the x-intercepts show the band gap 

for each film, seen in Table 3.3. 

Table 3.3: Band Gap calculated 

 Eg (eV) 

standard 2.93 

N2-Annealed 2.88 

O2-Annealed 2.78 

3.1.4   Nanoindention 

A Hysitron TI 950 triboindenter nanoindenter was used with a cube corner tip and 2-axis scratch 

transducer to examine the mechanical properties of the films. Figure 3. is a schematic of the tip loading 

and zones experienced in the film. A 5 micron section was measured with 50 indentations. Each 

indentation was displacement controlled, loading to a depth of 40 nm in a 1 second period and then 

unloading in a 1 second period.  Primary instrument errors for this equipment are caused by vibrational 

noise, thermal variations, and the rigidity of the sample. Because these films are not viscoelastic, taking 

measurements over short time steps (<1 second) will reduce noticeable drift. Fully equilibrating the 

sample to 20
o
C adds to the robustness of the data [30]. 

 

Figure 3.6: Indentation Schematic. 
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Figure 3.7: Loading curves for 10 probe sites, typ. 

 

Figure 3.7 shows 10 loading curves from the nanoindenter test, where an applied force is 

correlated to a displacement for each node measured. The slope [dP/dh] of the unloading portion 

corresponds to the stiffness (resistance to deformation). The annotations denote ho (effective indentation 

depth), hc (contact depth), and he (maximum indentation depth). The elastic deformation depth 

(deformation above the contact area), hs, can be calculated by subtracting he and hc, (Figure 3.6). 

The slope [dP/dh] of the unloading portion corresponds to the stiffness (resistance to 

deformation). The annotations denote ho (effective indentation depth), hc (contact depth), and he 

(maximum indentation depth). The elastic deformation depth (deformation above the contact area), hs, can 

be calculated by subtracting he and hc, (Figure 3.). 

Hardness (H) is a measure of deformation resistance and can be calculated as a function of 

pressure (P(depth)) and indentation area (Ar):  

      (3.1) 

Note hardness is a continuous function with a direct relationship to penetration depth and 

corresponding loading, as seen in Error! Reference source not found.. The data does not show a spike 

in the hardness near the surface, indicating there are no significant effects from surface roughness [31].  

Error! Reference source not found. demonstrates the difference in hardness for each node for the N2 

and O2 anneals. The average hardness for the N2-annealed film is 6.75 GPa. The average hardness for the 

O2-annealed film is 9.10 GPa, 34.5% greater than the N2-annealed film. There is a slight slope, 

H =

Pmax

Ar
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particularly to the O2 annealed hardness, which may be due to substrate interference (borosilicate glass 

properties: hardness - 5.7 GPa [32], Youngôs modulus - 64 GPa [33]). The larger scatter in the data near 

the surface may be due to film composition variations near the surface, or the indent may have been on a 

grain boundary [34]. Overall, the measurements indicate a uniform film.  

 

Figure 3.8: Hardness comparison for each node. 

 

The Reduced Youngôs modulus (Er) is a measure between the compressed length in the elastic 

region to the original length of test piece. The indentation modulus can be different than Youngôs 

modulus , particularly for anisotropic materials, because it is the weighted average of elastic properties in 

a sample volume and the Youngôs modulus is directional [35]. Er can be calculated by: 

       (3.2) 

Where ɓ is a constant related to the test, S is stiffness [ÕN/nm], Ap is indentation area [nm
2
], and 

hC is critical depth [nm]. 

Error! Reference source not found. shows the reduced elastic modulus for each node for the 

N2-annealed and O2- annealed films. It is to be noted that for either case there is no consistent pop-in 

effect or plastic deformation yield point [36]. There is a slight sloping due predominately to substrate 

effects, but is not severe enough to skew resulting modulus values. The average modulus for the N2-
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annealed film is 91.9 GPa. The average modulus for the O2-annealed films is 105.93 GPa, which is 15.3% 

larger than that of the N2-annealed film.  

 

Figure 3.9: Elastic modulus vs critical depth for O2 and N2 films. 

 

The elastic modulus (Es), the ratio of stress to strain, is determined by [10]: 

       (3.3) 

where, Ei and vi for a diamond indenter are 1141 GPa and 0.07 respectively. 

Poissonôs ratio can be estimated between 0.27 and 0.3 based on similar thin films [37], [38]. 

Given this approximation, Es is between 91 and 93 GPa. For frame of reference, it was found in other 

works that at the aluminum back contact of crystalline silicon solar cells, there is a eutectic Al-Si alloy 

with an Es of 72 GPa average at 1.5 mN, but the back contact overall (bulk Al and eutectic layer) was 43 

GPa [31]. Table 3.4 summarizes results regarding mechanical properties. 

Table 3.4: Nanoindenter results summary. 

Property Maximum Average Standard Deviation Units 

Hardness N2 8.49 6.75 0.695 GPa 

Hardness O2 10.37 9.10 1.13 GPa 
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Table 3.4 continued 

Property Maximum Average Standard Deviation Units 

Stiffness O2 
 

11.18 
 

µN/nm 

Reduced Youngs Modulus N2 106 91.9 6.05 GPa 

Reduced Youngs Modulus O2 125.09 105.93 7.36 GPa 

Property Maximum Average Standard Deviation Units 

Elastic Modulus N2 
 

91-93 
 

GPa 

Elastic Modulus O2 
 

106-108 
 

GPa 

Strain Rate Sensitivity N2 
 

1.51 0.23 - 

Strain Rate Sensitivity O2 
 

1.52 0.23 - 

3.1.5   Conclusions 

For use in a flexible device, the transparent conducting oxide must have a similar elastic modulus to 

the other components, a case-specific design problem. When a TCO is used as a wear coating, its 

hardness is the most important factor. However, with previous goals oriented to optimal electrical 

properties, the TCO has been refined to have a structured lattice that allows for the ease of electron 

motion, and uniform doping with few impurities that can strengthen the material. Internal stresses build 

due to deposition, which also contribute to hardness, but are relaxed during annealing.  

In order to enhance the viability of Cd2SnO4 thin films produced by the given procedure as a top coat, 

additional atoms added to the lattice may improve hardness. It has been shown that the addition of oxygen 

into the lattice can harden the structure by 34.5%, and increase the elastic modulus by 15.3%. However 

the tradeoff for hardness is a decline in electrical properties. The elastic modulus for a film annealed in 

nitrogen ~92 GPa, oxygen ~107 GPa; average hardness for nitrogen 6.9 GPa, oxygen 9.10 GPa. To give a 

comparison: fuzed silica SiO2(E = 69 GPa, h = 9.1 GPa), Si single crystal (E = 135 GPa, h = 12.5 GPa), 

[39], SiC (h = 9.22 GPa) [40], ITO  (E = 99 GPa, h = 6.5), IZO (E = 141 GPa, h =10.6) [41]. 

 

3.2  Cooling Plate Design and Build 

The Varian sputtering chamber in the CdTe lab is used to deposit Cd2SnO4 onto glass substrates using 

RF plasma sputtering. An RF power supply adds an alternating current to magnet setup behind the target. 

The generated magnetic field is used to control the active gas ions in the plasma. Chilled water circulates 
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in a copper chamber to cool the magnets and target. A heating coil < 7ò (178 mm) from the target can 

generate heat in the concentric substrate up to 550
o
C. However, with existing cooling systems 

temperatures greater than 300
o
C can damage the sputter gun. Due to the temperature limitations of the 

existing sputtering chamber, an additional cooling plate was designed to sit inside the vacuum chamber 

with adjustable 0-30 gph chilled water feed.  

Solidworks pressure and heat transfer simulations were completed in the design phase. The design 

parameters were to optimize cooling and as a heat shield against radiative heat, as well as budgetary 

limitations and ability for future equipment expansion. Figure 3.11 and Figure 3.12 are photos of the 

Varian sputtering device and inside the chamber. There is currently only one RF magnetron sputtering 

head but the system is set up for two, so a cutout was included in the design to allow for future expansion. 

Cooling water runs through the aluminum plate, machined using CNC, and a top plate of the same 

dimensions was hand welded around the edge.  Figure 3.13 shows a cutaway of the water path. The 

system assembly is seen in Figure 3.14. 

 

Figure 3.10: Varian RF sputtering photo. 
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Figure 3.11: Inside deposition chamber photo. 

 

Figure 3.12: Solidworks model inside of 

chamber. 

 

Figure 3.13: Solidworks model of cooling plate. 

 

 

Figure 3.14: Model of cooling plate inside 

chamber. 

This improvement to the sputtering machine allows for deposition on substrates heated to 550
o
C 

with protection to the RF sputtering guns and target stability. Aluminum was chosen with İò diameter 

Swagelok fittings to insure there is no chemical reactivity with the deposition process. While thicker or 

stiffer metal was desired, budgetary limitations necessitated the use of bolts welded to the top plate to 

prevent any separation and leakage over the water cutouts. 
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Figure 3.15: Cutout dimensions on plate, inches. 

 

The channels are İò wide as well as the inlet and outlet fittings to eliminate pressure drops to the 

system. The inlet flow is spliced from an existing cooling water channel with a reinforced vinyl water 

hose. The outlet of the chilled water plate runs directly to the chamber cooling panels, visible in Figure 3.. 

To combine the top and bottom CNC plates, TIG welding on all edges was done. Originally pins were 

used, welded top and bottom, to withstand outward pressure of the water in the chamber at 50 gph (1.6% 

max installed water flow). It was found that the welding did not hold as anticipated, perhaps due to the Al 

rod pins having built up an oxide layer, reducing the effectiveness of the weld. The projected water 

pressure may also have been significantly higher than anticipated, as the piece was tested on an 

unconstrained direct loop to the chiller rather than on the needle valve controller to the chamber. Instead 

of pins, bolts were used with weld caps to add both strength and water-tight seals, seen in Figure 3.16.  

 

Figure 3.16: Finished plate [without legs attached]. 
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Four legs are done with 4ò long, İò diameter tapped aluminum rod. These can be exchanged out 

easily if target angles or geometry are varied in the future. The utilization of this cooling plate allowed for 

the Ta doping study and PDC study with depositions at 550
o
C for up to four hours hot (2 hr deposition, 1-

2 hour warming and thermal stabilization), with no negative damage to the system or its components. 

