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CHAPTER I 

 

INTRODUCTION 

 

Transparent conductive oxides (TCOs), a so-called compromise material, find use 

as an optically transparent electrical contact in a variety of electro-optical systems.  This 

combination of optical transparency and electrical conductivity is required in several 

applications such as architectural glass with thermal or solar control, flat panel displays, 

and solar photovoltaic cells.  However, TCO films are neither 100% transparent nor is 

their conductivity as high as “good” metals such as copper or silver.  In each of the above 

applications, a thin solid film of the oxide material is applied, usually to glass, and a 

compromise between the electrical and optical properties allow a typical visible 

transmittance of greater than 80% while retaining direct current electrical conductivity on 

the order of 1-10 (mΩ·cm)-1.  TCOs are used in all thin-film solar cells to admit light and 

to collect photogenerated charge.   For this purpose, they need as high a conductivity as 

possible while absorbing as little of the incident light as possible.   This dissertation 

focuses on minimizing the deleterious effects of the TCO’s losses in a photovoltaic 

application. 

In this first chapter, the objectives and motivation for the current study is 

discussed in the context of the scope of this dissertation.  An overview of the history of 

and fundamental properties exhibited by transparent conducting oxides (TCOs) is 

presented.  The particular application of TCOs to thin film photovoltaics (PV) is outlined 

and the issues pertaining to the necessary properties and subsequent materials selection is 

discussed.  Important properties of tin oxide (the host TCO) and zirconium oxide (a 
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means of increasing permittivity) are discussed in detail, with particular emphasis on 

electro-optical properties, dopant incorporation and the correlation with electronic and 

crystal structure. 

The remainder of this dissertation is outlined as follows.  Chapter II discusses 

details of film synthesis and presents a brief review of chemical vapor deposition (CVD) 

of tin oxide.  The characterization techniques and methods used to evaluate the films in 

this study are explained in Chapter III.  Chapters IV-VI comprise the main findings of 

this study.  Chapter IV presents the key results pertaining to the chemical vapor 

deposition of tin oxide, zirconium oxide, and tin oxide alloyed with up to approximately 

ten percent zirconium.  In Chapter V, a key discovery in this study is presented, namely 

evidence for the increase in permittivity due to zirconia addition to tin oxide.  Data which 

indicates that carrier mobility may increase due to permittivity-engineering (via addition 

of zirconia) is given in Chapter VI, along with arguments to substantiate these findings.  

The dissertation concludes with a summary of the results that provide some guidance for 

future research on tin oxide thin films and TCOs in general. 

 

Motivation 

A resurgence of interest, and subsequent market expansion, in renewable energy 

has caused solar energy conversion to become a viable, competitive electricity source.  

As a consequence of research, consumer demand and political policy, investment in and 

production of solar PV have seen unprecedented increases in the last several years [1].  

While crystalline (bulk) Si PV still represents the largest market share, the thin film 



photovoltaics industry is experiencing the highest and most accelerated growth in the 

solar cell market.  Thin film technologies based on amorphous Si (α-Si), microcrystalline 

Si (µ-Si), Cu(In,Ga)Se2 (CIGS), or CdTe absorber layers are currently in manufacturing 

production.  Figure 1.1 is a schematic of a typical CdTe-based photovoltaic cell.  The 

TCO provides an electrical contact to the device while allowing photons to pass to the 

active layers in the cell. 

 

 

Figure 1.1.  Schematic of the “superstrate” configuration for a CdTe PV device, and the 
corresponding thickness value ranges [2]. 
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This thesis outlines the steps to optimize the optical properties of transparent 

conducting oxides (TCOs) while maintaining or improving the electrical conductivity, 

environmental stability and reliability.  Gessert, et al have recently proposed that 

increasing the permittivity in indium oxide-based TCOs decreases optical absorption in 

the IR [3].  This hypothesis is tested for the tin oxide-based TCO system by adding a high 

permittivity material (ZrO2) to the SnO2 host TCO.  Using ellipsometry to estimate 

permittivity and spectrophotometry for optical measurements, the hypothesis that zirconia 
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addition increases the permittivity is tested and it is shown that such addition benefits the 

optical properties of TCO films.  

A low cost, reliable and industrially scaleable method for producing high quality 

transparent conductive films on glass is crucial to the success of thin film photovoltaics 

(PV), particularly those based on CdTe/CdS [4, 5].  Low pressure chemical vapor 

deposition (LP-CVD) meets these requirements.  The methods and materials used in this 

study are consistent with the infrastructure already employed by major glass and coatings 

manufacturers, as well as for those solar cell companies wishing to process the TCO 

layer.  Fluorine-doped tin oxide (FTO) is the most utilized TCO material (e.g. First Solar, 

the largest thin film PV manufacturer, uses an industry-standard FTO/glass superstrate).  

Up to now, the supplied TCO film on glass is not optimized for PV use, rather it has been 

carried over from that used as architectural glass [6, 7].  Commercial FTO on glass has 

low electrical resistivity (~ 6 x 10-4 Ω·cm) and has approximately 75-80% optical 

transmittance in the visible region of the electromagnetic spectrum.  However, FTO has 

low transmission in the near infrared (NIR), which accounts for about 10% loss in current 

density for a finished cell [5].  Eliminating this loss at low cost could drive down the 

price-per-watt (or, equivalently, increase the profit potential) for thin film PV because it 

would lead to a corresponding increase in efficiency and a reduction in price-per-watt.  

The study uses an interdisciplinary approach, combining both a fundamental 

consideration and an application-driven perspective, to research the materials science of 

thin transparent conducting oxide (TCO) films.  SnO2 thin films doped with F and 

alloyed with ZrO2 are deposited by LPCVD on glass substrates in a cold-wall reactor.  

Multiple analysis techniques are used to understand the basic process-property-
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performance relationships.  This fundamental understanding will then lead to the end 

goals of developing an improved process and ultimately transfer this knowledge to the 

U.S. PV industry.  

TCO-coated glass is used to fabricate α-Si, µ-Si and CdTe based devices with 

either indium-tin oxide (tin-doped indium oxide, ITO) or fluorine-doped tin oxide (FTO) 

coated on the starting superstrate.  FTO-based materials are more attractive than ITO-

based films for several reasons.  Tin is 400 times more abundant in the earth’s crust than 

indium (40 ppm and 0.1 ppm respectively), making its availability and cost more stable in 

the long-term [8].  In addition, the rapid expansion in flat panel display production, which 

currently uses ITO exclusively, has dramatically driven up indium costs.  Therefore, a PV 

technology with a Sn-based TCO would be more attractive from a cost-of-manufacturing 

and raw material point of view.  

Most thin film PV manufacturers purchase their superstrate glass with the 

transparent conductive coating already applied by the glass producer.  Tin oxide is 

typically applied by chemical vapor deposition (CVD) while the glass is still hot from the 

float glass process [7].  The resulting film has low resistivity, high visible wavelength 

transmission, and typically low transmission in the infrared.  The IR absorption and 

reflection in these films is due to the interaction of the free-carriers with light and it 

accounts an approximate 10% current density loss in a CdTe PV cell [5].  A TCO that 

increases IR transmission would potentially increase the PV cell current density (Jsc) 

resulting in a finished module with overall higher efficiency and a reduction in levelized 

cost of electricity. 
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Project Objectives 

A primary objective of this work is to investigate the hypothesis that increasing 

the permittivity of a TCO decreases its absorption in the near-infrared.  As stated 

previously, increased transmission in the near-infrared is likely to lead to more efficient 

solar PV cells.  A high permittivity material (ZrO2) is alloyed with the host TCO, SnO2 to 

test this hypothesis.  The effects of adding up to approximately 30% ZrO2 into SnO2 and 

SnO2:F on the electrical and optical properties of the films is presented in detail.  Films 

are synthesized by low pressure chemical vapor deposition.  The ZrO2-SnO2 alloy is a 

promising system with respect to structure, oxidation state and chemical stability of the 

individual component cations and their oxides.  Tin oxide condenses in the tetragonal 

(rutile) structure; zirconium oxide thin films can be monoclinic or tetragonal under 

certain conditions [8, 9].  Both cations are in the 4+ state.  Therefore, these experiments 

directly probe the effect of the addition of zirconia on permittivity without any expected 

addition of free carriers (as would be the case for an aliovalent cation).  The ionic radius 

for zirconia is 0.072 nm (sixfold-coordinated) which is slightly larger than that for tin 

oxide at 0.069 nm [10].  Both oxide systems are chemically and environmentally stable, 

with respect to the conditions typical for PV use [11-13]. Since the bandgap for ZrO2 

(5.8eV) is much larger than for tin oxide (3.6-3.8 eV), the studies focus on the films with 

0-10% Zr (at.%) in order to maintain conductivity (i.e. the donor energy level, ED 

remains close to conduction band minimum, CBM).  Fluorine incorporation into ZrO2 is 

investigated and relationships to the effects of film deposition, structure, optical 

properties and film morphology are presented. 
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The targeted criteria outlined in Table 1.1 are considered in designing the 

experiments.  Film thicknesses are targeted to be on the order of 350-600 nm based on 

published figures and previous experience [5, 14].  To separate the effects of differences 

in carrier concentration and thickness, parameters are sought such that a direct 

comparison of the NIR response of films with varying Zr:Sn concentration, but 

comparably similar physical thickness and charge carrier concentrations, is carried out. 

CVD processes are developed to simultaneously deposit both ZrO2 and SnO2 

under similar conditions.  The materials properties of the component systems and of the 

mixed oxide system are characterized, and their electrical and optical performance is 

measured.  The fundamental aspects that determine these properties such as structure, 

electronic transport and permittivity are investigated.  

The following objectives are addressed in this dissertation: 

i) Deposition of films 
 
 a)  Optically transparent films of ZrO2, ZrO2:F, and conductive SnO2:F 

 b)  Transparent conductive SnO2:F films containing ZrO2

ii) Systematic study of the materials properties and reliability of films 
containing ZrO2 

 

iii) Development of permittivity-engineered TCO films: electrical and optical 
properties as a function of Zr% 

 

 
Thin Film Photovoltaics: Issues for Transparent Electrodes 

The top electrical contact for thin film solar cells is a TCO. This electrode must 

combine the unusual properties of metallic-like electrical conductivity with transparency 



across the solar spectrum.  These requirements are especially of interest in that 

optimizing one of them typically degrades the other.  This tradeoff between enhancing 

the optical or electrical properties is weighed by a figure of merit, FOMTCO,  

 
10

TCO
S

TFOM
R

=  (1.1) 

where T is the average transmittance for the region of interest (360-860 nm for CdTe, 

360-1100 nm for Si), and RS is the sheet resistance [15].  Note: in the literature, T is 

sometimes chosen at a particular wavelength, say 500 nm.  The film must also be 

compatible with subsequent processing conditions.  Additional constraints are more 

subtle.  The TCO material must be chemically inert with materials that it contacts (e.g. 

soda lime glass, CdS).  These properties must be stable over long time frames and must 

not be degraded with thermal or moisture stresses.  Table 1.1 summarizes these properties 

along with desired benchmark figures. 

