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ABSTRACT 

, тransparent conducting oxides (ТСО) сап Ье found 
in а wide range of applications, from low-E glazing, 
to solar cells, to displays. Every application requires 
а different set of properties for the TCO-material. In 
this paper the control of these properties for two 
important ТСО materials, i.e. fluorine doped tin 
oxide (SnO2:F, FТО) and aluminum-doped zinc 
oxide (ZnO:Al, AZO), is discussed. 
FТО films are made Ьу atmospheric pressure 
chemical vapour deposition in а conveyor belt 
reactor. The AZO films are made Ьу а novel 
technique, which uses an expanding thermal argon 
plasma created with а cascaded arc [1]. Both 
techniques allow control of the surface morphology 
and optoelectronic properties of the film, and are 
suitaЫe for large area deposition. Here we discuss 
the tuning of the film properties for use in an 
amorphous silicon solar cell device. Both AZO and 
FТО films have the possiЬility to obtain this textured 
surface morphology required for light trapping 
coupled with а good conductivity and transparency. 

INTRODUCТION 

Thin film solar celJs, architectural glazing, flat panel 
displays, smart windows, electro-chromic windows 
and mirrors, micro-optical systems, all require 
transparent conductive or electro-optic coatings [2]. 
For each application properties like optical and 
electrical responses and composition have to Ье 
optimised. А few materials and techniques used for 
the different applications dominate the ТСО market. 
In this introduction the requirements of the ТСО 
materials for three major applications (thin film solar 
cells, architectural glazing and flat panel displays) 
will Ье discussed. In the experimental part FТО and 
AZO used in thin film photovoltaics will Ье 

© 2003 Society of Vacuum Coaters 505/856-7188 
46th Annual Technical Conference Proceedings (2003) ISSN 0737-5921 

Atmospheric Pressure CVD 
Roughness control 

discussed as examples, descriЬing how the 
properties and the techniques can Ье optirnised 
varying the parameters of the deposition technique. 

Thin film solar cells 
Thin film solar cells are becoming an attractive 
means for the production of electrical energy. The 
ТСО as а front contact is an essential part of the cell. 
The application in for instance an amorphous silicon 
solar cell asks for tuning of some specific properties, 
namely: 
• High optical transmittance (around 90% 

transmission in the 350-800 nm visiЫe 
wavelength range 

• High sheet conductivity (>103 ohm-1cm·1
) 

• StaЬility in а hydrogen plasma 
• А rough surface for light trapping 
• Environmental and chemical staЬility 

The first two requirements are straight forward: high 
optical transmittance is necessary for efficient 
transport of the light into the active stack and а good 
electrical conductivity is required to obtain а low 
transport loss of the generated electrical energy. The 
fabrication process of the amorphous silicon solar 
cell utilises а hydrogen containing plasma, which 
necessitates the ТСО to Ье resistant to such а 
plasma. А rough surface is required to obtain 
sufficient light trapping as is visualised in figure 1, 
the result is а longer path length of the light through 
the active material. 
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Figure 1. Cross-section of an a-Si:H solar cell. The 
ТСО electrode at the front window exhiЬits а rough 
surface causing light trapping. 

Architectural glazing 
Heat efficient windows that reflect light in the 
infrared range are created during the manufacture of 
architectural glass. ln this application the following 
requirements are essential [З]: 
• Good electrical conductivity and inherently 

high IR reflectivity 
• High transparency in the visiЫe regime 
• Processing convenience 
• Economics 

The first two are straightforward, high IR reflectivity 
is necessary in order to obtain sufficient heat 
efficiency. Тhе last two properties are essential 
because the production of energy efficient 
architectural glass occurs in quantities measured in 
tens of square kilometers а year. The commonly 
used manufacturing process is а direct deposition of 
SnO2 Ьу means of an atmospheric pressure pyrolyses 
process using chlorine-based precursors. 

Flat panel displays 
Flat panel displays (FPDs) are found in а wide 
variety of display applications ranging from 
televisions to phones, as а result of this wide variety 
the demands on the display requirements are high 
[3]. 
• High transparency in the visiЫe region (>90%) 
• Very low resistivity (1-3 х 10-4 ohm.cm) 
• Good uniformity (<5%) 
• Low particle count 
• Microstructure with а characteristic length scale 

greater than the electron scatter length. 
Compared to the two former applications the 
uniforrnity, the particle count and microstructure are 
important parameters. These parameters benefit the 
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display performance resulting in а sharp and 
undisturbed image. 

EXPERIМENTAL 

Fluorine doped tin oxide (FTO) 
Fluorine doped tin oxide films have been deposited 
Ьу AP-CVD in а modified Watkins Johnson reactor 
system (WJ 998). Substrates are placed on а 21 cm 
wide conveyor belt, which is heated Ьу а 12-zone 
furnace. The system is equipped with three injector 
heads, which are separated Ьу nitrogen curtains. 
Furthermore, both ends of the reactor have nitrogen 
curtains to prevent escape of hazardous gases 
formed during the CVD process outside of the 
system. Each injector has two exhaust lines at 
equidistant places of the injector slots. Only the 
second injector is used for deposition of tin oxide. 
The other injectors are only fed with nitrogen to 
maintain the flow balance. The conveyor belt 
transports the substrates through the reactor with 
adjustaЫe speed between 0.25 and 25.4 cm/min Ьу 
means of а motor controller. The belt is fed through 
an ultrasonic HF bath and an air dryer f or continuous 
belt cleaning. The second injector has three separate 
slots through which the reactants сап enter the 
reaction zone above the belt. Tin tetrachloride 
(SnC4, ТТС), water, methanol, and hydrogen 
fluoride are used as precursors to form SnO2:F: 

This reaction represents only the overall reaction, the 
actual mechanism is quite complex, and involves 
both gas phase and surface reactions. Methanol is 
added to the reactant mixture to facilitate the 
incorporation of fluor. Altematively, other tin 
precursors сап Ье used, such as tetramethyltin 
(Sn(CH3)4, ТМТ) or monobutyltin trichloride 
(SnC13(CH2CH2CH2CHз), МВТС). 