 

3.3  Tantalum Doping Study [T1-4] 

Cd2SnO4 is a desirable TCO because of its low resistance and high transparency. Standard Cd2SnO4 

processing involves a high temperature post-deposition contact anneal and a post anneal etch in order to 

adequately dope the material as n-type while maintaining favorable optical and electrical properties. 

However, this contact annealing is not practical for large-scale manufacturing. 

3.3.1   Background  

The goal of this study is to eliminate the need for a post anneal and, in doing so, take a limited lab-

scale high quality film to a large scale processing level. Ideally, we want to develop a process that makes 

high quality as-deposited Cd2SnO4 films with no need for a post-deposition anneal and thus no need for a 

post-anneal etch. 

In addition to growing conductive crystalline as-deposited films, they also must have high n-type 

doping. Cd2SnO4 as a TCO has very little research in Ta doping, attributed to its limitations in 

commercial use. One study done with outdated technology identified Tantalum as an n-type dopant. It 

was seen that the n-type doping increased as the Ta doping increased. Tantalum has the right number of 

valence electrons to be a donor if it substitutes onto Cd or Sn sites (group V). It also is the right size to fit 

onto either of those sites.  

For this work, we want to examine Ta-doped Cd2SnO4 targets of increasing doping levels [1%, 5%, 

and 10% by Ta mass percent] made by a standard hot-press then sintering process. This study investigates 

the filmôs quality as a TCO with temperature [20, 300, 400, 500, 550
o
C], doping levels [0, 1, 5, 10%], and 

post anneals [standard, high temp, with CdS] compared to a baseline standard target. The goal is to 

determine whether a Cd2SnO4:Ta film deposited at room temperature can be annealed without a CdS 

contact plate to make a high quality Cd2SnO4 film, if annealing a doped film deposited at high 

temperature will improve it properties, and if  a CdS contact anneal will improve the properties of a doped 

film. Also if a high temperature deposition can make a good as-deposited film. 
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3.3.2   Target Information  

Targets are manufactured by Materion Advanced Chemicals [formally CERAC] and are made by hot-

pressing pre-reacted Cd2SnO4 powder. The Cd2SnO4 powder is made by sintering a stoichiometric 

mixture of CdO and SnO2 powders and then milli ng the sintered product into a fine powder. The hot 

pressing is performed in a graphite crucible, which results in some oxygen being removed from the target 

with added Ta oxide. The pressed target is annealed in oxygen to return it to a fully oxidized state.  

Targets are labeled T1-T4 as seen in Table 3.5, and will be referenced as such in the rest of this study.  

 

Figure 3.17: Ta target in chamber. 

Table 3.5: Tantalum doped targets. 
 

Target Ta doping [Mass %] Ta doping [Weight %] 

T1 0% 0% 

T2 1% 1.22% 

T3 5% 6.04% 

T4 10% 11.95% 

The theory behind varying doping percentage is to increase the available electrons for excitation; 

however minority carriers decrease as doping increases. There is an optimal doping level beyond which 

overdoping decreases film efficiency. This study will determine if Ta is a viable dopant at levels above 

1% and, at what percentage does overdoping start to hinder film properties. 

3.3.3   Deposition Overview  

Standard Cd2SnO4 film deposition procedures were used in all films, unless otherwise specified. 

This method involves first cleaning glass substrates using Micro 90, then an immediate 30 minute ozone 

clean. Films were deposited on 37 mm Eagle 2000 borosilicate glass to avoid Na diffusion influence seen 

in the commercially standard soda-lime glass. A 13.56 MHz RF source with matching network to power 

an AJA magnetron sputter gun [model ST-20, serial # ST20-0461] generated the sustained plasma. The 

chamber was maintained at 10 mtorr with 10 sccm O2 and 10 sccm Ar at approximately room temperature 

(20-30
o
C). The substrate holder turned at 20 rpm to promote film uniformity. 400 nm films were 

generated over 100 mins at 100 W RF power (0 reflected power).  

To make conductive n-type films with Cd2SnO4, an additional CdS face-to-face anneal is required 

at 600
o
C for 1 hour. The CdS films were made by thermally evaporating solid CdS chips at 3 x 10

-6
 torr. 
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The Eagle 2000 glass substrate (75 mm square) was heated and equilibrated at 150
o
C. Deposition 

occurred between 0.3 and 0.5 nm/s until 200 nm thickness was achieved.  

The anneal was done in a nitrogen-purged tube furnace on a quartz tray. The CdS films were laid 

face down touching the Cd2SnO4 film surfaces. For a standard anneal (referenced as óstandardô in tables), 

a preliminary ramp to 400
o
C then 30 minute dwell prefaced the 600

o
C 60 minute anneal to avoid issues 

with thermal expansion and maintain the entire films equilibrium. It has been found that simply annealing 

in nitrogen also causes the film to crystallize and become conductive, but the XRD peaks are not as large 

and the conductivity is not as high as with the CdS cover plate.  Additional high temperature anneals to 

800
o
C [ófastô and óslowô in tables] were done in an attempt to attain crystallinity for T3 and T4. These 

temperature profiles as well as the standard anneal are shown in Figure 3.18. 

 

Figure 3.18: Temperature profiles for post-deposition anneal. 

 

A post etch using bromine is typically done on CdS annealed films to improve optical 

transmission and electrical contacts by removing the hazy top sulfide coating. After 3 minutes in a 

solution of 0.3 mL bromine in 50 mL methanol, the films typically increase in transparency and 

conductivity. It was found that in doped targets, the etch was preferential to grain boundaries influenced 

by the Ta. The resulting films were significantly worsened, so only the undoped films were etched for this 

study.   
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3.3.4   Depostition Rate  

Film deposition rate is critical in the commercial applications, directly related to production cost 

and supply limitations. The deposition rates are shown for films deposited on glass substrates in Figure 

3.19 (data listed in PDC section 3.4.4   Deposition Rate). 

 

Figure 3.19: Deposition films at various doping temperatures. 

 

It is seen that the undoped films typically have a higher deposition rate compared to doped films. 

This may be a side effect of the size of the tantalum ions inhibiting the Ar
+
 interaction in the plasma 

particle stream. Another consideration is if the plasma preferentially removed ions until Ta became the 

primary surficial interface. With increased temperature, the deposition rate decreases but increases again 

at temperatures of 550
o
C. The decrease is explained with density variations inhibiting effective plasma 

interaction and the significance of a ósticking factorô is currently unknown.  

It is noted that high pressure has a much lower deposition rate compared to the standard 

deposition pressure of 10 mtorr. Higher pressures were required at higher temperatures to maintain the 

plasma. As the heat is non-uniform across the plasma arc, more gas atoms (Ar) are required to generate 

and sustain the arc when density variation is prevalent. On the other hand, a low pressure gives a high 

deposition rate due to the charged ions within the plasma having a larger mean free path with less atoms 

in the way. The plasmaôs effectiveness increases in the target removal, however 10 mTorr was 
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experimentally chosen as a standard practice to produce highly conductive films. The plasma interaction 

with deposition is described in detail in the Comsol modeling.  

3.3.5   Electrical Properties  

The TCO acts as a front contact to complete the solar cell circuit, so high conductivity is critical. 

The mobility and carrier concentration describe the photoelectric performance of the film as an n-type 

material as well as directly correlate to resistivity. Measurements for resistance with a multimeter [BK 

Test Bench 391] were done to get general values, but the Hall Effect Measurement System was used for 

more accurate data collection. The Hall effect operates similar to a wheatstone bridge but uses magnetic 

fields to obtain electron mobility and concentration of carriers as well as resistance. For thin films, sheet 

resistance is related to bulk resistance by the formula: 

Rbulk[Ý-cm] = Rsheet [Ý/sq] * thickness [cm]     (3.4) 

Because the films have slightly variant thicknesses, the bulk resistivity is critical for direct 

comparison. Another normalized value is the carrier density, calculated by carrier sheet concentration 

divided by the thickness.  

It is clear that thickness plays a critical role in the propagation of error for electrical property 

calculations. The thickness is determined for each film using a Tencor P-10 Surface Profilometer. The 

deposited films were etched using a baked photoresist painted on half the film and high concentration HCl 

bath. The photoresist was then removed using ammonia and the film step was measured. The error 

associated with the profilometer is minimal, only a few angstroms. However the error introduced by film 

roughness or discontinuity is notable. The Ra and Rt, or average roughness and maximum [total] 

roughness are shown in the appendix. These values are indicative of errors in thickness and have been 

averaged over 2-5 measurements on varying locations on the film.  

There is another significant source of error associated with the higher doped films (T3 and T4). 

Etching with the standard HCl, or HNO3 was not effective. Either the film etched poorly, in that the 

photoresist was also partially removed, the etch did nothing, or a clean edge was not created. For striated 

edges, a significantly larger measurement interval was used to capture as much of the film step as 

possible. Solutions to this problem were rather unsuccessful. Research shows that similar thin films etch 

at rates in excess of 2 ɛm/min in solutions of HF/H2O (1:20), HCl/H2O (4:1), HCl/H2O (1:2), 

H3PO4/HCl/CH3COOH (1:1:1), and citric acid/H2O2 (20:1) [42]. Experimentally it was determined that 

fresh aqua regia [1:3 HNO3 to HCl] was somewhat effective, but for higher doping levels was still 

insufficient. Other chemistries were examined such as HCl, HNO3, and HF however the photoresist 

cannot withstand the time length required to remove the Ta doped layers. Considering the results, it is 
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determined that these solutions are acceptable because T2 was still well-etched with the aqua regia, 

however it is to be noted that more error is introduced to the T3 and T4 calculations.  

The tables below incorporate most of the electrical measurements, but trends are easier to view in 

the figures that follow. The notation óCdSô reflects a cadmium sulfide plate added as a face-to-face 

anneal. All other anneals are done without the plate. 