 

Table 1.1.  Desired criteria for TCOs for use in thin film CdTe PV cells [16]. 

Sheet 
Resistance 

Optical 
Bandgap 

Visible 
Transmittance

CdS Interface Reliability FOMTCO

≤ 15 Ω/□ > 3 eV > 80% Insulating, 
chemically robust 

> 25 years  35 10−≥ ×

 
 

Overview of Transparent Conducting Oxides 

Metal oxides that are both optically transparent and electrically conductive have 

been realized for some 100 years.  The first recorded instance being that of Badecker’s 
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report that evaporation-deposited cadmium films became transparent once thermally 

oxidized [17]. Coatings based on tin oxide and, a few years later, indium oxide, have 

been used commercially for decades, beginning with military applications in WWII.  

Together with zinc oxide, these films are utilized in various applications: electrochromic, 

electroluminescent and liquid crystal displays; window coatings on buildings and aircraft; 

molecular electronics; and thin film photovoltaics [7, 8, 18].  

Most TCOs are n-type wide-bandgap semiconductors, with intrinsic doping due to 

non-stoichiometric compositions. This intrinsic doping may be due to donor centers or 

impurity states attributed to oxygen vacancies, H+ bound on O- sites, and/or cation 

interstitials [8, 19-21].  In the case of tin oxide, the conductivity of unintentionally doped 

materials is argued to be due to the dual valence of tin, Sn2+ and Sn4+, easily forming SnO 

complexes in the SnO2 lattice [22].  In practice, TCOs are degenerately doped, that is, the 

Fermi level is in the conduction band.  Fluorine and antimony are the familiar anionic and 

cationic dopants, respectively, in tin oxide, with F-doping yielding the best results [8].  In 

general, increasing the electrical conductivity via charge carrier concentration (through 

heavy doping) blue shifts the optical transmittance window, as explained by Burstein and 

Moss [23, 24].  The increase in carrier concentration, and subsequently the bandgap 

widening, via conduction band filling may be beneficial in some instances[14].  The 

carrier concentration also affects the optical properties at longer wavelengths.  

Absorption and reflection due to free carriers may further reduce transmission in the near 

infrared by decreasing the free carrier plasma absorption wavelength; this is further 

compounded by potentially decreased mobility due to impurity scattering. 



Tin oxide crystallizes in the tetragonal (rutile) structure, with a unit cell consisting 

of four oxygen atoms and two tin atoms with a volume of 7.16 x 10-2 nm3, and 

corresponding lattice parameters a = 0.474 nm and c = 0.319 nm (c/a = 0.673, atomic 

density is 8.37 x 1022 atoms/cm3).  The oxygen atoms are three-fold coordinated, while 

the tin atoms are octahedrally coordinated to the neighboring oxygen atoms.  With the 

exception of zinc oxide, in which Zn is tetrahedrally bound, all other n-type TCOs (i.e. 

those based on In2O3, Cd2SnO4, CdO) exhibit this octahedral coordination of cations to 

oxygen [25]. 

 

Electrical Properties of TCOs 

The lowest resistivity values reported for TCO films are typically on the order of 

10-4 Ω·cm.  This is two orders of magnitude higher than the resistivity of some metals 

such as aluminum or copper (2.7x10-6 Ω·cm and 1.7x10-6 Ω·cm, respectively).  Note, 

however, that the resistivity values for TCOs are 14-20 orders of magnitude less than that 

of typical insulators.  Since most TCO films (and all in the current study) are n-type, all 

relations to charge and charge carriers are taken to be that of electrons (e and n, 

respectively).  Similar arguments may be made for p-type material.  Recalling that the 

(D.C.) conductivity, σ, is the reciprocal of resistivity, ρ, the definition of conductivity is 

given by the classical Drude free electron theory by its proportionality to the relation 

between the current density J induced in the presence of an electric field E [26]: 

 J Eσ= . (1.2) 
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The current quantifies the motion of electrons and the term drift is given to describe the 

motion of electrons in the direction of the electric field, where their velocity is in turn 

called the drift velocity, vD [25].  For a given electron carrier concentration, n, the current 

density is  

 DJ nev= , (1.3) 

and solving (1.2) and (1.3) for drift velocity,  

 Dv E
ne
σ⎛ ⎞= ⎜ ⎟

⎝ ⎠
. (1.4) 

The proportionality factor is equal to the electron mobility as 

 
ne
σμ = . (1.5) 

The mobility is related to two fundamental materials properties by 

 e
m

τμ =
∗

 (1.6) 

where τ and m* are the relaxation time and effective mass, respectively.  The relaxation 

time is actually the mean time between random scattering events (carrier collisions) [25, 

27].  From (1.5) it is evident that to increase the conductivity, either the mobility or 

concentration of electrons, or both, must be increased.  In order for mobility to increase, 

the scattering time must increase or the effective mass decrease.  In general, but with 

exceptions, the effective mass is considered to be a constant property for a given host 

TCO material, while the scattering time may be a function of material quality or doping 

effects [27-30].  The figure of merit given in (1.1) is often chosen for TCOs for PV 

applications because it weighs heavily the transmittance [15].  However, because the 
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sheet resistance is thickness dependent so is the figure of merit.  Other authors have used 

a figure of merit to compare TCO performance which is not thickness dependent, namely 

 '
TCOFOM σ

α
=  (1.7) 

which is the conductivity divided by the absorption coefficient.  Coutts et al [27] have 

shown that since  

 1 and σ τ α τ −∝ ∝ , (1.8) 

this figure of merit is particularly illustrative when written as 

 ' 2 ' or TCO TCOFOM FOM 2τ μ∝ ∝ . (1.9) 

The importance of increasing mobility is clearly seen in (1.9): it directly shows that 

increasing mobility necessarily improves both the electrical and optical properties of a 

TCO (by decreasing resistivity and absorption, respectively). 

The effective mass is described by quantum mechanics in its relation to band 

structure.  The band structure of a TCO gives keen insight into its electrical and optical 

properties.  The one-dimensional equation for effective mass is related to the curvature of 

an isotropic band by 

 
2

2 2

1 1
*

d E
m d

≡
k

 (1.10) 

where E is the energy of the band, is Plank’s constant, h/2π, and k is the band 

momentum [26].  From (1.10) it is seen that a highly disperse conduction band, for 

example, will have a tight curvature which gives rise to a small effective electron mass. 
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Freeman et al calculated the band structure for SnO2 and for the point defects of oxygen 

vacancies or tin interstitials and is reproduced in Figure 1.2 [31].  The main features, 

which are relevant for the common n-type TCOs are: a relatively flat and non-disperse 

valence band made up primarily of O-2p states; the valence band maximum (VBM) and 

conduction band minimum (CBM) occur at the gamma-point (k=0, reciprocal space) and 

the energy gap between them is larger than 3.0 eV so that direct optical transitions occur 

outside of the visible spectrum; the CBM is highly dispersed and the gap between the 

CBM and the next conduction band is also larger than 3.0 eV, again ensuring that no 

electron transitions occur in the visible range of wavelengths.    

 

   

  

Figure 1.2.  Calculated band structure for tin oxide for the cases of (left) stoichiometric, 
(b)  oxygen vacancies and (c) tin occupying interstitial sites [31].  The higher energy 
conduction bands (dots) above the conduction band minimum (solid) line are separated 
from the CBM by energies outside of the visible region. 
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The darkened regions at the CBM for the two defect cases represent impurity bands 

which exist near, at or in the conduction band.  These bands are essentially the free 

carriers due to the impurities and their occurrence near the CBM is indicative of 

degeneracy, which occurs when the Fermi level is within 3kT of the CBM. The condition 

for degeneracy is fulfilled for carrier concentration values at or greater than the critical 

Mott concentration, nMott, at which point the impurity levels overlap with the conduction 

band forming the aforementioned impurity band [29].  The critical Mott concentration is 

estimated by 

 0

0

0.2 ,  where 
* /

r
Mott imp

imp

an a
a m m Z

ε
= =

Δ
 (1.11) 

where aimp is the hydrogenic orbital size for the impurity; εr is the relative permittivity of 

the host; m* is the effective mass; m0 is the mass of a free electron; a0 is the Bohr radius; 

and ΔZ is the difference in valency between the impurity ion and host ion it replaces [30, 

32].  By example, for fluorine-doped tin oxide, F- substiutes O2-, so ΔZ = 1 and we take εr 

= 10, which gives a critical concentration of 1.46 x 1018 cm-3.  Nearly all of the F-doped 

samples in the current study have carrier concentration greater than 1019 cm-3
 indicating 

that these films are highly degenerate. 

A diagram of the band filling mechanism due to impurity addition (point defects 

or extrinsic dopants) is shown in Figure 1.3.  The dispersion of the conduction band is 

associated with a relatively small effective mass for electrons.  The consequence is that 

the fundamental bandgap then becomes larger as the conduction band fills (as carrier 

concentration increases).  In Figure 1.3, the increase in bandgap energy, ΔEG is known as 
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the Burstein-Moss shift, which correlates the blue-shift of the optical absorption band 

edge in the near ultraviolet with carrier concentration [23, 24]. 

 

 

Figure 1.3.  Energy band diagram depicting the fundamental bandgap, EG0; the 
(measured) optical bandgap, EG; and the change in bandgap energy, ΔEG due to 
band filling.  This phenomenon of bandgap widening due to conduction band 
filling is termed the Burstein-Moss shift [23, 24, 27]. 

 

 

Optical Properties of TCOs 

 The optical properties of transparent conducting films, while intimately tied to the 

electrical properties, essentially dictate how much light can pass through to the 

underlying layers (e.g. the photoabsorbing layers in a PV device).  Therefore, critical 

evaluation of the optical properties is essential.  In particular, tuning the infrared 

transparency in TCO films is particularly of interest for certain applications. 
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The TCO film may be considered as a pass band filter for electromagnetic 

radiation.  For a given application, then, one attempts to tune the pass band to best match 



  16

the spectral region of interest.  For example, in solar or thermal control coatings, the pass 

band might ideally be only the visible region, with a desired sharp onset of high 

reflectance for longer wavelengths (infrared) and nearly complete absorption in the 

ultraviolet (UV).  In flat panel displays, the operation can be simplified as electrons in – 

photons out.  Again, only the visible region is of interest for transparency.  However, in 

PV devices, the pass band is optimized by a convolution of the solar spectrum and the 

quantum efficiency response (the region of solar photo-absorption) for the particular PV 

technology.  For example, CdTe (bandgap = 1.44 eV) absorbs strongly in the wavelength 

range of 360 – 860 nm, while Cu(In,Ga)SSe (CIGS) absorbs further into the near IR up to 

~ 1100 nm.   Absorbers based on amorphous or microcrystalline Si (α-Si and µ-Si, 

respectively), and tandem stacks may have appreciable absorption efficiencies extending 

to ~ 1800 nm in the NIR.   

A typical set of experimental optical response data are presented in Figure 1.4.  