In this process the properties of the tin oxide film 
сап Ье controlled Ьу the composition ratio of the 
precursors. Figure 2 shows the variation of the 
electrical properties with methanol-to-ТТС ratio. 
Increasing the methanol flow results in better 
incorporation of fluor in the film, thereby increasing 
the carrier concentration. At а СН3OН-tо-ТТС ratio 
of about 0.15 the carrier concentration becomes 
constant, possiЫy because the HF concentration 
becomes the limiting factor then. Also the moЬility 
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is increased with increasing methanol addition, of 
which the exact reason is not known yet. 

Also the roughness of the film сап Ье controlled, 
most easily Ьу choosing the right tin precursor. 
Figure 3 shows an AFM image of а tin oxide film 
made from (а) ТМТ, and (Ь) ТТС. The ТМТ sample 
had а root mean square (RMS) surface roughness of 
6 nm, while the ТТС sample had an RМS roughness 
of 45 nm. When applied for an amorphous silicon 
solar cell the ТМТ sample only results in an 
efficiency of 5.6%, while the ТТС sample gives 
8.2% [4]. However, the ТМТ sample would Ье 
better suited for low-E applications as the ТТС 
sample gives а hazy appearance. 
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Figure 2. Electrical properties of SnO2:F as а 
function of the methanol-to-tin tetrachloride ratio. 

Figure 3. АРМ image of а tin oxide film deposited 
from (а) tetramethyltin (ТМТ), and (Ь) 
tintetrachloride (ТТС). 

Aluminium doped zinc oxide (AZO) 
AZO films are deposited оп Coming 1737F glass 
substrates (100х50 mm2

) in an Aixtron AIX 2300 
МХ pre-production reactor setup as shown in figure 
4. An expanding thermal plasma created Ьу а 
cascaded arc, which is attached to the Aixtron 
reactor setup, is сараЫе of depositing films at high 
growth rates obtaining material with the desired 
properties [1,5). Oxygen, diethylzinc (DEZ) and 
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trimethylaluminium (ТМА) as dopant are supplied 
to the reactor setup utilizing conventional mass flow 
controllers and pressure-controlled bubЫers using 
argon as а carrier gas. 

Figure 4. Expanding thermal plasma Aixtron reactor 
set up. 

AZO fllms are deposited at а substrate temperatures 
ranging from 150- 350 °С. At 200°С the observed 
deposition rates range from 0.65 to 0.75 nm/s, 
obtaining sheet resistances of 7 Q/sq coпesponding 
to resistivities around 6.10-4 Q cm. All films on glass 
are highly transparent (above 80%) in the visiЫe 
wavelength region [6]. High haze values are 
obtained that indicate an efficient light scattering 
required for applications in thin film solar cells. 

Several parameters in the process сап Ье used to 
obtain the required properties. One of the variaЫes 
that сап Ье changed is the dosage of the alurninum 
precursor. For thin films deposited with an 
aluminum precursor dosage from О to 7 at. %, the 
changes in morphology and opto-electronic 
properties were measured using SEM, AFM, XRD, 
spectroscopic ellipsometry and reflection and 
transrnission measurements. 

SEM micrographs show а strongly textured material 
growing in а columnar structure for both undoped 
and alurninum doped films. А transition from large, 
rounded crystallites to а more pyramid-iike structure 
is observed as shown in figure 5. 
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Figure 5. SEM images of the surface of an undoped 
ZnO film (left) compared to an aluminum doped 
(ТМА dosage of 2 at. % ) ZnO film (right). 

АFМ measurements are in agreement with these 
observations, revealing root mean square 
roughnesses of 40-45 nm. XRD measurements show 
а hexagonal wurzite structure with а prefeпed 
orientation of (002) and (004) peaks indicating the 
films are orientated with their c-axis perpendicular 
to the substrate plane. From combined ellipsometric 
and reflection and transmission data, free charge 
carrier densities ne and moЬilities µ opt are derived as 
parameters in а Drude oscillator model. The results 
are plotted in figure 6 showing an increasing free 
charge carrier concentration at higher aluminum 
dosage and а decrease in optical moЬility due to an 
increase in grain boundary scattering. The effective 
mass of free electrons used in the modeling of these 
quantities is taken to Ье 0.28 ffie. From these 
parameters obtained resitivities are consistent with 
direct measured resistivities. 
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Figure 6. Electron density ne and optical moЬility 
l,lopt derived from the Drude oscillator model fit for 
ZnO:Al films with aluminum precursor dosage 
increasing from 1 to 7 at. %. 

CONCLUSIONS 
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For each application different ТСО film properties 
are required. As shown f or solar cell application 
both AZO and FТО films can have the necessary 
textured surface morphology needed for light 
trapping coupled with а good conductivity and 
transparency. In order to obtain and maintain these 
required properties it is necessary to understand the 
relation to the process parameters influencing the 
materials properties. AZO and FТО сап Ье made 
applicaЫe for other applications Ьу changing the 
сопесt parameters and optimising the material for 
this specific application. 
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