Table 3.6: 0% doping electrical properties 

 

Table 3.7: 1% doping electrical properties 
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Table 3.8: 5% doping electrical properties 

 

Table 3.9: 10% doping electrical properties 
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Figure 3.20: Bulk resistance for deposition temperatures of T1-4 and post-annealed (no CdS). 

 

It is seen in Figure 3.20 that higher doping levels have a significantly higher resistance. The low 

conductivity can be attributed to the amorphous structure. A more detailed version is shown in Figure 

3.21. 

 

Figure 3.21: Detail view bulk resistance T1-4 and post-annealed (no CdS). 
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For T1 (0% Ta), a peak is seen around 300-400
o
C. For this film, optimal deposition is at room 

temperature. For T1 anneal, there was a significant improvement as initial deposition temperature 

increased. For T2, unannealed films decreased in resistance as deposition temperature increases, however 

without annealing the values are not low enough to be feasible TCOs. With the added anneal, a clear shift 

in the crystalline structure towards a conductive film is seen from Ta2 in the bulk to a greater number of 

small Cd2SnO4 crystals. T3 and T4 are effectively not conductive, but with anneals T3 was able to 

become conductive, at least for the room temperature deposition. However this was still worse than the 

T2 that was annealed. Further investigation into the level of n-type doping will indicate if the tantalum is 

improving the films. 

 

Figure 3.22: Bulk resistance for deposition temperatures of T1-4 with CdS post-anneal. 

 

For the CdS standard anneal, the bulk resistance is plotted in Figure 3.22. It is seen that for T1, 

the resistance is half the resistance of a T1 anneal without CdS [from Figure 3.21]. While T2 is not as 

significant an improvement at higher deposition temperatures, the trend of decreasing resistance with 

temperature for non-CdS anneals has inverted for the doped films. T3 has a lower conductivity with a 

CdS anneal, which may be due to a simple abnormality or an inconsistent CdS plate. T4 however is 

significantly better; while it is still not in the range of an effective TCO. CdS anneal for T4 20
o
C has 
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dropped resistance by several orders of magnitude. However the difficult processing required limits CdS 

plate anneals on the TCO to small, lab-scale films.  

 

Figure 3.23: Normalized carrier density of T1-4 and post-annealed (no CdS). 

 

Figure 3.23 shows that carrier density has an increasing trend at higher deposition temperatures, 

particularly at 400
o
C. The best carrier density is exhibited by the 0% doping deposited at 550

o
C with 

additional anneal.  T3 + A has an extremely low carrier density while T4 at room temperature a very high 

carrier density. This may be attributed to the interaction of the tantalum with the lattice. Increased doping 

does not directly correlate to an increase in carrier density, but an overdoped level is not clear and may 

exist lower than 1% Ta.  

It is known that the number of minority carriers declines as doping level. This can be 

characterized in the following equation: 

       (3.5) 

where n0 is the electron carrier concentration, p0 is the hole carrier concentration, and ni is the intrinsic 

carrier concentration.  As doping increases above 1% (T2), the hole density declines as more of the holes 

are taken up by electrons (n0), known as degenerate doping. Degenerate doping places the Fermi level 

outside of the band gap. 
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Figure 3.24: Mobility for deposition temperatures of T1-4 and post-annealed (no CdS). 

 

Mobility refers to the net carrier movement in the presence of an electric field and is directly 

related to carrier density.  Higher mobility reflects how easily electrons and holes can move. Comparing 

to Figure 3.23, the trend lines are inverted. The maximum for T1 is still at 550
o
C, while T2 annealed 

decreases slightly with increasing temperature. One component to mobility that is directly affected by 

crystallography is the carrier lifetime, significantly impacted by lattice and impurity scattering. 

While the intent of doping was to eliminate the need for post annealing, the 550
o
C limitations of 

deposition may not be enough energy for the material to crystallize.  High temperature post anneals at 

800
o
C and 850

o
C were done to determine if temperatures above 600

o
C resulted in a uniform and 

conductive crystalline film. Both slow ramp up and down and the standard ramp to 800
o
C or 850

o
C left 

severe cracking due to CTE (coefficient of thermal expansion) mismatch. The film expanded significantly 

less than the glass, causing upwards bending and stress fracturing. These cracks were too small to 

measure current; Figure 3.25  through Figure 3.27 are the film surfaces seen in the profilometer. The 

hatch marks represent 10µm. 
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Figure 3.25: T1 A- 550
0
C for 30 and 850

0
C for 60 

mins 

 

Figure 3.26:T3 A- 550
0
C for 30 and 850

0
C for 60 

mins 

 

Figure 3.27: T2 A- 550
0
C for 30 and 850

0
C for 60 mins 

Alternative substrates were investigated to determine conductivity without cracking issues, 

discussed in the sections on 3.3.8   Silicon wafer and 3.3.9   Quartz substrate. Note that these issues 

resulted from post-anneals and may not be experienced in a high temperature deposition. Also, the 

required temperature to achieve crystalline films may be less than a post-deposition treatment but are not 

feasible with the current experimental setup. 

3.3.6   Optical Properties  

The optical properties of the TCO are critical to avoid efficiency loss of the cell. The total cell 

efficiency declines as the usable photon energy to the n or p type layers is absorbed by the TCO. Film 

appearance ranges from almost clear to a richer transparent yellow. The coloration variance is 

predominantly caused by film thickness. Typical films are shown in Figure 3.28 and Figure 3.29. 
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Figure 3.28: Films annealed at high temperatures >800
o
C. 

 

Table 3.10: Film description corresponding with Figure 3.28. 

Film ID  Deposition Anneal Thickness 

[cm] 

2-21-12-4 T3 RT 100 mins 550C/30 min, 850C/60 min 3.33E-05 

3-3-12-4 T3 550C for 155 mins fast A  3.72E-05 

2-22-12-2 T2 RT 100 mins 550C/30 min, 850C/60 min 3.37E-05 

3-4-12-1 T2 550C for 140 mins fast A 4.49E-05 

2-20-12-3 T4 RT 100 mins 550C/30 min, 850C/60 min 2.11E-05 

1-31-12-1 T1 300C 100 mins fast A 3.7226 e-5 

2-14-12-3 T1 550C for 200 mins  550C/30 min, 850C/60 min 2.431 e-5 

 

 

Figure 3.29: Films annealed with standard CdS. 
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Table 3.11: Film description corresponding to Figure 3.29. 

Film ID  Deposition Anneal Thickness [cm] 

2-19-12-1 T1 550C for 200 mins CdS 2.8151 e-5 

2-21-12-3 T3 RT 100 mins CdS 3.33E-05 

2-20-12-2 T4 RT 100 mins CdS 2.11E-05 

3-17-12-2 T4 550C 130 mins CdS 4.98E-05 

 

NRELôs investigations of the optical properties of InxO3 TCOôs show an optimal TCO has a small 

fundamental electronic band gap and a large optical band gap [43]. The low conduction band can support 

high electron concentrations without forming compensating acceptor defects. 

The fundamental band gap is a low conduction band edge, but large band gap to limit the visible 

light absorption. The apparent band gap is impacted by the following equation: 

Eg apparent =Eg + ȹBM ïȹRN     (3.6) 

where ȹBM is the Burstein-Moss occupation. This shift is when dopant sites above the valence band 

exceed the number of sites in the conduction band [doped degenerately]. The Fermi energy is pushed up 

above the conduction band because all the states below this level are occupied. The energy required to 

excite electrons is increased. The ȹRN refers to losses in band gap due to donor defects and other 

impurities that trap electrons. 

In order to calculate the Eg of films, a spectrophotometer is used with a transmission and diffuse 

reflectance attachment. The transmission and reflection is measured, normalized to a blank glass 

substrate, for wavelengths from 300 to 2000 nm. All films approximate 300-400 nm thickness for 

consistency.  

 

Figure 3. 30: T1 0% doped transmission. 
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Figure 3. 30 through Figure 3.37 show plots for transmission and reflectance over wavelengths 

from 300-2000 nm [2.9-4.0 eV]. For TCOs, a good film has low reflectivity, and an optimal absorption-

transmission match. 

 

Figure 3.31: T1 0% doped reflectance. 
 

For all dopant levels, consistent trends occur. The oscillations from 400-1000 nm [1.24-3.1eV] 

are due to constructive and destructive interference in the film, commonly observed in smooth thin films. 

The film deposited at 300
o
C has the lowest transmission, which correlates with its low carrier density. 

Infrared absorption is increased with a decrease in transmission, due to a lower free carrier concentration. 

550
o
C with and without anneals have similar carrier density, but with a significant variation in 

transmission.  Film thickness appears to not be a significant issue, as 400
o
C is the thickest film and is 

within the range of the other films.  

 

Figure 3.32: T2 1% doped transmission. 
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Figure 3.33: T2 1% doped reflectance. 

 

Compared to the 0% doping, the total transmission shifts from a maximum of 75% to 65%. 

Transmission for T2 films is fairly close together, with a maximum for the 550
o
C deposition. The 

reflectance increases for higher deposition temperatures that have also been annealed, possibly due to 

crystallization. Films that are not annealed have a lower carrier concentration. 

 

Figure 3.34: T3 5% doped transmission. 
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Figure 3.35: T3 5% doped reflectance. 

 

Room temperature (20
o
C) depositions give an inverted initial profile on reflection and 

transmission. The reflection of the higher doped films is larger than the undoped, perhaps due to surface 

roughness.  

 

Figure 3.36: T4 10% doped transmission. 
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Figure 3.37: T4 10% doped reflectance. 
 

The transmission for 10% doping is very high for 2.9-3.3 eV and reflection drops off, consistent 

with lower doping levels. Room temperature deposited films have a higher transmission and inversely a 

lower reflection.  