Shown are the transmittance, reflectance and absorptance (%T, %R, %A, respectively).  

A characteristic high transmittance (generally > 80%) is observed in the visible region (~ 

380-700 nm).  The oscillations in the transmittance and reflectance spectra are due to 

interference effects from the front and rear surfaces of thin films (TCO film thickness ~ 

350 nm).  The strong absorptance, and corresponding transmittance cutoff, at shorter 

wavelengths is characteristic of interband transitions.  Electrons are photo-excited from 

the valence band to the conduction band for energies greater than the bandgap energy 

(typically greater than 3 eV for TCOs).  The decreased transmittance at longer 

wavelengths is due to an increase in absorptance and in reflectance.  Note that the 

absorption is centered about a point near the plasma wavelength, but the peak is quite 



broad and extends into the visible region thus attenuating the transmittance and reducing 

cell performance. 

 

 

 

Figure 1.4.  Characteristic transmission, reflection and absorption spectra for a TCO film.  
The vertical dashed line near 1100 nm marks an approximate location for the plasma 
edge.  The data are obtained from spectrophotometry measurements. 

  

Relating the Optical and Electrical Functions 
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The Drude oscillator model for free electrons is a simplification of the Lorentz 

oscillator (which describes “bound” electrons via a restoring force).  In either case, the 

equations of motion for the electrons are described by a harmonic oscillator: electrons 

(with a relatively lower mass) are attached by a “spring” to the ion core (a heavier mass).  

Because the electrons are free to move about the lattice, there is no associated restoring 

force in the Drude model (i.e. the resonance frequency, ω0
2  = k/m = 0).  Following the 

description of Wooten, the equation of motion of free electrons is similar to that of a 

damped harmonic oscillator and is given by 



 
2

2

( ) ( ) ( )r t r tm m e
t t

∂ ∂
+ Γ = −

∂ ∂
E t  (1.12) 

where m is mass, is the position vector, t is time, Γ is the ( )r t damping term, and E (t) is 

the energy [33].  The solution is 

 
( )2

( )e Er
m i

ω
ω ω

=
+ Γ

 (1.13) 

and the susceptibility, χ(ω), which is a measure of polarizability in response to an electric 

field, is given by 

 
2

2( ) p

i
ω

χ ω
ω ω

= −
+ Γ

 (1.14) 

where the plasma frequency (wavelength) is  

 
2

2 0
2

0

*,  2
*P p

mne c
m n

ε εω λ π
ε ε

∞

∞

⎛ ⎞
= = ⋅⎜⎜

⎝ ⎠e ⎟⎟  (1.15) 

where ε∞ and ε0 are the high-frequency permittivity and free-space permittivity, 

respectively [33].  For a free electron material, the damping term Γ is the electron 

collision rate, which is the inverse of the mean electron collision time, τ  (i.e. Γ = τ-1).  

Since the susceptibility, χ(ω), is related to the complex permittivity function by 

 1 2( ) 1 ( )iε ω ε ε χ ω= + = +  (1.16) 

equations (1.14) and (1.15) can be rewritten (assuming ωτ2  » 1, see below) in terms of 

the real and complex parts of the permittivity as given by Maxwell’s equations 

 
2

1 * 2
0

( ) ne
m

ε ω ε
ε ω∞= −  (1.17) 
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2

2 * 3
0

( ) ne
m

ε ω
ε ω τ

=  (1.18) 

respectively [26, 33, 34].  

 

 The time between collisions in metals and TCOs is relatively brief, on the order of 

tens of femtoseconds.  However, compared to optical frequencies (e.g. for λ = 500 nm, ω 

= 2πc/λ = 3.7x1015 rad/s), ωτ2  » 1 [33].  This approximation was already applied to 

(1.17) and (1.18).  The permittivity equations can be written in terms of the plasma 

frequency as 

 
2

1 2( ) 1 pω
ε ω ε

ω∞

⎡ ⎤
= −⎢ ⎥

⎢ ⎥⎣ ⎦
 (1.19) 

 
2

2 3( ) pω
ε ω ε

ω τ∞=  (1.20) 

According to Hamberg, the aforementioned approximation may break down in the 

infrared spectral region since damping may be significant [28].  Note that damping is also 

in the imaginary part of ε(ω) in (1.20).   

The permittivity is related to the optical constants by  

 2 i n N i kε ε ε 2
1 2 =   +  = = (  +   )   (1.21) 

where ,  N and k are the complex, real and imaginary parts of the refractive index, 

respectively.  Again, it is noted that the plasma frequency is 

n

defined by the frequency at 

which ε1 = 0, or equivalently at N = k.  The Fresnel equations predict the fraction of light 

reflected (or transmitted) when light is incident on media having interfaces with differing 

refractive indices.  For light incident at near-normal angles at a film-glass substrate 
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structure, the equation for the power reflectance is given by its relation to the refractive 

indices by 

 
2 2

2 2

( )
( )

F S

F S

N N kR
N N k

F

F

− +
=

+ +
 (1.22) 

here NF, NS are the real part of the refractive index for the film and substrate, 

respectively; kF is the extinction coefficient of the film [35].  The index of air is taken to 

be unity with an extinction coefficient of zero for air and substrate. 

It is instructive to consider the spectral dependence of ε(ω), n(ω), and R(ω).  For 

the limiting case of no damping:  N = 0 and R =1 for 0 < ω < ωP.  Above ωp, k is zero and 

the reflectance decreases as N increases from zero to unity [33].   A steep reflectance 

edge near the plasma frequency can be expected as the dominant spectral feature in the 

optical properties of metals [33].  Hamberg calculated the permittivity functions and 

compared them to experimental values for ITO films with n = 6.2·1020 cm-3; the data are 

shown in Figure 1.5 [28].  O’Neil et al used a Drude-Lorentz oscillaror to model the 

complex refractive indices of ITO using a carrier density of 4·1020 cm-3, which is 

approximately two-thirds the carriers for Hamberg’s films (Figure 1.6) [36].  The 

difference in carrier density is clearly observed in the plasma edge: λP = 1.7 µm for the 

lower carrier density film, whereas λP ≈ 1.5 µm for the higher carrier density film.  These 

results are exactly what is predicted by the Drude model. 
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 Figure 1.5.  The experimental and predicted permittivity functions ITO [28]. 
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 Figure 1.6.  The modeled complex indices of refraction for ITO [36]. 
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To recap, the Drude theory of free electrons in metals can accurately describe the 

optical and electronic properties and their interrelationships of TCOs and is used in 

developing the hypothesis of the proposed work [27].  The Drude model is a simple one 

so a physicist should not expect it to perfectly model real systems [37].  The reason it 

works is that we are dealing with electrons of only a single energy, ie., the Fermi 

electrons.  Such treatment would not be applicable if the materials were not degenerate.   

A typical TCO film transmits light at wavelengths between 350-1500nm. The 

short wavelength absorption is centered at the optical bandgap, λg,and is a consequence of 

exciting electrons from the valence band to the conduction band.  The decreased 

transmission at longer wavelengths, in the visible and IR, is due to absorption and 

reflection losses.  These losses are due to free carriers interacting with incident 

electromagnetic radiation, and are centered about the plasma wavelength, λp (plasma 

frequency, ωp = 2π·c / λp).  We have stated that there is a trade-off between increasing the 

conductivity and increasing the transmittance.  The basic trend is that increasing charge 

carrier concentration increases the absorption due to free carriers and shifts the plasma 

absorption to higher frequencies (shorter wavelengths).  In contrast, increasing carrier 

mobility does not shift the plasma frequency, but instead decreases the absorption 

intensity. This is shown pictorially in Figure 1.7, reproduced from Coutts [27] and is 

exactly in agreement with expectations given by the figure of merit in (1.9). 

 

 

 

 



 

 

Figure 1.7.  (left) The calculated increase in absorptance in the NIR due to increasing 
carrier concentration at a fixed mobility value, (right) the decrease in absorptance height 
with increasing mobility at a fixed carrier density [27]. 

 

 

From (1.15), we observe that an increase in the high-frequency permittivity 

should increase the plasma wavelength.  Recently Gessert and Coutts of NREL have 

developed this idea of increasing permittivity to decrease absorption in TCOs.  

Surprisingly, this has not been previously addressed in the TCO literature [3].    

 

Literature Review of Zr-added TCO Materials 
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Many dopants and mixed oxides have been studied including oxides of cadmium, 

indium, titanium and to a lesser extent zirconium [14, 38-40].  Qadri et al have reported 

on pulsed laser-deposited ZrO2- mixed oxides of In2O3, SnO2 and ZnO [39].  The 

reported resistivity values for SnO2-based films were on the order of 10-2 Ω-cm, about 2 
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orders too high for PV use. The only optical transmittance data these authors report was 

for 5% ZrO2 (RS = 1799 Ω/).  No comparison is made to an undoped sample, and there 

is no reference to the IR absorption edge.  To date, there is no report in the literature of 

enhanced optical properties of SnO2-based TCOs by zirconia addition (i.e. enhancement 

via increased permittivity). 

Several studies, outside of NREL work, on Zr-doped indium oxide (IO), indium-

tin-oxide (ITO) and zinc oxide have been reported [38, 39, 41-46]. In all cases the 

addition of aliovalent Zr4+ is justifiably considered as contributing to the electronic 

charge carrier concentration, and little is mentioned of a change in optical properties.  In 

particular, there is no attention paid to permittivity affects.  The motivation for these 

studies is to increase the chemical resistance of the host TCO through zirconia addition: 

however, no testing of this was reported. Interestingly, however, Campet et al have 

reported that Zr-doped IO and ITO ceramics (not films) have decreased visible absorption 

and exhibit higher mobilities when compared to the undoped IO ceramic [38].  The 

authors attribute this to the higher “Lewis acid strength” of ZrO2 compared to the host 

material.  These differences can be, at least partially, explained by the differences in 

charge carrier concentration in their bulk ceramics.  Also, no mention of differences in 

crystallinity or grain size is given.  Recently, Gessert et al found that additions of Zr in 

In2O3 and ITO sputter targets allowed for a broader window of acceptable oxygen partial 

pressure during sputter deposition; indeed, they report improved optical transmittance 

due to the measured permittivity by adding zirconia [47, 48].  