Absorption refers to the ability to absorb energy at a given wavelength. Photons near the band 

gap have a lower probability of absorption since only the electrons directly at the valance band edge can 

interact. The greater the energy of the photon, the higher probability the electron can be absorbed. The 

absorption coefficient Ŭ can be calculated with equation 3.7: 

      (3.7) 

where ɚ is the wavelength, and k is the extinction coefficient. The absorption depth is given by the inverse 

of the absorption coefficient (Ŭ
-1 

[1/cm],). The absorption coefficient determines the depth into the 

material a wavelength penetrates prior to absorption. For Eg slightly less than Eph, ‌ can be calculated by 

equation 3.8: 

‌ ὃ Ὁ Ὁ      (3.8) 

where Eph is the photon energy [eV], Eg is band gap of the film [eV], and A is a constant [cm
-1
(eV)

-1/2
]. By 

plotting ‌2 
as a function of photon energy with a linear fit, the x-intercept is where Eph = Eg. Wavelength 

is converted to energy using equation 3.9: 

Ὁ             (3.9) 
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where h is the Boltzmann constant, c is the speed of light, and ɚ is the wavelength.  

Considering the region 3-3.2eV, where transmission drops to zero, the absorbance can be 

calculated by subtracting the transmission and reflectance from 100%: 

A = 1 ï T ï R          (3.10) 

Absorption coefficient is then calculated by dividing the absorption by the film thickness [cm].  

‌        (3.11) 

‌2
 is plotted vs photon energy (seen in the appendix) and a linear regression line is used to determine the 

x-intercept, which is the band gap. Figure 3.38 plots the band gap for undoped and doped targets tested 

(T1-4) at various deposition temperatures with and without additional anneals. The additional anneals are 

standard, with 400
o
C dwell at 30 mins and 600

o
C for 1 hr.  These are done without a CdS plate simply to 

assist in film crystallization.  For reference, the band gap of CdTe = 1.49 [5], CdS = 2.42 [6], crystalline 

silicon = 1.1, amorphous silicon = 1.8.  

 

Figure 3.38: Band gap for T1-4 at temperatures and additional anneals. 

 

The band gap considers the photon range of 3-3.2 eV and incorporates the transmission and 

reflectance as well as film thickness. The noise seen in the reflectance plots is cut off at this range. 

Band gap refers to the ease in which electrons can be excited from the valence to conduction 

band. The variation in annealed vs as-deposited films could be due to the additional thermal energy 

changing the film from amorphous to crystalline. This crystallinity can create a significant change in the 

band gap. For 0% doping, 300
o
C is significantly lower and is consistent with the films very low 
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transmission and increased reflection. The electrical indications of a low carrier density matches these 

trends. 1% doping shows a decrease at 300
o
C and 400

o
C, films which have a lower transmission. 5% 

doping have the 400-550
o
C maximum. Higher deposition temperatures gave more consistent higher 

transmission. The room temperature annealed film has the lowest initial reflection, but does dip in the 

band gap. The highest doping levels have a consistently high band gap as well as a higher transmission 

than all the other films, due most likely to the lower film thickness.  

3.3.7   Crystal line Properties  

X-ray diffraction was done for 10-70
o
 where a 3 second count was taken between 0.05

o 
angle 

steps. All films were measured, except the high temperature anneals (upwards of 800
o
C) due to the 

warped surface and significant cracking. Since XRD relies on a flat surface to bounce x-rays off of to 

show the effects of atomic spacing, micro cracks can create false angles. T1-T4 are divided up in this 

section to illustrate how post anneals and deposition temperature affects each film 

T1 0% Ta doping 

 

Figure 3.39: T1 RT and 550
o
C XRD fit [Cd1.33Sn1.33O4]. 
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T1 deposited at room temperature with a standard anneal (T1 RT Std A) results in very crisp 

Cd1.33Sn1.33O4 {16.767, 27.547, 32.422, 33.906, 39.352, 48.707, 51.874, 56.87}[44] on the amorphous 

substrate. Cd2SnO4 was expected {24.06, 27.928,  31.52, 32.16, 33.43, 33.59, 44.09, 47.02} [45] but is 

not as good a fit. 

At a high deposition temperature (550
o
C) the Cd1.33Sn1.33O4 loses peaks at 16.767 [111], 27.547 

[220], and 48.707 [422]. This lack of plane orientation is translated into smaller crystals, which widens 

the peaks at 32.3 [311] and 38.9 [400]. The shifting from the data values is due to thermal residuals that 

are expected from a high temperature deposition with any non-uniformity in cooling. The electrical 

properties of good conductivity and carrier concentration for both films is consistent with the clear 

crystalline film. 

 

Figure 3.40: T2 XRD for all films. 

 

Many of the films for the 1% Ta doping do not exhibit crystalline peaks. Relevant films are 

compared in detail below.  

0

100

200

300

400

500

600

700

800

900

1000

10 20 30 40 50 60 70

A
m

p
lit

u
d

e
 [

a
rb

itr
a

ry
] 

Angle [2ʃ]  

T2 all films 

T2 RT T2 RT Std A T2 300C T2 300C Std A T2 300C 800A T2 400C T2 550C



52 

 

T2 ï RT vs RT+A 

 

Figure 3.41: T2 RT with and without anneal XRD fit [Cd2SnO4 and SnTa4O11]. 

 

 Figure 3.41 shows the difference when a room temperature T2 film is annealed at 600
o
C. While 

the non-annealed film has aspects of both Cd2SnO4[45] and SnTa4O11[46], the Cd2SnO4 peaks are 

stronger and better fit, however it is primarily amorphous.  

For the annealed film, the large spike at 32.2 is closer to the SnTa4O11 (32.243) compared to 

Cd2SnO4 (32.160). The unique spike at 56.75 is close to both SnTa4O11 (56.515) and Cd2SnO4 (56.950). 

Overall, the annealed film has more SnTa4O11 crystals, but also had peaks for Cd2SnO4. The larger angle 

matches are less apparent because in the amorphous film, blended with the glass scatter, the small peaks 

given by the pure crystals are masked by the amorphous noise. The second large lift is not characteristic 

of glass, but is still amorphous. This tells us the film is amorphous, not just the glass. The main takeaway 

is both films are predominantly amorphous. 
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Summary: 

With an anneal, T2 shifts from a larger concentration of SnTa4O11 to more Cd2SnO4. There is 

estimated that additional crystalline materials with Ta, O, Cd, and Sn are present in low doses due to 

proximity reactions. The 1% Ta doping is most favorable as SnTa4O11 at room temperature, but shifts to 

Cd2SnO4 with added thermal energy. This typically assists in diffusion and complete crystallization. 

However the film itself is amorphous in both cases; Ta may inhibit the crystallization of the Cd2SnO4 

bulk. 

T2 300C with A 

 

Figure 3.42: T2 300
o
C with anneals RT XRD fit [Cd2SnO4, and Cd2Ta2O7]. 

 

Figure 3.42 compares films of T2 deposited at 300
o
C to those annealed at the standard 600

o
C and 

with an 800
o
C anneal. While the high temperature anneal (film peaks: 25.8, 29.8, 32.15, 33.1, 51.2) is 

well characterized by the strong peaks of SnTa4O11 (JCPDS peaks [46]: 22.98, 25.823, 29.579, 30.434, 

32.523), the spike at 33.1 correlates to the strongest peak of Cd2SnO4 (311) plane. CdTa2O6 (231) plane is 

the third largest peak (to 29.38 and 23.598) and corresponds to the 51.2 (JCPDS [47]ï 51.7) film peak in 

the 800
o
C anneal. The low temperature and non annealed films are amorphous and exhibit the possible 

crystals in many forms. The two preferential materials formed are Cd2SnO4 and Cd2Ta2O7. The 600
o
C 

annealed film has slightly more Cd2SnO4 seen, explained by the diffusion grain growth during the anneal. 
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T2 400 and 550C 

 

Figure 3.43: T2 400 and 550
o
C XRD. 

 

Figure 3.43 shows the primary peaks that characterize the T2 films deposited at 400
o
C and 550

o
C. 

There is some ɼ-Ta in the T2 550
o
C film, but a huge peak at 38.47 corresponds directly with  Ŭ-Ta. Small 

peaks of Cd2SnO4 are present in small quantities. The film at 550
o
C is composed of primarily Ta and 

SnTa2O7. The 400
o
C film has more peaks from Cd1.33Sn1.33O4 and SnTa2O6. With the added thermal 

energy, Ta diffuses and combines in a [1 1 0] orientation in large grains. 400
o
C does contain the Ta but at 

a much lower and wider peak.  A slightly widened peak reflects smaller grains. Peak shifts describe strain 

in the lattice caused by other crystal structures or residual stresses from thermal stresses.  

T2 vs T3 RT 

T2 (1% doping) with T3 (5% doping) deposited at room temperature are both amorphous films. 

The two are simlar, but T2 is more consistently Cd2SnO4. T3, with additional Ta doping, has more peaks 

for SnTa4O11 (ex: 38.506
o 
and 39.91

o
) and Ta (ex: 40.208

o
 and 41.186

o
). These additional structures are 

expected with an increased volume of tantalum with limited avaliable oxygen.  
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T3 300C with A 

 

Figure 3. 44: T3 300
o
C with anneals XRD fit [Ta2O2.2, and SnTa4O11]. 

 

Figure 3. 44 illustrates what happens with additional anneals to T3 deposited at 300
o
C. There is a 

clear shift between annealing at 600
o
C (standard) compared to 800

o
C anneal, which gave the majoraty of 

the film crystallization of Ta2O2.2. The fit of the experimental film (30.2, 35.05, 50.5, 60.1) compared to 

JCPDS data[48] (30.33, 35.16, 50.58, and 60.12) is extremly accurate. The unannealed and standard 

annealed films are predominantly SnTa4O11 with small grains, seen in the width of the peak around 32
o
. 

T3 400 with A 

 

Figure 3.45: T3 400
o
C and anneals XRD fit. 
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Figure 3.45 shows the T3 film deposited at 400
o
C unannealed and annealed standard fit for XRD. 

Both films have similar compositions of SnTa4O11, with the unannealed having more Cd2SnO4, but the 

films are definitively amorphous. Specific peak correlations for the film with an 850
o
C anneal are 

SnTa4O11 (25.823 JCPDS[46] :: 25.95 film), Cd2SnO4 (33.587 JCPDS[45]:: 33.45 film), CdTa2O6 (51.7 

JCPDS [47]:: 51.05 film), and ɼ-Ta [49] (64.7 both). Clearly there is a transition between a 600
o
C anneal 

(standard) and an 850
o
C anneal, resulting in crystallization of moderate sized crystals of SnTa4O11 and ɼ-

Ta. T3 deposited at 550
o
C annealed and unannealed films are very similar to the 400

o
C films, and are 

both amorphous.  

T4 RT vs RT + A 

While there is 10% tantalum, there is no indication of a significant amount of Ta crystals. Instead, 

the Ta is seen to go into Ta2O2.2 in both annealed and unannealed films that are deposited at 20
o
C. The 

unannealed has peaks characteristic of Cd1.33Sn1.33O4, which accounts for the unique middle lift between 

the two typical humps (26-27
o
). The unannealed also shows stronger peaks for Cd2SnO4, while CdSnO3 is 

prevalent in the annealed film. SnTa2O7 also exists in small amounts for T4 RT Std A. For both films, the 

material is predominantly amorphous. Ta alone does not exist in significant quantities for either film, but 

in Ta2O2.2. Annealing shifts the Cd1.33Sn1.33O4 and Cd2SnO4 to CdSnO3. 

T4 High Temperature 

 

Figure 3.46: T4 high temperature XRD plot. 
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Figure 3.46 XRD plot is well fit for the peaks depicting crystallization, so no overlay is shown in 

order to illustrate the variation in film peaks. The unannealed films are consistent with the other 

amorphous films, even deposited at lower temperatures. The 550
o
C standard anneal film is small grains of 

Cd2SnO4. With added thermal energy, peaks shift to a sharp, strong SnTa4O11 (JCPDS [46]: 29.579, 

34.827), meaning the majoraty of the film is large crystal SnTa4O11. The lower peaks of this film indicate 

Cd2Ta2O7 crystals.  T1, the undoped film, is signficantly different and shows Cd2SnO4 peaks. 

Summary 

T1 standard film requires 600
o
C anneal with CdS plate, and crystalizes as Cd2SnO4. 

 

Figure 3.47: T2 overall XRD comparison. 

 

T2 is completely amorphous at all except RT with a standard anneal, 300
o
C with an 800

o
C 

anneal, and unannealed 400
o
C and 550

o
C.  
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Figure 3.48: T3 overall XRD comparison. 

 

T3 is amorphous at all except with high temperature anneals above 800
o
C.  This is the same for 

T4 (10% Ta doping). Sputtering from Cd2SnO4:Ta targets with 1%, 5%, and 10% Ta did not result in 

Cd2SnO4 films with Ta doping. Rather, it resulted in films with amorphous charateristics. After high 

temperature anneals, crystalline Ta-containing species were seen.  

3.3.8   Silicon  wafer  

Due to the coefficient of thermal expansion (CTE) of borosilicate glass being larger than the 

Cd2SnO4-TaO5, a single crystal silicon wafer was deposited on instead. 10% Ta [T4] doping 

investigations identified thermal stress cracking at substrate-film interfaces. After annealing, the glass was 

bowed upwards due to tension with the film. This indicates the filmôs CTE is smaller than the glass since 

the glass expanded outwards more when heated. While thickness is critical in cracking, the actual 

thickness of the film required to reduce this is too great for any electrical tests to be accurate. The solution 

is substrate composition. Corning 7059 glass substrates were found to be best for higher temperature 

films (CTE > 4x10
-6 

cm/
o
C) [19], but are no longer produced. Single crystal silicon, able to withstand 
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advanced annealing temperatures, has a CTE of 2.6x10
-6
cm/

o
C and is used for two tests with high anneal 

temperatures. 

It should be noted that the surface crystallography affects the rate of deposition and orientation of 

film. A 1 mm oxide layer was grown with wet oxide growth methods [ramp to 1100
o
C on [100] single 

crystal silica [50]] to isolate the film electrically. This was done with the intention that the substrate 

would not impact electrical measurements. Physical constants of this oxide are listed in the appendix.  

There were two anneals run on the Si substrates after Cd2SnO4 deposition of T4 550
o
C on identical 

substrates: a slow (a1) and fast anneal (a2), plotted in Figure 3.18. The finished deposited film before 

annealing is shown in Figure 3.49. The slow anneal proved to give significant cracking to the film, so a 

more controlled heat profile was done to reduce the thermal stress fracturing.  

 

 

 

Figure 3.49: Si substrate after 

Cd2SnO4 T4 deposition. 

 

 

Figure 3.50: XRD of T4 on Si substrate at slow and fast anneal. 

XRD indicates both anneal methods result in large grain crystals of Ta2O2.2 (peaks at 30.33, 35.16, 

50.58, 60.12, 63.1). A large spike at 70
o
 is reflective of the single crystal silicon substrate. The unmarked 

peaks and lift around 33
o
 are due to the amorphous oxide layer deposited below the film. While the 

annealed film still has micro cracks around grain boundaries, small sections of the film are undamaged. 

3.3.9   Quartz substrate  

While the silicon films still had cracking, fused quartz was used as a substrate to investigate the 

high temperature anneals. The substrate is quartz glass from Allen scientific glass, ASG2241 Quartz 

square 3òx 3òx 1/16ò thick. A standard diamond cutting wheel was used to quarter the squares.  The CTE 

of fused quartz is 5.5×10
ī7 cm

/°C [51], almost an order of magnitude difference from single crystal silicon. 
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Figure 3.51: Quartz XRD fit with and without 850
0
C anneal [Ta2O2.2]. 

 

It is seen in Figure 3.51 that with an additional anneal the film turns from completely amorphous 

to a distinct crystalline Ta2O2.2. The small wide peak at 29.05
o
 may reflect the [111] plane of CdO2 or a 

similar tin compound. The amorphous peak at 22
o
 is reflective of the amorphous quartz substrate and not 

indicative of any film morphology. There was still some cracking at 700-800 ɛm, but large portions were 

undamaged (Figure 3.52). 

 

Figure 3.52: Profilometer of T4 on Quartz annealed at 850
0
C. 

 

 The black dots compare to precipitates but could not be identified if they were exclusive to the 

surface upwards, or within the film volume.  

3.3.10   Conclusions 

The purpose of the study was to investigate tantalum as an n-type dopant in Cd2SnO4 TCOôs with 

the goal of removing the CdS plate anneal, which is impractical for industrial manufacture. Various 

doping levels (0-10%), deposition temperatures (20-550
o
C), and post-anneals were done on sputtered 

films. Quantification of film quality is done in three spectrums: electrical, optical, and crystalline. These 
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properties are measured with x-ray diffraction, hall effect, spectrophotometer, and a profilometer to 

measure thickness and surface roughness. 

While the intent of doping was to eliminate the need for post annealing, the 550
o
C limitations of 

deposition may not be enough energy for the material to crystallize.  High temperature post anneals at 

800
o
C and 850

o
C were done to determine if temperatures above 600

o
C resulted in a uniform and 

conductive crystalline film. Unique substrates were used due to CTE mismatch, but high Ta level films 

resulted in crystallized Ta2O2.2, which has significantly less conductivity than Cd2SnO4. A significant 

discovery is approximate film properties can be achieved with a 550
o
C undoped Cd2SnO4 deposition with 

a standard anneal (0.85 mÝ-cm, 31.3 cm
2
/V-s, 23.71 x 10

19
 cm

-3
) compared to the standard 20

o
C film 

with CdS anneal (0.60 mÝ-cm, 30.1 cm
2
/V-s, 34.49 x 10

19
 cm

-3
). This film may be competitive in 

industry as an improvement for the current FTO (SnO2:F). Further research on soda-lime glass coating 

and other interface challenges may be required prior to implementation.  

 

3.4  Pulsed DC Sputter Deposition 

Cd2SnO4 is a commonly used transparent conducting oxide (TCO) in thin film CdTe solar cell 

applications, requiring both optical transparency and high conductivity. The TCO is traditionally 

deposited on a glass substrate and additional layers are added to form an operational cell. There are 

several other growth techniques investigated for Cd2SnO4 deposition such as RF magnetron, RF reactive 

sputtering, Pulsed Laser Deposition (PLD), sol-gel, dip coating, and Metal-Organic Chemical Vapor 

Deposition (MOCVD) [52]. However, pulsed DC (PDC) has not been considered for this material.  

3.4.1   Introduction  

Pulsed DC refers to the type of power used in plasma sputter deposition. It uses an alternating DC 

step function to sustain the energy to the plasma, which removes material from a stationary target while 

reducing charge buildup that leads to arcing.  There is a variety of literature outlining the use of PDC 

deposition for other thin film materials. 

Pulsed DC has been utilized for certain TCO films that would otherwise generate significant 

arcing. ZnO:Al and I-ZnO in CIGS solar cells has been shown that while pulsed DC is more expensive, it 

leads to better film qualities, improved stability, and increased deposition rates [53][54]. RF deposition 

can increase the density of a film due to enhanced substrate bombardment by Ar
+
[55], so it was 

determined to attempt to couple the RF with a pulsed DC instead of existing AC source 



62 

 

ITO (Indium tin oxide) has also been successfully deposited using pulsed DC sputtering, with 

ongoing investigations into RF superimposed pulsed DC sputtering, where the two are coupled. Results 

have indicated decreased resistivity and NIR transmission improvement. With added RF power there is an 

increase in arc events without adequate pulse synchronization controllers [56] [57].  

Ga-doped ZnO (GZO) pulsed DC magnetron sputtering with a rotating target (anode) was also 

considered previously due to its high sputtering power, high plasma density, long-term process stability 

with arc prevention, and enhanced dynamic deposition rates [58]. This method was shown to have 

enhanced target efficiency (>70%) compared to planar targets having only 20Έ30% due to partial 

sputtering. This partial sputtering can add beneficial crystal orientation as seen with ZnO:Al sputtering. 

With additional etching, 800 nm AZO films deposited on soda-lime glass had good transparency and 

lower resistivity under optimal conditions (473 K, 0.4 Pa, 150 W power 100 s duty time, 5 s pulse reverse 

time, 10 kHz pulse frequency, 95% duty cycle) [59].  