The materials properties of the SnO2-ZrO2 system has been studied for bulk 

ceramics [49-52] and thin films [40, 53].  For the bulk ceramics, a miscibility gap is 
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reported in all cases: a maximum of ~20 mol% SnO2 can be incorporated in ZrO2, and 

~25 mol% ZrO2 into SnO2 to form solid solutions or alloys.  The applications for these 

studies are in densification of ceramics, high temperature materials, protective coatings 

and also in studying the oxidation of the tin-zirconium alloy, Zircalloy.  A miscibility gap 

in the mixed oxide thin films has not been explored.  Fang et al have reported enhanced 

gas sensing and wider operating temperature range with 1 mol% ZrO2 addition into SnO2 

films formed by spin coating [53].  Qadri et al reported on the crystallographic phases of 

e-beam deposited ZrO2-SnO2 [40].  For small SnO2 additions, the monoclinic phase of 

zirconia is maintained.  Interestingly, however, they observe a partial stabilization of the 

cubic zirconia phase for ZrO2 films with 3-6 wt.% SnO2. 
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CHAPTER II 

 

FILM SYNTHESIS BY CHEMICAL VAPOR DEPOSITION 

 

 This chapter begins with an explanation of the chemical vapor deposition (CVD) 

process along with its applications and industrial relevance.  The various types of CVD 

processes are briefly discussed, with a focus on the low-pressure variant.  The complexity 

of the CVD process is explained in terms of the interrelation between gas phase and 

surface reactions, reactant species and reactor design.  A brief review of tin oxide-based 

TCOs relevant to this work is presented.  The chemical vapor deposition of tin oxide and 

zirconium oxide is discussed and reviewed.  Finally, the CVD process, precursors, 

substrate preparation, and process variables used in this study are fully described. 

 

CVD Process 

Chemical vapor deposition (CVD) is a highly controllable and scalable process 

for uniformly coating large substrates.  This technique is widely used in such large and 

diverse industrial sectors as the integrated circuit (IC) industry, as well as for various 

functional or protective coatings on glass, containers, structural steel and tool steel.   

Tin oxide coated glass is produced at a rate in the hundreds of thousands of square 

meters annually with the primary production method being CVD [1].  Because of the 

continued growth of the PV industry which utilizes this material, the production of tin 

oxide coated glass in 2012 is estimated to be 500M m2/year [2].  However, these coatings 

have not been optimized specifically for the needs of the PV industry, and especially not 
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so for the particular properties desired for specific thin film PV technologies , such as 

CdTe/CdS-based cells.  Addressing these issues is a main focus of this work. 

The chemical vapor deposition of a thin solid film on a substrate requires the 

delivery of reactant gases to the deposition zone where the substrate is located.  In the 

deposition zone, the atmosphere is controlled by the pressure and whether other reactant 

or catalytic species are present.  Energy is typically applied in the form of heat.  

However, variations of the process may include addition of energy in other forms: for 

example, plasma-enhanced CVD (PECVD) supplies energy via the energetic electrons in 

the plasma.  Given sufficient energy and supply of reactant, reactions occur such that a 

solid film is deposited on the substrate and volatile reaction byproducts are evacuated 

from the reactor.  A more complete analysis of the CVD process involves the nine steps 

which are illustrated in Figure 2.1 and are described below [3]: 

(1) Reaction gases enter the reactor and then pass into the deposition zone. 

(2) Gas phase reactions may occur, which may give off byproducts or supply 
intermediate reactants.  These intermediates may be short-lived and perhaps go 
undetected (e.g. radicals that quickly react in a step-wise fashion). 

(3) Diffusion of the reaction (1) and intermediate (2) gaseous species to the substrate 
surface. 

(4) Reactants adsorb onto the surface of the substrate. 

(5) Adsorbed species may diffuse onto the surface of the substrate, 

(6) Reactions occur on the surface of the substrate. 

(7) By-products of the reaction(s) are desorbed. 

(8) By-products (7) diffuse away from the surface. 



(9) The by-products are removed from the reactor via convective mass transport. 

 

 

Figure 2.1. An illustration of the central steps in the chemical vapor deposition process 
[3]. 

 

Review of Tin Oxide CVD 

SnO2 thin films and ZrO2 thin films have been successfully deposited by CVD 

under various conditions using a variety of precursors [2, 4-7].  Low pressure, LPCVD, 

systems are compatible with current thin film technologies, and process development 

gleaned from the coated glass and semiconductor industries may be transferred to large-

scale production of new TCOs for PV applications. 
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Thorough reviews of CVD tin oxide are given in a series of articles by Jarzebski 

and Marton [8-10].  More recent reviews of tin oxide-based TCOs, their synthesis and 

properties can be found in [11-13].  A concise review of the history, applications and 

industrial relevance of fluorine-doped tin oxide is given by Gerhardinger and Strickler 

[2]. 



Tin oxide films are prepared on a large scale using mainly one of three precursor 

chemistries: tin tetrachloride, SnCl4 (TTC); dimethyltin chloride, (CH3)2SnCl2 (DMTC); 

and tetramethyl tin, Sn(CH3)4 (TMT) [2].  The TTC and DMTC precursors are typically 

used in an atmospheric pressure CVD (APCVD) setting.  Because of the attached 

chlorine ligands, TTC and DMTC are reacted with H2O or water and O2 as the oxidizers 

in order to form HCl.  Li et al have determined that tin oxide films formed from 

precursors with chlorine ligands tend to include both chlorine and carbon in the films 

[14].  These unintentionally incorporated impurities limit the optical properties and 

carrier mobility.  The chlorine-free TMT precursor is used in this study as it was found to 

yield films with lower optical absorption when compared to those formed from TTC or 

DMTC [4].  A thorough review of the CVD process parameters, reaction kinetics and 

other details on these and other tin precursors can be found in [15].   

The reaction of TMT to form tin oxide is described by the following combustion 

reaction 

 ( ) ( ) ( ) ( ) ( )3 2 2 24
Sn CH g  + 8 O g SnO s  + 6 H O g  + 4 CO g→ ( )2  (2.1) 

where ideally only water and carbon dioxide are the byproducts [16-18].  However, 

Borman et al has proposed that several reaction pathways take place as shown in Figure 

2.2 [19].  The initial reactions are the pyrolysis of TMT to form methyl radicals; the 

radicals are in turn oxidized and attack TMT to further progress this reaction.  The 

remaining organotin radical may then react reversibly with oxygen to form the peroxy 

species shown in Figure 2.2.  These peroxy species are the key intermediates toward 

further oxidation and β-elimination.  Because the films are observed to be typically 
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carbon-free, it is argued that the peroxy species tend to form SnO and SnO2 as the film 

precursors just before deposition [15, 20, 21]. 

 

Figure 2.2. Possible major reaction pathways for the combustion of TMT by O2 [19]. 

 

 

The deposition temperature range for the chemical vapor deposition of tin oxide 

by TMT falls in the range of approximately 400-800˚C.  Activation energies have been 

reported in the range of 106-174 kJ/mol O2 [15, 19, 22-25].  In the current study, an 

apparent activation energy of 110 kJ/mol was found in the temperature range 500-550 ˚C.  

The deposition rates at various temperatures as reported by several authors are shown in 

Figure 2.3 [15, 19, 22-25].  A large variation, about two orders, in deposition rates 

between the sets of data is likely due to the variation in process parameters and reactor 

design. 
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Figure 2.3. Reported growth rates of SnO2 films formed by CVD of TMT + O2 [15, 19, 
22-25].  The reaction rate limited activation energies are reported in the range of 106-174 
kJ/mol.  In the current study, the activation energy is found to be 110 kJ/mol in the 
temperature range 500-550˚C. 
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 The electrical properties of many TCO films are reported to depend on thickness 

[7, 12, 26].  For zinc oxide-based films, both carrier concentration and mobility were 

found to increase with thickness in the range of 100-1000 nm [27].  For indium oxide 

based films, a similar observation is reported over a narrower range of 100-375 nm, 

indicating that there was not a large change in conductivity for films thicker than about 

380 nm [28, 29].  For tin oxide based TCO films formed by CVD, such observations are 

not typically found [8-10].  However, a critical thickness, which is typically around 100 

nm, has been reported [30, 31].  A sharp decrease in resistivity is observed between 50-

100 nm film thickness, and films thicker than about 100 nm have similar electrical 

properties, as can be seen in Figure 2.4 [30].  It could be that films less than 

approximately 50 nm in thickness are discontinuous leading to the observed increase in 



measured electrical resistance.  Another explanation is that the thicker films are also 

associated with a longer deposition time, which allows for grain growth and 

crystallization to occur, both of which would serve to increase the carrier concentration 

and mobility.  The desired sheet resistance values for a TCO film typically require film 

thicknesses to be in the range of 200-1000 nm.  Therefore, the aforementioned thickness 

dependency is likely not an issue for such applications. 

 

 

Figure 2.4. Reported thickness dependence of the electrical properties for tin 
oxide films formed by the oxidation of TMT [30].  

 

Review of the CVD of ZrO2

 Most recent studies of ZrO2 thin films have focused on their application as the 

dielectric in integrated circuits (ICs) [6, 32-36].  For reasons such as the desire for 

contamination control, low deposition rates and ultrathin films (less than 20 nm), the 
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reactions are typically done in a high vacuum (HV) chamber with deposition pressures in 

the mTorr range [6, 34, 35].  These deposition pressures are 3-4 orders of magnitude 

lower than the 1-100 Torr pressure range typically utilized in LPCVD.  Since no reports 

on LPCVD of zirconia from ZTB are found in the literature, a short review of relevant 

HVCVD results is presented here. 

 In general, the deposition of zirconia from the ZTB precursor is reported to occur 

for substrate temperatures in the range 300-475˚C [33, 34].  Song et al and Cameron et al 

report deposition rates of 1-8 nm/min for the temperature range 350-475˚C [33, 34].  

These rates are quite low compared to the 10-50 nm/min rates for tin oxide by TMT, 

indicating the possibility for forming films with low Zr:Sn ratios in alloyed films.  Chang 

et al report activation energies of 29 kcal/mol (121 kJ/mol) and 4 kcal/mol (17 kJ/mol) 

for the temperature ranges 300-400˚C and 400-450˚C, respectively [37].  Above about 

450˚C, the deposition rate is mainly controlled by decomposition and desorption of 

precursor and byproduct species, respectively. 

 Song et al have studied the optical properties of ZrO2 using spectroscopic 

ellipsometry [33].  The variation of the real part of the refractive index, N, with 

deposition temperature is shown in Figure 2.5.  The values of ~ 2.0 for the higher 

temperature values are in agreement with other reports on thin film zirconia, as well as 

the bulk value of 2.16 [37, 38].  Because there is a correlation between refractive index 

and permittivity, there is a similar trend that permittivity values of thin film zirconia may 

also approach that of the bulk [39].  In the current study, the deposition temperatures for 

the alloyed films are at high temperaure, and as discussed in Chapter I, a high 

permittivity is desirable. 



 

 

Figure 2.5. Evolution of the refractive index with deposition temperature for 
HVCVD ZrO2 on Si [33].  A similar trend is observed in the current work. 

 

 

Description of the LP-MOCVD Reactor 

The LPCVD system at NREL is a modified low pressure metalorganic (MO) 

CVD reactor (CVD Equipment Co.) [31].  The reactor is a cold wall quartz tube design 

with 4 gas inlet injectors which allow for precursor gases to be delivered to the reactor 

separately.  Ultra-high purity (UHP) O2 (99.999% purity) is the oxidant and N2 (99.95% 

purity) is used as the carrier and as a diluent gas.  Precursor, diluent and reactant gases 

enter at one end of the chamber through their respective injectors, flow down the length 

of the chamber and are then pumped out at the other end, as shown in Figure 2.6.  