In CIGS cells pulsed DC is commonly used to create the back electrode (Cr and Mb) as well as a 

100 nm TCO [60]. Unique CIGS investigations in PDC magnetron sputtering of single phase ɓ-In2S3 

buffer layers show that the pulsed DC gives a high plasma density that produces films with good 

crystalline properties, even at low substrate temperatures [61]. In2S3 films deposited with 100 kHz were 

found to be single phase without any additional heating. 

 

Figure 3.53: Ideal pulsed DC signal for 100 kHz [62]. 

 

Optimization of ITO pulsed DC sputtering on single junction a-Si gave 6.65% efficiency at 40 W 

with a pulse frequency of 201 kHz (for 460 second deposition time, pressure of 0.53 Pa, gas at 16 sccm, 

151
o
C). This study determined after Jsc did not improve after 9-10 mA/cm

2
 that the pulsed DC was arcing 

with high power and shorter deposition time, and that the films needed to be thicker due to reorganization 

of film particles during the off pulses [55].  
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3.4.2   Deposition  

The lab standard at Colorado School of Mines uses RF sputter deposition [13]; DC in a 

semiconductor case creates a buildup of charge at the target surface contained by the surrounding oxygen 

gas and cannot be used for Cd2SnO4. Some issues with sputter deposition involve arcs within the chamber 

(localized electric discharges) that lead to defects in the deposition surface or holes in the target. In RF 

deposition, ionization is driven by oscillating electrons in the bulk plasma with greater substrate 

bombardment (due to increased plasma vs the floating potential of the Ar
+
). Improved films with RF 

sacrifice the sputter rate for film quality.  

The standard deposition process is to sputter a 400 nm thick film using a 13.56 MHz RF 

magnetron sputter gun at 100 W RF power for 100 minutes. The chamber gasses are a mix of 10 sccm Ar 

and 10 sccm O2 at 10 mtorr. An additional contact anneal with a 150 nm CdS film at 400
o
C for 30 

minutes and 600
o
C for 60 minutes increases conductivity of the final film. An additional etch is standard 

for CdS annealed films, however for the PDC this actually damaged the conductivity. This is likely due to 

variation in the crystallization of the grain boundaries; the etch targets grain boundaries more quickly in 

the PDC films than with the standard RF growth method. 

 

Figure 3.54: Sputter target schematic. 

 

Figure 3.54 shows a schematic of the sputter target magnetic field that influences the Argon ions 

in the plasma. Permanent magnets are surrounded by a copper casing with integrated water cooling. A 

pole plate protects the magnets, but does not interfere with the magnetic field generated.  The RF power 
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switches the electric field direction, but the magnetic field is approximately constant because the magnets 

are permanent.  

For the Pulsed DC deposition, the power supply RF generator is replaced with a coupled MDX 

and DC power source. The MDX, Advanced Energy ® MDX500 Magnetron Drive, converts incoming 

AC power to DC at a controlled current and voltage. The DC power source from the MDX is pulse 

controlled by Advanced Energy ® Sparc-le TM V 100 Hz. The Sparc-le V is installed in series between 

the MDX power supply output and chamber. The adjustable variables involve power settings as well as 

frequency and controls to limit arcing. There are three control settings: passive, active-arc, and self run 

[63], [64].  The setting adjusts the applied voltage based on hard arc initiation [arcs sustained over 10 ms]. 

Figure 3.55 and Figure 3.56 illustrate the voltage response to an arc event in passive and active arc mode.  

 

Figure 3.55: Target voltage - passive mode. 

 

Figure 3.56: Target votage ï active arc mode. 

Passive mode is used to clean the target because it allows some energy in the arc to ionize surface 

impurities or abnormalities. The optimal method of ramping power was determined by the lowest arcs 

throughout the deposition. Total arcs consist of both hard (>10 ms duration) and small (<10 ms) and 

occur most rapidly at the beginning of the deposition.   

 

Figure 3.57: Plot of total arcs over time for three depositions. 
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For deposition, power is set on the MDX, which automatically calculates the applied current and 

voltage for that particular target and environment (such as chamber pressure, gas mixture, and target 

wear) (Table 3. 12). The Sparc-le pulse controller is then set:  

Reverse time 2 ɛs 

Crowbar delay 30 ɛs 

Reverse voltage 20% 

The plasma is initiated on the Passive setting to clean the target and reduce arcs. Without passive 

initial cleaning, arcs total >500 over 20 minutes (Figure 3.57).  The pressure of the chamber is spiked 

with more argon to strike the plasma with 50 W in passive mode, and the power is then ramped up by 

25W/min to reduce target damage. Once the desired power is reached, active arc handling is turned on. 

Table 3. 12: MDX data for each deposition. 

  

   

MDX  

Cell # target description Power [W] Current [A]  Voltage [V] 

3-16-12 1-4 T1 100W, 100kHz, 30 min 100 0.255 388 

8-3-12 1-2 T1 100W, 100kHz, 42mins 100 0.252 397 

 3-4 T1 100W, 70 kHz, 45 mins 100 0.259 385 

8-5-12 1-2 T1 100W, 60kHz, 55mins 100 0.264 378 

 3-4 T1 75W, 100kHz, 50 mins 75 0.206 364 

 5-6 T1 125W, 100kHz, 40 mins 125 0.333 377 

 7-8 T1 110W, 80kHz, 50 min 110 0.301 359 

8-14-12 1-2 T1 120W 60kHz 45mins 120 0.332 359 

8-19-12 1-2 T1 50W, 100kHz, 70mins 50 0.155 322 

8-21-12 1-2 T1 40W, 100kHz, 70 mins 40 0.132 302 

 3-4 T1 50W, 80kHz, 70 mins 50 0.147 337 

8-24-12 1-2 T1 75W, 100 kHz, 70 mins, 300
o
C 75 0.221 331 

 3-4 T1 75 W, 100kHz, 70 mins , 400
o
C 75 0.22 339 

 5-6 T1 75 W, 100kHz, 70 mins ,550
o
C 75 0.217 338 

9-4-12 1-3 T1 new 75W, 100KHz, 70 mins, 530
o
C 75 0.163 452 

9-4-12 4-6 T2 75W, 100KHz, 70 mins, 530
o
C 75 0.18 410 

9-6-12 1-3 T2 75W, 100KHz, 70 mins, 20
o
C 75 0.173 425 
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Figure 3.58: Temperature increase variation from deposition compared to RF. 

3.4.3   Studies 

As this is a novel technique for the manufacture of Cd2SnO4 TCOôs, five studies were done 

progressively to obtain an optimal film for PDC deposition. Preliminary decisions regarding pulsing 

settings were determined from literature review for ITO and similar PDC deposition settings as discussed 

in the introduction. All PDC results are compared to similar RF baseline cases. 

Study 1 - optimal frequency 

The power setting of 100 W was used as this is the power for the standard RF deposition. Films 

produced were then post-annealed to enhance conductivity with a CdS plate face-to-face. The anneal 

(400
o
C for 30 minutes, 600

o
C for 60 minutes in N2) is required for RF films deposited at room 

temperature to facilitate crystallization of the Cd2SnO4 bulk. All films deposited at room temperature were 

found to be non-conductive prior to annealing. Note 100-60 kHz is the range of the Sparc-le V equipment. 

Table 3.13: Study 1, electrical properties. 

Film deposition details Bulk Resistivity Mobility  Carrier Density 

 mÝ-cm cm
2
/V-s cm

-3 
(x 10

19
) 

RF power, 100 mins, RT, CdS A 0.60039 30.1 34.5 

100W, 100kHz, 30 min, RT, CdS A 2.83263 15.6 14.1 

100W, 100kHz, 42mins, RT, CdS A 3.30356 18.7 10.13 

100W, 70 kHz, 45 mins, RT, CdS A 2.48786 28.1 8.94 

100W, 60kHz, 55mins, RT, CdS A 4.23497 21.5 6.85 

y = 0.2059x + 23.467 
R² = 0.9819 
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Table 3.13 compares the relevant electrical properties for 100 W power, room temperature with 

additional anneal, for decreasing frequency. It is seen that the RF power results in the lowest resistivity. 

Variation in the 100 kHz values is due most likely to arc events and not thickness, as the values of bulk 

resistivity and carrier density are normalized.  

While the 70 kHz film has a relatively low bulk resistivity, the carrier density is more than 70% 

lower than the RF film. Mobility however increases to near the RF deposited film value. At this power, 

none of the films closely approximate the RF film.  

The theory behind increasing the frequency is that it will increase the electron temperature and 

plasma density further from the plasma. This in turn increases floating potential which will increase the 

ion bombardment of the target [65]. This is consistent with the lower deposition rate of higher frequency 

films, and clearly impacts the carrier density of the deposited films.  

Study 2 - optimal power 

The plasma is controlled not only by frequency of the PDC power source, but the conjunction of 

the power and frequency. The second study serves to relate film properties deposited at various 

frequencies and power levels for room temperature (RT- 20
o
C) deposition. Power was varied from 40-125 

W for 60-100 kHz frequency, shown in Table 3.14. Note a symmetric matrix was not done due to the 

ability to measure properties for each sample, and direction of the study was adjusted after each 

deposition. 

Table 3.14: Study 2, electrical properties. 

Film deposition details 
Bulk  

Resistivity 
Mobility  

Carrier 

Density 

 mÝ-cm cm
2
/V-s cm

-3 
(x 10

19
) 

RF power, RT 100 mins, CdS A 0.60039 30.1 34.5 

75W, 100kHz, 50 mins, RT, no A 3.0402 16.1 12.7 

75W, 100kHz, 50 mins, RT, CdS A 1.10252 23.8 23.7 

125W, 100kHz, 40 mins, RT, CdS A 5.52509 18.1 6.23 

50W, 100kHz, 70mins, RT, CdS A 2.52756 16.5 14.9 

40W, 100kHz, 70 mins, RT, CdS A 1.52594 15.6 26.2 

50W, 80kHz, 70 mins, RT, CdS A 2.83669 13.3 16.6 

110W, 80kHz, 50 min, RT, CdS A 4.61548 20.1 6.73 

120W 60kHz 45 mins, RT, CdS A 5.56616 18.6 6.02 
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It is seen that the RF power deposition results in lower resistivity, higher mobility, and higher 

carrier density. The PDC of 75 W 100 kHz gives similar results to the RF. Increased power, while 

increasing the deposition rate, decreases conductivity.  The trends seen with power and frequency are best 

visible in Figure 3.59 through Figure 3.61. 

 

Figure 3.59: Study 2 bulk resistivity plot. 

 

Resistivity increases with increasing deposition power. 60 kHz and 80 kHz have lower 

conductivity compared to the 100 kHz. The best film PDC film in terms of conductivity is the 75 W 100 

kHz with CdS anneal. The 100 W RF does not follow this correlation. RF power is not exactly the same 

as DC power because DC power is a scalar quantity. RF uses RMS values and has reactance, where 

power is stored or released (apparent and reactive power). Adding the vectors of reactance and resistance 

is known as impedance. 

 

Figure 3.60: Study 2 mobility. 
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Mobility is directly affected by the mean free path for electrons and holes which is determined by 

the various scattering mechanisms. The most important are lattice scattering and impurity scattering.  

Mobility is fairly consistent, but all PDC films are lower than the RF deposition. The best films are 80 W 

100 kHz with added CdS anneal.  

 

Figure 3.61: Study 2 carrier density. 

 

Carrier density is reflective of how effective an n-type dopant is at having available electron 

donors to supply. Lower power results in higher carrier density, consistent with lower bulk resistivity. 

The tradeoff is in the deposition rate. The PDC film that most approximates the best RF standard 

deposition is 75 W 100 kHz to achieve resistivity of   1.10 mÝ-cm, mobility of 23.8 cm
2
/V-s, and carrier 

density of 23.7 x 10
19 

cm
-3
 . 

Study 3 - Optimal T emperature 

Standard RF deposition is done at room temperature (~20
o
C), but increasing the temperature can 

assist in the crystallization of the film. Improved film deposition depends on how easily atoms can move 

about the surface of the substrate to bond in the desired orientation. When the Cd2SnO4 stoichiometry is 

achieved, the mobility of the resulting group is reduced and is less likely to leave the surface, resulting in 

island growth from nucleation sites. Table 3.15 lists the electrical properties of films deposited between 

300-550
o
C.  
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Table 3.15: Study 3, electrical properties. 

Film deposition details Bulk 

Resistivity 

Mobility  Carrier 

Density 

 mÝ-cm cm
2
/V-s cm

-3
 (x 10

19
) 

75W, 100 kHz, 70 mins, 300C, CdS A 0.64402 31.6 30.7 

RF power, 300C 100 mins, std A no CdS 4.21398 8.06 18.4 

75 W, 100kHz, 70 mins, 400C, CdS A 0.42078 37.1 40.0 

RF power, 400 C  110 mins, CdS A 0.55358 34.9 32.3 

75 W, 100kHz, 70 mins, 530C, no A 9.55306 45.5 14.4 

75 W, 100kHz, 70 mins, 530C, CdS A 0.52789 44.5 26.6 

RF power, 550C for 200 mins, no A 1.04553 24.2 24.7 

RF power, 550C for 200 mins, std A no CdS 0.84200 31.3 23.7 

RF power, 550C for 200 mins, CdS A 0.45211 33.6 41.1 

 

It is seen that 400
o
C PDC results in films with lower resistivity than RF at any temperature. The 

PDC film at 530
o
C is close to the 550

o
C deposition with RF. The variation in these temperatures is due to 

equipment degradation, so PDC temperatures above 530
o
C cannot be run. The 75 W, 100 kHz, at 530

o
C 

has an extremely high mobility, as deposited (no A = no post-anneal) and after anneal. Figure 3.62 

through Figure 3. 64 illustrate the trends for PDC compared to RF for temperature. 

 

Figure 3.62: Study 3 bulk resistivity. 
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In terms of resistivity, the higher number seen in the plot is without a CdS anneal. The trend with 

the annealed films is a decrease in resistivity as temperature increases. At 300
o
C, the RF is less 

conductive than the PDC. 

 

Figure 3.63: Study 3 mobility. 

 

Higher mobility reflects the ease of carrier motion and is related to the resistance in the film and 

the carrier concentration. The highest mobility is seen in the 530
o
C PDC; the PDC in general is higher 

than the RF values. The trend of increasing temperature results in increasing mobility overall.  

 

Figure 3. 64: Study 3 Carrier Density. 
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Carrier density reflects the number of minority carriers available to carry current, for a TCO it is 

about conducting electricity. It seems to peak at 300
o
C for PDC films, and 550

o
C for RF.  

Overall, the 75W, 100kHz, 530
o
C film has the highest mobility [45 cm

2
/V-s] but not the lowest 

resistance. The best RF film is deposited at 550
o
C to achieve a resistivity of 0.45 mÝ-cm, mobility of 

33.6 cm
2
/V-s, and carrier density of 41.1 x 10

19 
cm

-3
. The PDC film deposited at 400

o
C is the best film, 

giving the properties:  0.42 mÝ-cm, 37.1 cm
2
/V-s, and 40 x 10

19 
cm

-3
. However the pulsed DC with high 

substrate temperature can give enhanced carrier density that, with more work, the post-deposition anneal 

may not be necessary. If a dopant that can be deposited with PDC can be determined, the 75 W 100 kHz 

530
o
C deposition may make good quality as-deposited films. 

Study 4 - T1 New Comparison 

The T1 target was initially used for a multitude of RF depositions, and has inconsistent wear and 

cracking due to cycling. This study was done to compare the old target to a brand new Cd2SnO4 target as 

well as investigate the target wear. The deposition of 75 W, 100 kHz, at 530
o
C was done for the new and 

old target, and electrical properties are listed in Table 3.16. 

Table 3.16: Film properties for used and new target. 

Film deposition details 
Bulk 

Resistivity 
Mobility  Carrier Density 

 mÝ-cm cm
2
/V-s cm

-3
 (x 10

19
) 

75W, 100kHz, 70 mins, 530C, new no A 1.53676 54.5 7.46 

75W, 100kHz, 70 mins, 530C, new CdS A 0.62993 47.6 20.8 

75 W, 100kHz, 70 mins ,530C, no A 9.55306 45.5 14.4 

75 W, 100kHz, 70 mins ,530C, CdS A 0.52789 44.5 26.6 

 

It is seen that the films from the new target have higher mobility but lower carrier density than the 

old target films. The unannealed film for the new target has significantly improved conductivity.  The 

resistivity increase with the CdS annealed new target may be limited to variations with CdS plate. It is 

anticipated these two films will be similar after anneal, crystallization is primarily related to the 

deposition temperature.  

Target Wear 

Using the PDC as a power source rather than RF puts different strains on the target. Figure 3.65 

shows a new target installed in the setting. After one PDC deposition, the target develops circular 

discoloration and cracking (Figure 3.66).  
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Figure 3.65: New target prior to PDC deposition. 

 

Figure 3.66: New target after 1 PDC deposition. 

 

Figure 3.67: Target after multiple deposition, including chamber film damage. 
 

After all of the PDC depositions as well as initial RF depositions for this work, a significant 

amount of discoloration, cracking, and wear around the targetôs toroidal magnetic field was observed 

(Figure 3.67). The area of interest is the damage to the film built up on the surface of the chamber. After 

PDC arcing, this film began peeling off the aluminum cooling plate.  This illustrates the damage hard arcs 

can have on neighboring conductive material, and may be a limiting factor in a large-scale manufacturing 

process.  The peeking could also be from the films setting thick after successive depositions.  

The new target gives worse properties and an improved deposition rate (New target - 2.739 

nm/min as compared to the old target ï 2.30 nm/min (averaged for temperature adjustment)). This is 

similar to the PDC films at higher powers. With a new geometry for the argon ions to interact with, the 
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magnetic field may need to be adjusted to achieve optimal orientation of plasma concentration. The 

discoloration mark radius appears smaller than the older filmsô wear patterns, which coincides with 

variation in the magnetic field orientation. 

Study 5 ï 1% Ta Doped Comparison 

The ability to effectively deposit films with targets of differing conductivity is relevant to 

expanding the knowledge of PDC controlled plasma.  A 1% Tantalum [mass percent] doped Cd2SnO4 

target was investigated. Initially the Ta doping was investigated as an n-type dopant and to remove the 

need for a CdS post anneal, however the conductivity of Cd2SnO4 was hindered by the Ta in the bulk. 

This study is focused more on deposition of a lower-resistivity target (doped target resistivity is 1.7 Ý, 

undoped is 5.32 Ý measured with a multimeter and averaged over 3 values] using PDC. 

The target is manufactured by Materion Advanced Chemicals [SS-1937-1] and are made by hot-

pressing pre-reacted Cd2SnO4 powder and Ta2O5 and sintered. The 75 W, 100 kHz deposition is done at 

room temperature and 530
o
C and compared to 1% doped films grown with an RF power source.  Results 

are compared in Table 3.17. 

Table 3.17: 1% Ta doped targets deposited with PDC and RF. 

Film deposition details Bulk 

Resistivity 

Mobility  Carrier 

Density 

 mÝ-cm cm
2
/V-s cm

-3
 (x 10

 

19
) 

75W, 100KHz, 70 mins, RT, CdS A 7.85682 20.4 3.89 

1% Ta RF power, RT 100 mins, CdS A 1.21003 24.8 20.8 

1% Ta RF power, RT 100 mins, Std A no CdS 2.40287 26.3 9.86 

75W, 100KHz, 70 mins, 530C, no A 26.65680 24.4 0.96 

75W, 100KHz, 70 mins, 530C, std CdS A 5.14514 30.6 3.97 

1% Ta RF power, 550C 140 mins, no A 15.28250 5.65 7.22 

1% Ta RF power, 550C 140 mins, CdS A 3.22986 14.5 13.3 

 

The PDC has approximately 2-7 times the resistivity of RF films. Mobility is fairly consistent, but 

drastically reduced for the RF high temperature deposition. The carrier density of the PDC films is 

extremely low.  The Ta doped target deposits less effectively with PDC than RF.  In order to understand 

why these variations are seen, a study of the crystallography was done using X-ray diffraction.  
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Figure 3.68: XRD low temperature RF and PDC. 