Controlled heating and thermal stability of the substrates is achieved by use of a coated 

graphite susceptor which has a 10 cm wide x 30 cm long x 1.1 mm deep recessed sample 

pocket .  The sample is heated from below by 5-zone independently controlled IR lamps.  
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Five type K thermocouples, associated with the five heating zones, are in thermal contact 

with the susceptor in a recess located just below the sample pocket.  The graphite 

susceptor is supported by quartz rods.  In this way, only the susceptor, quartz supports 

and substrates are in the heated deposition zone.  The chamber can be pumped to 

approximately 0.1 Torr by a mechanical pump designed to handle toxic and corrosive 

gases.  Exhaust gases flow through a pyrolizer at 650°C where the exhaust is mixed with 

air to burn off any unreacted hydrocarbons, reactive precursors and reaction byproducts.  

The gas mixture exiting the pyrolizer flows through a wet scrubber system to capture any 

acidic species and is exhausted to atmosphere 

 

Figure 2.6. Schematic of reactor, showing susceptor and sample pocket with 
respect to the heating zones. 

 

Substrate Preparation 

The substrates used in this study are 1.1 mm thick, 10 cm x 10 cm square, 

Corning 1737 aluminosilicate glass.  The samples were cleaned using the procedure to 
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process NREL’s high-efficiency cells [40, 41].  Individual slides are loaded into a 

Fluoroware spin-rinse-dryer (SRD) compatible carrier.  The loaded carriers are soaked in 

a 1% Liquinox in de-ionized (DI) water solution at 80°C for approximately 2 hours, and 

then sonicated for 5-10 min.  They are manually rinsed and sonicated 5 more times, then 

rinsed and dried in the cleanroom SRD until an output resistance of 12 MΩ·cm is 

attained.   

 

Precursor Selection 

All precursors in this study are liquid at room temperature.  The metal organics 

are delivered via temperature-controlled bubblers using N2 as the carrier and diluent gas. 

Tetramethyltin (TMT), Sn(CH3)4 (Air Products, 99.999% purity) was used for the tin 

precursor.  Previous studies revealed that tin oxide films deposited with TMT had lower 

resistivity and higher optical transparency than films deposited from the more common 

SnCl4 [4, 5, 31].  The fluorine precursor is bromotrifluoromethane, CBrF3 (Mattheson, 

99.5 mol% purity).  Zirconium tert-butoxide (ZTB) is the zirconia precursor (Air 

Products, 99.99% purity).  The vapor pressure curves for TMT and ZTB indicate that in 

the pressure regime of interest (20-80 Torr), we should expect films with high Sn:Zr 

content if the precursors are delivered at the same temperature.  To decrease the Sn:Zr 

ratio the ZTB precursor can be heated to 40-65°C, the TMT can be held to 15-20°C, and 

a high ZTB:TMT flow rate ratio should be used.  The Rogers group has extensive 

experience with deposition of zirconia films on Si via ultra-high vacuum CVD using the 
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ZTB precursor [6, 33, 42].  This knowledge base was leveraged to advance our 

understanding of the current work. 

 

CVD Process Parameters 

The CVD reactor design was described in a previous section.  Gas delivery to 

each injector is controlled by dedicated pneumatic valves and precision mass-flow 

controllers (MKS).  The metal-organic (MO) precursor partial pressures are controlled 

independently from the chamber pressure via feedback-looped piezo valves.  Total 

pressure in the chamber can be controlled in the range of 1-100 Torr by a throttle valve 

located just in front of the mechanical rotary vane pump.  All pressures are monitored by 

separate capacitance manometer gauges (MKS Baratron). 

 We identified process variables and formulate the mass balance equations in the 

following way.  The control variables are: flow of N2 carrier gas into the bubbler, FN2; the 

bubbler temperature, Tbub; and the bubbler pressure, Pbub.  The dependent variables are: 

the vapor pressure of the metalorganic precursor, PMO, at Tbub; flow of the metalorganic 

precursor, FMO; and the total flow out of the bubbler, FO. Assuming saturated flow out of 

the bubbler, the mass balance equations are given by the precursor mol fraction out of the 

bubbler, xMO 

 MO M
MO

bub O

P Fx
P F

= = O  (2.2) 

and the total flow out of the bubbler is 

  41



  42

O 
2O N MF F F= +  (2.3) 

Solving for the metalorganic precursor flow gives 

 
2

MO
MO N

bub MO

PF F
P P

=
−

 (2.4) 

The range of initial process parameters for deposition of the individual oxides was 

defined by gross calculations obtained from the vendor-supplied vapor pressure curves, 

as well as from empirical data reported in the literature [20, 31, 33, 34].  The vapor 

pressure curves for the MO precursors are shown in Figure 2.7, while the calculated 

precursor flow rates are presented in Figure 2.8.  For tin oxide, the TMT precursor 

pressure is set to 200 Torr and the bubbler is held at room temperature; bubbler flow rate 

is maintained constant at 6 sccm for all data in the present study.  Using the vapor 

pressure curves, and calculations for various partial pressure-flow rates-temperature 

schemes, the ZTB pressure is maintained at 80 Torr and the ZTB bubbler temperature is 

controlled in the range of 40-65°C.  The ZTB bubbler flow rate is studied in the range of 

10-90 sccm and diluent N2 carrier flow is on the order of 1-2 SLPM which is adjusted to 

maintain balanced injector flow and total flow.  To prevent ZTB condensation, the gas 

lines from the bubbler to the gas injectors are heated to 85°C. Oxygen and CBrF3 are 

varied systematically to achieve different O:F, and also to optimize film properties and 

performance.  In general, the O2 flow rate is typically 450 sccm, while the CBrF3 is 

varied in the range of 0-900 sccm.  Deposition temperatures were varied in the range of 

350-600°C.  Total pressure in the chamber was in the range of 20-80 Torr. 



 

Figure 2.7.  Vapor pressure curves for the two MO precusrsors chosen. Here we note the 
challenge of combining processes involving precursors whose vapor pressures differ by 
about two orders of magnitude. 
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Figure 2.8. The calculated flow of the metalorgainc species based on the calculations 
shown above. 
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 We have observed that the deposited films’ properties depend on the cleanliness 

of the deposition chamber.  In the “clean” process, the quartz reactor chamber, graphite 

susceptor and accompanying quartz support rods, chamber inserts, etc have all undergone 

a careful cleaning process involving multiple acid etches to remove all material from 

previous depositions.  Subsequently, three sacrificial tin oxide depositions are performed 

to “season” the deposition chamber walls and substrate holder susceptor.  Under these 

conditions, the next several depositions yield films which display the highest 

performance.  That is, the carrier mobility is on the order of 40 cm2/V·s, and the 

corresponding optical transmittance is about 85%, including the glass substrate.  

However, only a few depositions (about ten) can be performed before another cleaning 

process is required.  Further, film properties degrade gradually with each deposition.  In 

the “dirty” process mode, greater than about 12 depositions have taken place since the 

last full cleaning procedure, and the film properties have stabilized resulting in a carrier 

mobility of ~ 27 cm2/V·s, and these results are highly repeatable for several dozen 

depositions.  The degradation of the films electro-optical properties then occurs very 

rapidly, and is easily identified as non-uniformity in thickness, electrical properties or 

visible inclusions of particulates in or darkening of the film.  For repeatability reasons, 

we have chosen to operate in the “dirty” mode for all depositions studied in this current 

work.  In this way, we can more easily identify changes that are directly resultant from 

changes in processing, dopant addition, or alloying concentration. 
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CHAPTER III 

 

CHARACTERIZATION METHODS 

 

 In this section we describe the various methods used to characterize or obtain 

quantitative information about the samples.  For each type of measurement, the general 

technique as well as the particular instrument is described.  When appropriate, typical 

ranges of values and expected error are given.  The advantages and disadvantages of the 

different approaches are discussed.  X-ray photoelectron spectroscopy and atomic force 

microscopy measurements were performed exclusively at Vanderbilt University in Dr. 

Rogers’ laboratory and the Vanderbilt Institute for Nanoscale Science & Engineering 

(ViNSE), respectively.  Electrical, optical, profilometry and X-ray diffraction 

measurements were carried out in the laboratories of the National Center for 

Photovoltaics at the National Renewable Energy Laboratory (NREL), though we note 

that facilities exist for most of these measurements at Vanderbilt. 

 

Profilometry and Etching 

An accurate measurement of a film’s thickness is necessary for determination of 

properties such as the deposition rate, bulk carrier concentration and resistivity.  Physical 

measurements of film thickness were carried out using a stylus profilometer (Veeco 

Dektak 8).  The uncertainty in the measurement is estimated to be ± 20 nm.  Since the 

target thickness for most films studied is in the range of 200-1000 nm, this is not a large 

fractional error; generally, the obtained thickness agreed well with other techniques, as 
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will be discussed in following sections.  Using the built-in optical microscope and 

camera, the position of a step-edge established by etching is found.  The stylus is lowered 

slowly into contact with the film surface and is rastered laterally over a chosen distance, 

typically 1-2.5 µm, where the center position is chosen to be near the step edge.  An 

average height of either side of the step is taken; the difference between these two heights 

is the recorded film thickness.  For each sample, at least three measurements are taken at 

different locations on the sample surface.   

The advantages of using profilometry are that the measurements are direct, and 

therefore do not require a model or any assumptions to be made about the films’ 

properties, as is the case for optical techniques such as ellipsometry or reflectometry.  

The disadvantages of a profilometer are that the stylus is in physical contact with the 

film, which could scratch or contaminate softer materials, as well as the aforementioned 

error.  Further, it is required that a fairly sharp interface exists between coated (film) and 

uncoated substrate (bare glass) in order to facilitate the measurement.  In our studies, this 

requires the film to be etched chemically in order to establish an abrupt step between the 

film and bare substrate. 

To obtain a step edge for the profilometry measurement, it is necessary to remove 

part of the film to expose the glass substrate.  Kapton tape (3M) was used to mask the 

film, exposing a small strip about 2 mm in width.  Tin oxide is difficult to chemically 

etch.  Therefore a reductive etch was utilized, consisting of coating the film surface with 

a light dusting of zinc powder (100 mesh, Alfa Aesar), then carefully applying small 

droplets of 38% hydrochloric acid (HCl).  The reaction between the Zn and HCl produces 

free hydrogen which acts to reduce the tin oxide to Sn4+, and the reduced tin reacts with 
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HCl to form soluble tin chloride.  The remaining solution and suspended particles are 

rinsed away with DI water.  Typically, a single process can remove 300-600 nm of tin 

oxide.  The process is repeated as necessary to remove thicker or particularly stubborn 

films. 

Because of the difficulty etching films of zirconia or those containing ZrO2, some 

substrates were “masked” with titania powder just prior to deposition.  The procedure 

begins by mixing titania powder (Alfa Aesar) with acetone, into a slurry.  This mixture is 

applied to the glass substrate to form small circular droplets approximately 1 mm in 

diameter.  In this way, the TiO2 is removed post-deposition by simply blowing with 

compressed N2.  However, at temperatures higher than about 400˚C, removal of the 

titania is difficult and, though unlikely, it remains unclear whether chemical reactions 

with the titania powder and the film or precursors take place during deposition.  