 

Figure 3.68 compares variations of the Ta doped target deposition on a glass substrate using RF 

and PDC at room temperature. The overall shape seen in the glass substrate will be present in the other 

films. The doped film deposition is very similar for both methods exhibiting a characteristic lift around 

31.25, indicating small crystals of Cd2SnO4 [45].  

 

Figure 3.69: XRD high temperature RF and PDC. 
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Figure 3.69 shows the high temperature depositions of Ta doped films deposited with RF and 

PDC, and the PDC undoped film. The RF film has a strong peak at 38.4, corresponding to Ta2 that has 

crystallized in an amorphous bulk Cd2SnO4.  The PDC films have a wide peak at 31.25, indicative of 

small crystals of Cd2SnO4 with some SnTa2O7, seen in the small shift around 31.25. There is not a 

significant difference between the doped and undoped film deposited with PDC, indicating the tantalum 

does not form crystals.  

The Ta doped PDC deposited film at 530
o
C has a lower conductivity than the undoped due to the 

interference of SnTa2O7 within the Cd2SnO4 bulk. RF deposition of this doped target generates Ta2 

islands, which improves conductivity since the bulk is more pure. In this case, the tantalum is not 

interacting with the electrons path of least resistance. 

The best RF film is deposited at room temperature to achieve a resistivity of 1.21 mÝ-cm, 

mobility of 24.8 cm
2
/V-s, and carrier density of 20.8x 10

19 
cm

-3
. This is the lowest resistivity and highest 

carrier concentration of the 1% Ta doped study. The highest mobility is found with the PDC film 

deposited at 530
o
C, giving the properties:  5.14 mÝ-cm, 30.6 cm

2
/V-s, and only 3.97 x 10

19 
cm

-3
.  

3.4.4   Deposition Rate  

One major benefit of PDC deposition is it traditionally the deposition rate is 2-3 times the rate of 

RF film growth[66]. The deposition rate is most related to the power, seen in Table 3.18. 

Table 3.18: Deposition Rate for PDC compared to RF. 

Deposited Film Temperature Power Frequency 
Deposition 

Rate 

  o
C W kHz nm/min 

RF 20 
  

4 

RF 300 
  

3.7226 

RF 400 
  

3.001444 

RF 500 
  

2.1735 

RF 550 
  

2.431 

100W, 100kHz, 30 min, RT 20 100 100 5.326 

100W, 100kHz, 42mins, RT 20 100 100 8.047 

100W, 70 kHz, 45 mins, RT 20 100 70 6.876 

100W, 60kHz, 55mins, RT 20 100 60 6.553 

75W, 100kHz, 50 mins, RT 20 75 100 3.577 

125W, 100kHz, 40 mins, RT 20 125 100 9.838 

110W, 80kHz, 50 min, RT 20 110 80 8.331 
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Table 3.18 continued. 

Deposited Film Temperature Power Frequency 
Deposition 

Rate 

120W 60kHz 45 mins, RT 20 120 60 7.336 

50W, 100kHz, 70mins, RT 20 50 100 2.221 

40W, 100kHz, 70 mins, RT 20 40 100 1.543 

50W, 80kHz, 70 mins, RT 20 50 80 1.674 

75W, 100 kHz, 70 mins, 300C 300 75 100 3.945 

75 W, 100kHz, 70 mins , 400C 400 75 100 3.095 

75 W, 100kHz, 70 mins ,530C 530 75 100 2.941 

New target, 75W, 100KHz, 70 mins, 530C 530 75 100 2.739 

1% Ta doped, 75W, 100KHz, 70 mins, 530C 530 75 100 6.245 

1% Ta doped 75W, 100KHz, 70 mins, RT 20 75 100 4.869 

 

Deposition can be as high as 9.8 nm/min with 125 W PDC, however the film properties decline 

with power over 75 W. Trends of temperature and frequency variation are shown in Figure 3.70 and 

Figure 3.71. 

 

Figure 3.70: Deposition rate for given frequencies of PDC. 

 

As power increases, deposition increases approximately 0.063 nm/min-
o
C, as seen in a linear 

regression of 100 kHz. Higher frequency does not necessarily give higher deposition rate. 
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Figure 3.71: Deposition Rate for PDC vs RF vs temperature. 

 

Increasing temperature decreases the deposition rate consistently for both RF and PDC. This is 

related to the plasma interaction of a temperature gradient from the high temperature plate generating 

localized pressure variations above the sputter target. With an increase in pressure around the sputter 

head, the argon atoms used to generate ions by striking the target interfere with one another, reducing the 

effectiveness of the physical vapor deposition. It is also seen that with increasing temperature, the 

effective sticking factor of the film on the glass substrate is decreased. At high temperatures, the energy 

of the ions may be too high to stay on the surface and generate nucleation sites. 

3.4.5   Film uniformity  

Uniform deposition of the film is critical to achieve consistent and repeatable properties. Surface 

profiles were done on a Tencor Profilometer at 5 mm, 400 nm/sec, at 50 Hz (giving 632 data points per 

measurement). Each film was measured at least twice at different locations; a typical film is shown in 

Figure 3.72. 
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Figure 3.72: 20
o
C 100W, 100kHz film. 

 

Surface profiles are comprised of waviness and roughness. Roughness values are given in the 

appendix; here we consider waviness, or the variation of height relative to the initial measured point. 

Total film thickness is 300-400 nm [3000-4000 Angstroms].  Table 3.19 shows both a schematic for each 

measurement, and the height variation.  

Table 3.19: Surface profile of PDC films. 
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 The consistent spikes seen in the 100 W, 60 kHz film are not found in any other film deposition. 

Variation of up to 20 nm is common with this method of deposition, and peaks rather than sporadic 

roughness variation is expected. Crystal growth on a nm scale would be more uniform with slight 

increases in layer levels rather than individual molecule stacking.  

The T1 new has the least discrepancy of the film surface, and may be due to the targets less worn 

geometry. It is postulated that a higher temperature also might assist in more uniform crystallization and 

is seen in the improvements of film properties. Overall the films are very smooth.  

3.4.6   Optical Properties  

Optical measurements were carried out with a Cary 5G spectrophotometer. Transmission was 

measured using the standard flat plate sample holder and reflection was measured using the diffuse 

reflectance accessory. Wavelengths from 200 to 2000 nm were run. Both measurements are normalized to 

a bare substrate. Data is presented in terms of photon energy, Eph: 
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Ὁ         (3.12) 

where h is Boltzmannôs constant, c is the speed of light, and ɚ is the wavelength in nm. Light can interact 

with film material as either transmitted, reflected, or absorbed. Absorption can be calculated from 1-T ï R 

and can be used to calculate the band gap of the material.  

Transmission 

Optical properties are critical in a TCO to not negatively influence the layers below.  The band 

gap (Eg) is the most quantifiable value for comparison and is reflective of the amount of energy required 

for an electron to jump from the valance to the conduction band. In order to calculate the Eg of films, a 

spectrophotometer is used with a transmission and diffuse reflectance attachment. Figure 3.73 through 

Figure 3.82 show plots for transmission and reflectance over wavelengths from 300-2000 nm [2.9-4.0 

eV]. For TCOs, a good film has low reflectivity, and an optimal absorption-transmission match to take 

advantage of the lower film layers CdS and CdTe. 

 

Figure 3.73: Transmission through film for power of 75W. 

 

The focus on 0.75-4 eV is because the band gap for this material falls within this range. It is seen 

that at higher deposition temperatures for 75 W power, the transmission is greater at lower energies. The 

film deposited with the new target gives overall lower transmission than the more used target.  
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Figure 3.74: Transmission through film for power other than 75W. 

 

The oscillations in the transmission are commonly seen in thin smooth films. They are due to 

constructive and destructive interference caused by portions of the light reflecting from the glass-film and 

film-air interfaces. Differences in the oscillations are due to difference in film thickness, roughness, and 

index of refraction.  

 

Figure 3.75: Transmission through film for Ta doped films. 
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The oscillations for the 1% Ta doped films have similar transmission to undoped, but all of these 

films are fairly consistent. The higher temperature deposition drops the transmission at approximately 

2.75 eV compared to the room temperature depositions. 

 

Figure 3.76: Transmission through film for CdS A films deposited at 75W. 

 

The new target (T1) has lower transmission than the more worn target, corresponding to the lower 

mobility values seen in these films.  

 

Figure 3.77: Transmission through film for CdS A not at 75W deposition. 
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Reflection 

 

Figure 3.78: Reflectance of the film deposited at 75W no anneal. 
 

The jump seen at 1.52 eV is due to a lamp change during the measurements, and should not be 

taken as a film property. While the films have differing oscillations, the amplitude [7-26%] is fairly 

consistent. 

 

Figure 3.79: Reflectance of films deposited at powers other than 75W. 
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The 40 W PDC film has a consistently low reflection, not due to surface roughness (Ra = 7.6 ἴ, 

Rt = 41.2 ἴ, similar to other films). This low reflection property gives a large band gap, but poor 

electrical properties and deposition rates make low power films ineffective as RF replacements. 

 

Figure 3.80: Reflectance of films with CdS anneal. 

 

Figure 3.81: Reflectance of films for Ta doped films. 
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Figure 3.82: Reflectance of films with CdS Anneal. 
 

 It is seen that the new film has higher reflection before other films. The largest variance in the 

new films is in improved mobility and reduced carrier density.  

Band gap 

The absorption coefficient Ŭ was calculated over the range 300 nm ï 425 nm using the measured 

transmission and reflection data and the measured film thicknesses. Figure 3.83 and Figure 3.84 show a 

plot of Ŭ
2
 as a function of photon energy (eV) and an extrapolation of its linear section to Ŭ

2
 = 0 for each 

of the films. Assuming the direct band gap relationship Ŭ
2
 = A(Eph-Eg)

0.5
 holds for this material (where A 

is a constant, Eph is the photon energy, and Eg is the band gap energy), the x-intercepts show the band gap 

for each film, seen in Table 3.20 and Table 3.21. 
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