Therefore, this method has not been used for other than a few low temperature 

depositions of ZrO2 to aid in the initial ellipsometer models. 

 

Spectroscopic Ellipsometry 

Due to the large number of samples obtained in the combinatorial studies, it was  

identified early that measuring thickness, using the etch/profilometer method described 

earlier, was a potential bottleneck (in time) and was also undesirable due to the 

destructive nature of the etching process.  Further, as will be discussed later, it was found 

that films of ZrO2 or tin oxide films containing ZrO2 were much slower (to near 



impossible) to chemically etch.  This prompted a determined effort to establish a quick, 

repeatable and non-destructive technique with which to ascertain film thicknesses. 

Ellipsometry is a non-contact optical technique widely employed in the routine 

metrology of semiconductor materials, among others [1].  In general, the technique works 

as follows: light of known (linear) polarization is incident upon the film/substrate surface 

and is (most generally) polarized elliptically as it is reflected from the sample surface to a 

detector, as shown in Figure 3.1 below.  The shape and orientation of the ellipse depend 

on the angle of incidence, incident light polarization, and the properties of the surface 

from which it is reflected.  The ellipsometer’s detector measures the change in 

magnitude, ψ, and phase, Δ, of the reflected light, which is extremely accurate because 

these values are the ratio of the orthogonal polarization reflection coefficients, given by:  

 ( )tan i P

S

Re
R

ΔΨ =  (3.1)  

    

where RP and RS are the Fresnel coefficients, and where p and s refer to the parallel and 

perpendicular (German, “senkrect”) reflectivities, respectively [2].  In the current studies, 

the instruments used are spectroscopic ellipsometers (SE) which measure the polarization 

change over a range of incident light wavelengths.  The fixed angle (70˚) SE instrument 

(α-SE, JAWoollam Co) has a maximum range of 250-800 nm.  A variable-angle 

instrument (M-2000IR, JAWoollam Co) includes the NIR wavelength range, with the 

expanded range of 180-1700 nm, as well as the capability for transmission measurements.  

The obtained ellipsometry measurement is displayed as a plot of ψ and Δ versus 

wavelength (or equivalently, energy, frequency or wavenumber).   
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Figure 3.1.  Schematic of a typical ellipsometry setup: the incident beam is of fixed linear 
polarization and the elliptically-polarized reflected beam is detected.  The angles of 
incidence and reflectance are typically ~ 70˚ with respect to sample normal. 

 

Because the raw data gives little physical insight, a model must be employed to fit 

the experimental data in order to extract physical quantitative information.  Once a model 

is chosen, the supplied software (JAWoollam WVASE or CompleteEASE) then uses an 

iterative algorithm to minimize the error to arrive at a solution with lowest mean square 

error (MSE).  However, this result may correspond to a local minimum, rather than the 

global minimum, which could lead to a non-physical solution.  A non-physical solution 

would also result from an incorrect model.  Such solutions may be detected by an 

experienced operator.  However, because often several variables are fit simultaneously, 

coupling between fitting parameters can give solutions which are plausible but not 

unique. 
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 For a transparent dielectric material with a bandgap outside of the measured 

spectral range, such as ZrO2 (EG ~ 5.8 eV), a  dispersion model such as the Cauchy 

model, may sufficiently describe the behavior of the real part of optical functions and 

allow for accurate extraction of physical quantities such as film thickness and surface 

roughness [3].  The real part of the index of refraction as a function of wavelength is 

given in the Cauchy model by: 



 42)(
λλ

λ CBAn ++=  (3.2)  

and the terms A, B, and C are iteratively adjusted to fit the experimental data [3].  

However, the obtained results from such a fitting routine could be non-physical, since the 

model does not account for losses, and thus there is no constraint for Kramers-Kronig 

consistency.  A more robust model based on oscillator approximations, however, has 

been shown to be more quantitatively accurate with regard to extracting the optical 

functions in particular [4].  The complex permittivity in the Lorentz oscillator model can 

be written as function of photon energy by: 

 
EiBrEE

EA
E

C

C

⋅−−
⋅

= 22)(~ε  (3.3)  

where A, Br and EC are the amplitude, broadening and center energy, as shown in Figure 
3.2 below [5]. 

 

 

Figure 3.2.  The permittivity functions and the terms of interest for an oscillator 
model; A, B and EC are the amplitude, broadening and center energy [5]. 
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In the current work, analysis of the data for ZrO2 films on glass were obtained by 

fitting a model consisting of: i) a Cauchy dispersion layer for the glass substrate, ii) a 

Lorentz oscillator for the ZrO2 film, and iii) an effective medium approximation (EMA) 
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of average surface roughness, RA.  The EMA layer assumes a 50% void fraction at the 

surface and averages the optical functions with the bulk film properties and that of air 

(i.e. nAIR = 1). 

As was discussed in Chapter I, a TCO material has a transmittance bandwidth 

which encompasses all or most of the visible spectral range.  The fundamental absorption 

edge at the shorter wavelength end of the spectrum is typically around 300-400 nm for a 

TCO film.  Near the plasma wavelength, typically > 1000-1500 nm for a TCO, 

absorption and reflection become dominant.  Because both mechanisms occur within the 

range of our ellipsometry measurements, the model must account for these two 

fundamentally different absorption mechanisms.  Further, TCO materials often exhibit a 

vertical non-uniformity in their electro-optical properties.  For instance, zinc oxide-based 

materials are often reported as having a large inhomogeneity in the charge carrier 

concentration and mobility throughout the thickness of the film [6].  For these reasons, it 

has proven notoriously difficult to model TCO films accurately.   

Tin oxide-based films typically have large concentrations of free carriers, 

resulting in considerable absorption in the longer wavelengths.  The absorption is not 

taken into account by the more standard optical layer models such as the Cauchy model 

or Lorentz oscillator model.  The fact that these films are also optically transparent in the 

visible precludes using a model for thin metal films, for instance.  The model developed 

in this study consists of: i) a dispersion model for the glass substrate, ii) a graded two-

oscillator model for the TCO film made up of a Lorentz + Drude model.; and iii) an EMA 

surface roughness layer.  The Drude model includes allowance for linear inhomogeneity.  



The Drude oscillator is similar to the Lorentz oscillator, but the center energy is set to 

zero.  The permittivity relation in the Drude oscillator is given by: 

 
EiBrE

BrAED ⋅+
⋅

−= 2)(~ε . (3.4)  

A and Br are expressed by 

 
0

22

*εm
Neh

A OPT=  (3.5)  

and 

 
OPTOPT m

ehhBr
μτ *

== , (3.6)  

where NOPT, τOPT, and µOPT are the “optical” carrier concentration, scattering time and 

mobility, respectively and where h  is Planck’s constant, h, divided by 2π [5, 7].  Note: in 

the literature, the broadening term, Br, is sometimes denoted as B, Γ or ΓD. 

The Drude oscillator can be used to extract the resistivity and mean scattering 

time.  The complex permittivity relates to the free electrons by 

 
)(

)(~
2

0 EhiE
hED +⋅

−=
τρε

ε  (3.7)  

and the remaining terms have their usual meaning [7].  In this way, resistivity and 

scattering time can be obtained from the fitting routine, as given in equations (3.5) and 

(3.6). 
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One of the achievements in this work is building a model to be useful for tin 

oxide-based films with a wide range of conductivity, bandgap and thickness values.  A 

multi-layer, multi-oscillator model was developed for large sets of films simultaneously.  
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The extracted parameters such as thickness, surface roughness and resistivity have been 

corroborated with measurements taken by other techniques.  The optical functions have 

been built by simultaneously fitting the oscillator parameters for more than 50 films.   To 

this end, we expect to have developed a reliable model for degenerate tin oxide based 

films, which can be used to extract thickness, roughness and electrical (“optical”) 

conductivity quickly, non-invasively and non-destructively.  The resulting model has 

proven reliable for 0-10% Zr in SnO2:F as well as for CdO-SnO2 and In2O3-based films.  

Typical mean square error (MSE) values are less than 5, and the measurement error for 

thickness and roughness is typically less than 1 nm, e.g. for films with t ~ 500 nm and RA 

~ 10 nm. 

The advantages of using SE to obtain thickness measurements are due to its non-

invasive nature and speed of measurement (less than 30 s to obtain a thickness value 

when using a previously developed model).  However, as stated above, the need for an 

accurate model makes some measurements difficult.  Further, simultaneous fitting of 

several parameters, such as the optical conductivity and scattering time, requires some 

skepticism.  Correlations and coupling between fitting parameters may result in non-

physical solutions, yet produce a “good fit” and low MSE values. 
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Hall and 4-probe Electrical Measurements 

Accurate, repeatable measurements of the film’s electrical properties such as 

sheet resistance, charge carrier concentration and charge carrier mobility, are essential to 

understand the effects of dopants, process parameters, film thickness, etc on the electrical 

properties.  Quick measurements of the sheet resistance are routinely obtained using a 

linear four-point probe (4pp) station (Signatone) equipped with a high impedance current 

source set to inject 45.3 µA current, and a precision voltmeter which measures the 

induced voltage drop between the probes as shown in Figure 3.3 (Keithley Instruments).  

The advantages of the four probe method are that the measurements are quick, accurate to 

within a few percent, and the equipment is inexpensive and readily available.  However, 

resistance is a function of thickness.  Also, four-point probe measurements can not 

determine carrier type, carrier mobility or carrier density.  Another disadvantage of the 

4pp method is that the probes must touch the sample surface.  In some cases this may be 

undesirable or even destructive.  The use of an eddy current sheet resistance system is 

attractive in such cases.  Eddy current sheet resistance systems are commercially 

available; some are even configured in conjunction with an ellipsometer for simultaneous 

non-contact measurement of thickness and sheet resistance. 

 



 

Figure 3.3.  Schematic of a typical linear four point probe setup. 

 

The 4pp has the arrangement shown in Figure 3.3.  When an electric current is 

forced, the electric field E is measured (in the form of a voltage).  The electric current is 

quantified by the current density J: 

 J Eσ=  (3.8) 

where the conductivity σ is the reciprocal of the resistivity ρ ( σ = 1/ρ ) [7, 8].  For a 

rectangular sample with thickness t, length l and width b, the resistance R is 

 lR
bt

ρ= . (3.9) 

If the length and width are equal, b = l, this resistance is called the sheet resistance [8] 

 SR R
t
ρ

= = . (3.10) 

The resistance of one square of film is defined as the sheet resistance.  RS is then 

independent of the size of that square. 

In the linear four probe arrangement used, the resistivity is given by 
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 (3.11)  

where V is the measured voltage (V) and I is the source current (A) [9, 10].  As in most 

linear 4pp setups, the spacings between adjacent probes are equal; that is, S=S1=S2=S3.  

Therefore, (3.11) simplifies to 

 2V S
I

ρ π=  (3.12) 

For a thin film on an insulating substrate, (3.12) becomes [10, 11] 

 
ln 2

V t
I
πρ ⋅

=  (3.13) 

and the corresponding equation for sheet resistance is 

 
ln 2S

VR
I

π
=  (3.14) 

Equation (3.14) is only valid when the thickness of the probed layer (i.e. the TCO film on 

insulating glass) is less than half of the probing spacing, S, and the sample’s lateral 

dimensions are much greater than S [12].  In this work the probe spacing is 1mm, and 

typical film thickness are about 2-3 orders of magnitude lower than the probe spacing.  

The sample size is typically 1 cm x 1 cm or greater.   

Before each set of measurements, the current source and voltmeter are powered 

on and allowed to equilibrate for at least 30 minutes.  To qualify the instrument, a TCO 

standard (Pilkington Tec15) was checked before each measurement session.  The value of 

this standard was 13.5 Ω/  ± 1 Ω/ over a span of time greater than one year.  This 4pp 

method enables fast, accurate estimates of the sheet resistance, with an estimated error of 

± 5%.  When compared to resistivity values obtained using a Hall instrument in the van 

der Pauw configuration (details below), the results from the four-probe measurement 
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typically yield a value of approximately 1 Ω/ larger than that obtained by the Hall 

instrument.  This may be due to differences in calibration, the more careful nature of the 

Hall measurement, or to contact resistance between the probes and the film.  Effects from 

contact resistance could result from the fact that for the 4-probe measurement, the 4 pins 

contact the film surface directly, while in the Hall/van der Pauw arrangement, ohmic 

contact pads are placed on the film surface (details below).  Another possibility is that the 

measured Hall mobility is different than the actual mobility.  Carrier scattering 

mechanisms which can impact carrier mobility are discussed in Chapter I. 

When the thickness of a sample is known, the resistivity can be calculated from 

sheet resistance.  The 2-dimensional sheet resistance [Ω/] is related to the bulk 

resistivity [Ω·cm] by 

 
t

RS
ρ

=  (3.15)  

where ρ is the (bulk) resistivity and t is the film thickness, which is obtained by either 

profilometer or ellipsometer measurements, or both. 

Detailed analyses of the electrical properties were attained using commercial Hall 

stations at room temperature (BioRad HL5500) and at temperatures between 105K to 

435K (Accent HL5550).  All measurements were taken in the van der Pauw configuration 

on nominally 1 cm x 1 cm square samples [13].  A schematic of the Hall measurement is 

shown in Figure 3.4.  The following description of the methods used and the instruments’ 

operations follow the guidelines set by the American Society for Testing and Materials 

(ASTM) [14].  Ohmic contacts between the Hall probes and film surface were insured by 
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fixing indium pads to the four corners.  The measurement conditions are initially set with 

no applied magnetic field.  The induced current was set such that the measured voltage 

between indium pads was in the range of 5 mV - 20 mV.  In this way, the sheet resistance 

was again measured, and permutations of the applied current and measured voltage were 

averaged by 90º rotation of the sample.  Further, the voltage is measured for current 

applied in both directions, and again averaged.  This averaging eliminates effects due to 

anisotropy, inhomogeneity or thermoelectric effects. 

 

 

Figure 3.4.  Diagram of the Hall effect measurement, illustrating the van der Pauw 
configuration with ohmic contacts placed at the corners. 

 

In the Hall effect measurement using the van der Pauw configuration, a constant 

current, I, is applied across two non-adjacent contacts.  With a constant magnetic field, B, 

applied normal to the surface of the sample, the potential difference, the Hall voltage,  

VH, is measured across the remaining two contacts, allowing for all vector quantities to be 

replaced by scalars [15].  The Hall coefficient is calculated from the average of the four 

potential voltages measured with both directions of current and magnetic field. The 

charge carrier density is calculated from the Hall coefficient, RH, by 
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in which q is the elementary charge (i.e. q = e = 1.602 x 10-19 C for electrons for n-type 

material) and n is the carrier density (ne) [15].  S’ is the scattering factor which takes into 

account the mechanisms which scatter the charge carriers as well as the geometry of the 

scattering surface [13].  In practice, S’ is close to and greater than unity (S’ ≥ 1) [8, 14, 

15].  S’  is set to unity for all Hall results presented in this dissertation.  Thus our 

extracted carrier concentration is high and our extracted mobility is low, both by the 

factor S’.  The sign of the Hall coefficient indicates the majority carrier type: positive for 

holes and negative for electrons.  The Hall mobility, µ, is calculated from the Hall 

coefficient by 

 
ρ

μ HR
=  (3.17)  

and we note that the calculated mobility is not dependent on sample geometry, nor is 

knowledge of the layer thickness required.  The films produced in this study were all n-

type, as indicated by the negative Hall coefficient, thus the carrier density is the ionized 

donor (electron) concentration. 
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 The Hall measurement routine described above resulted in measurements with  

less than ± 5% deviation.  However, straying from some steps may result in large errors 

[13, 14].  For instance, not using the indium contacts resulted in similar measured sheet 

resistance values, however, the mobility values obtained would often be a factor of 2 or 3 

higher and not repeatable.  Further, if the probes are placed closer to the center of the 

sample (i.e. away from the corners), the carrier concentration would systematically 

decrease, and could actually change sign for low mobility samples (see [13, 14] for an 
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explanation of systematic error).  Such observations have recently been attributed to 

some p-type behavior in TCOs [16]. 

  

Spectrophotometry 

As discussed in Chapter I, the optical response of a TCO film is highly dependent 

on the electrical properties (and vice versa).  As such, analysis of the optical 

transmittance and absorptance of films is critical to analyzing the doping or alloying 

effects with respect to, e.g., carrier concentration, mobility, and, as is critical for this 

study, the permittivity.  Further, as was shown earlier, changes in carrier concentration 

may manifest in a bandgap shift which should be evident by optical measurements [17, 

18].  Further, alloying tin oxide with a wide gap material would imply a bandgap 

widening as well. 

Total transmittance and reflectance are measured with the incident beam normal 

(off normal angle of incidence, θi = 0˚ for transmittance, θi ~ 3˚ for reflectance) to the 

sample surface (Cary Varian 5g or 6i) over a maximum spectral range of 180 nm to 2500 

nm (Cary 5g) or 180 nm to 1600 nm (Cary 6i) in a double beam configuration.  The light 

sources are xenon (UV) and tungsten lamps (vis-NIR), while the light is detected by a Si 

photodiode (UV-Vis) for wavelengths up to ~ 800 nm.  The Cary 5g utilizes a PbS 

detector for wavelengths greater than ~ 800 nm which provides measurements with 

extended spectral range, but at the expense of relatively larger noise in the data and 

longer data collection times.  The Cary 6i is equipped with InGaN detector for NIR light 

detection, which allows for relatively quick measurements with low noise, but narrower 



detection range than a PbS detection system as used in the Cary 5g.  Both specular and 

diffuse light are collected simultaneously by means of an integrating sphere (LabSphere). 

A NIST-traceable, diffuse reflectance standard is used for baseline correction before each 

set of measurements (Labsphere Spectralon).  All data are referenced to air and not the 

substrate.  That is, the effect of the glass substrate is included in all data reported, unless 

specified differently. 

From the measured transmittance, T, and reflectance, R, the absorptance, A, is 

calculated by 

 A 100 T R= − −  (3.18)  

and the absorption coefficient, α, is calculated from 

 
21 (1 )ln R

t T
α −
=  (3.19) 

where t is the film thickness [19, 20].  The absorption coefficient is related to the bandgap 

energy, EG, by [19] 

 GEEhv −∝)(α  (3.20)  

Hence, the bandgap energy can be obtained by extrapolation to zero α of the linear 

portion of a plot of  versus  [19].  Note that there is a rigorous distinction 

between absorptance (%A) as defined in 

2])([ hvhv ⋅α hv

(3.18), which is necessarily calculated from 

both transmittance and reflectance data, and absorbance which is calculated from 

transmittance (%T) by [20] 

 10
1logAbsorbance
T

=  (3.21) 
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Unfortunately, in the literature, the terms absorptance and absorbance are often used 

interchangeably, and inevitably, at times incorrectly [21].  The software for many 

spectrophotometers provide an option for viewing (and exporting) data in “transmittance 

mode” or “absorbance mode” mode, the latter making use of (3.21). 

  In the present work, data taken as described above was reproducible to within 

approximately 1%.  However, even when using a “small spot” (~ 1mm x 3mm), it is 

critical that the sample be uniform in thickness, composition and in electrical properties, 

in order to obtain a meaningful analysis.  In this work, the samples should be fairly 

uniform over a 1-2 mm length at least, and so were aligned such that any degree of 

nonuniformity expected would be in the short direction of the beam. 

 

X-ray Photoelectron Spectroscopy 

 Analysis of the composition of the films is needed to understand the relationships 

between process parameters and film properties.  X-ray photoelectron spectroscopy 

(XPS) analysis can give detailed insight of the composition and chemical bonding at the 

near surface region of a film [22, 23].  Since a primary goal of this study is to understand 

how additions of dopants (fluorine) and cationic alloys (zirconium oxide) affect the films’ 

electro-optical performance, understanding of compositional data is vital. 

XPS is a surface analysis technique useful for quantitative measurements of 

chemical and electronic state and element composition, though XPS cannot detect 

hydrogen or helium [24].  From data of electron attenuation length versus photon energy, 

the escape depth for the photoelectrons in the current setup is estimated at approximately 



6 nm [24, 25].  In practice, the sample surface is irradiated with a soft X-ray beam 

typically with energy on the order of keV.  Emitted photoelectrons are collected and their 

kinetic energy analyzed as shown in Figure 3.5 [26].  Of interest for chemical state 

analysis is the binding energy, B.E., which is calculated from the incident photon energy 

and the measured kinetic energy, K.E., by 

 . . . .B E h K Eν ϕ= − −  (3.22)  

where φ is the work function of the analyzer [27].   

 

 

Figure 3.5.  Schematic of an XPS setup using Al-Kα X-rays and a hemispherical 
electrostatic energy analyzer. 
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Compositional and chemical state analysis of the films was determined by XPS 

(Phi 5000 VersaProbe) using monochromatic Al-Kα X-rays.  Survey scans were taken 

with a pass energy of ~ 100 eV, while high resolution scans of individual peaks were 

taken over several iterations at a pass energy of 23.5 eV, resulting in an overall resolution 

of ~ 0.5 eV.  Electrons were collected at 45˚ from sample normal.  XPS determines 

oxygen and fluorine stoichiometry (anion ratio), as well as Zr and Sn atomic% (cation 

ratio) down to < 1% [24].  Atomic sensitivity factors from the PHI handbook, listed in 

Table 3.1, Gaussian/Lorentzian peak fitting and Shirley background subtraction were 



used for stoichiometry estimation and chemical state analysis [28].  The data are analyzed 

using commercial software (PHI MultiPak, CasaXPS). 

 

Table 3.1.  The atomic sensitivity factors (ASF) for elements of interest [28]. 
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Element Orbital ASF
F 1s 1.00
O 1s 0.63
C 1s 0.21
Sn 3d-5/2 3.20
Zr 3d 0.87

 

X-ray Diffraction 

 As discussed in Chapter I, it is often reported that electrical and/or optical 

performance is intimately linked to structural quality.  The effects of doping and alloying 

may have profound effects on the crystal structure, crystallinity, stress and texture of a 

film.  X-ray diffraction (XRD) is used to identify crystalline phases and structural 

properties on select groups of samples in this study to ascertain whether trends may be 

observed between, for example, alloying concentration and crystal properties.      

The structure patterns of the films were obtained from XRD (Scintag PTS) in the 

θ-2θ mode with 0.02º step size.  Cu-Kα X-rays were emitted from the anode operating at 

45 kV at 36 mA.  In this configuration, the sourced is fixed, while the sample and 

detector move along positions θ and 2θ, respectively, as displayed in Figure 3.6.  In 

general, the penetration depth for Cu-Kα X-rays into SnO2 is estimated to be ~ 3-5 µm 



[29].  Therefore, for films having thicknesses ranging from 100-2000 nm, it is expected 

that a contribution from the substrate would be evident in the XRD spectra.  However, 

the data reported here are for films supported on amorphous glass substrates, which only 

contribute slightly to the background counts, particularly at smaller angles. 

 

 

Figure 3.6.  The schematic for the Scintag XRD operated in θ-2θ mode [30]. 

 

Estimates of the crystal structure, texture, stress, grain size and interplanar lattice 

spacings may be obtained from XRD spectra.  The incident X-ray beam is diffracted 

upon interaction with the sample.  Only those beams which interfere constructively are 
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reflected back to the detector.  The criteria for constructive interference is given by 

Bragg’s law in the form of  

 θλ sin2dn =  (3.23)  

where n is an integer; the wavelength, λ = 0.15418 nm for Cu-Kα X-rays; d is the 

interplanar lattice spacing (see Figure 3.7); and θ is the angle determined by the source-

sample-detector geometry as shown in Figure 3.7 [7]. 

 

 

 

Figure 3.7.  Diagram of incident and reflected X-ray beam, defining the lateral interplanar 
lattice spacing, or d spacing [7]. 

 

 

The texture coefficient quantitatively indicates the degree to which a particular 

orientation is present in a film and is calculated by 
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where I[hkl] is measured intensity from the sample and I0[hkl] is the intensity obtained 

from standard card files from the Joint Committee on Powder Diffraction Standards 

(JCPDS) [31].  If TC[hkl] is less than 1, the film is randomly orientated in the [hkl] 

direction.  If TC[hkl] is larger than 1, the film is preferentially orientated in the [hkl] 

direction.  Presentation of data with pronounced differences in TC is presented in later 

chapters. 

 The mean crystallite size, l, is estimated from the full width at half maximum 

(FWHM) of dominant peaks in the XRD spectrum using Scherer’s equation: 

 
cos (2 )

Kl λ
θ θ
⋅

=
⋅Δ

 (3.25)  

where  λ = 0.15418 nm for Cu-Kα X-rays, θ is the angle of incidence and Δ(2θ) is the 

FWHM of the peak at the angle θ [32].  The K factor in (3.25) is taken to be 1.05, which 

assumes a spherical crystallite shape [6, 32].  From (3.25) it is evident that crystallite size 

decreases as the peak broadens.  The mean crystallite size is often indicative of, but may 

be smaller than, the actual grain size; this ambiguity is not distinguished by XRD analysis 

alone.  Therefore, only qualitative information (e.g. trend of increasing or decreasing 

“grain size”) is reported.  Furthermore, broadening of the FWHM is actually a 

convolution of instrument broadening and sample broadening.  The instrumental 

broadening is accounted for by identifying the instrumental profile through use of 

standards; further, instrument broadening can be neglected for particle sizes ≤ 100 nm 

[33].  The broadening of the FWHM from the sample, however, is an additional 

convolution of broadening due to both crystallite size and microstrain broadening.  Both 

crystallite size and microstrain broadening are most pronounced at large angles.  

  71



  72

However, if the broadening of peaks varies with [hkl], then the microstrain broadening is 

likely due to antiphase domain boundaries, also known as crystallographic shear planes 

[33].  This distinction may be relevant to data presented in later chapters. 

 

Atomic Force Microscopy 

Examination of the surface morphology and estimates of surface roughness were 

carried out using atomic force microscopy (AFM).  Important materials properties 

correlations can be ascertained by comparing trends in, for example, surface roughness 

and alloying composition.  These morphology properties may provide insight into their 

relation with electro-optical performance, which can be fed back into tuning process 

parameters. 

The AFM data are taken at ambient pressure and room temperature in tapping 

(AC) mode using a crystalline Si tip (Jeol JSPM-5200).  The tip is attached by cantilever 

and rastered laterally across the film surface.  A laser detects reflection from the 

cantilever to estimate the interaction force between the surface and the AFM tip, which is 

then used to calculate surface features; in this way a topographical image of the surface is 

displayed.  The roughness reported from data collected by AFM is typically root mean 

square (rms) roughness.  Following Song’s method, it is noted that the rms roughness, 

Rrms, is defined as approximately half that of the surface roughness layer thickness, RA, as 

defined by ellipsometry analysis [4, 34].  These definitions are shown pictorially in 

Figure 3.8, following [34].  The differences in roughness values obtained by AFM and 

SE are compared in the forthcoming chapters. 



 

 

Figure 3.8.  Schematic diagram which indicates what defines surface roughness in (a) 
AFM and (b) SE [34].  Note that the rms roughness values (the “z” height) extracted from 
AFM are approximately half that of the thickness of the roughness layer, as determined 
by SE. 
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CHAPTER IV 

 

SYNTHESIS AND PROPERTIES OF CVD SnO2-ZrO2 THIN FILMS  

 

SnO2, ZrO2 and SnO2-ZrO2 thin films were produced by low pressure metal-

organic chemical vapor deposition and their properties evaluated in the context for 

potential use as transparent electrodes in thin film photovoltaic cells.  The dense films 

have high visual transparency, > 80%, good adherence to the glass substrate, and their 

optoelectronic properties are environmentally stable.  The ZrO2 films are mostly 

amorphous, while the SnO2 films are polycrystalline in the rutile (tetragonal) form with 

no significant texture.  Fluorine-doping in the 1-3 at.% level induces a strong preferential 

[200] texture of the SnO2 and SnO2-ZrO2 (up to 10 at.% Zr) films.  Hall measurements 

show the n-type carrier concentration in the F-doped films is on the order of 1020 cm-3 

with carrier mobility up to 30 cm2/V·s.  The optical bandgap and near-infrared 

transparency of SnO2 films increase with ZrO2 addition. 

 

Introduction 

All thin film photovoltaic structures incorporate a transparent conductor as the top 

electrode.  This top electrode is typically a transparent conducting oxide (TCO) based on 

the following oxides: cadmium oxide (CdO); indium oxide (In2O3, IO); tin oxide (SnO2, 

TO); and zinc oxide (ZnO).  Of these, the three latter oxides are most commonly used in 

research and industrial devices.  Indium oxide alloyed with up to about 10% tin oxide, 

termed ITO, is widely used in the flat panel display (FPD) industry.  ITO historically has 
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demonstrated the best compromise between optimal electrical and optical performance, 

and is thus used in the highly performance driven application of the FPD industry.  Tin 

oxide doped with fluorine (FTO) or antimony (ATO) have long been studied as TCO 

materials.  In particular, FTO coated glass represents a large and growing market for the 

building trades (fenestration, thermal and solar control coatings), automotive and 

aerospace windows, and thin film PV.  ZnO-based TCOs are typically doped with 

aluminum (termed AZO) and finds use in PV applications which require near room 

temperature deposition of the TCO coating.  Importantly, however, we note that the 

ternary alloy cadmium stannate (Cd2SnO4) has exceptional optoelectronic properties and 

was utilized as the TCO contact in the world record efficiency CdTe solar cell [1]. 

 The results from the synthesis and characterization of the constituent, alloyed, and 

doped films are presented and discussed in this chapter.  Tin oxide (undoped, TO) films 

and their application in thin film PV are discussed.  F-doped tin oxide (FTO) films are 

discussed next and important material properties and optoelectronic performance aspects 

are detailed.  Next, the results for depositions of zirconium oxide are given.  Briefly, 

results from the addition of fluorine-doping of zirconia are discussed.  Finally, the 

combined system of fluorine-doped tin oxide alloyed with zirconium oxide (for Zr 

concentration up to ~ 10 at.%, termed FTZO) is thoroughly examined. 

 

Experimental Details 
 

 The description of the CVD reactor and process parameters are fully described in 

Chapter II.  The characterization tools and techniques are thoroughly presented in 

Chapter III.  A brief overview is given here for completeness. 
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 The CVD system is a modified low pressure metalorganic (MO) CVD reactor 

(CVD Equipment Corp), as shown in Figure 4.1 [2].  The reactor is a cold wall quartz 

tube design with 4 gas inlet injectors.  Chamber and MO precursor pressures are 

independently monitored by capacitance manometer gauges (MKS Baratron).  Ultra-high 

purity (UHP) O2 is the oxidant and N2 is the carrier and diluent gas.  Precursor, diluent 

and reactant gases enter the chamber through their respective injectors, flowing the length 

of the chamber and are then pumped at the other end.  The graphite susceptor is machined 

for sample sizes up to 10 cm wide x 30 cm in length and 1.1 mm thickness.  The sample 

is heated from below by 5-zone independently controlled IR lamps.  The substrates used 

in this study are 1 mm thick, 10 cm x 10 cm square, Corning 1737 aluminosilicate glass.  

The substrates were cleaned as follows. Individual slides are loaded into a Fluoroware 

spin-rinse-dryer (SRD) compatible carrier.  These are soaked in a dilute Liquinox + 20 

MΩ de-ionized (DI) water solution at 80°C for approximately 2 hours, then sonicated for 

5-10 min.  They are manually rinsed and sonicated up to 5 more times, then rinsed and 

dried in a cleanroom spin-rinse dryer to output resistance of 12 MΩ.  
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Figure 4.1.  Diagram of the CVD reactor showing gas flow direction, sample area and 
heating zones. 

 
 

The precursors are liquid at room temperature.  The metal organics (MO) used are 

tetramethyltin (TMT, Air Products) and zirconium tert-butoxide (ZTB, Air Products).  

Bromotrifluoromethane (CBrF3, Mattheson Tri-Gas) is the fluorine dopant source.  

Gaseous MO precursors were delivered by controlling N2 carrier gas with mass flow 

controllers (MFCs), which was bubbled through the respective sources.  The outlet 

pressures of the bubblers are 200 Torr and 80 Torr for TMT and ZTB, respectively. 

Composition and chemical state analysis of the films was determined by x-ray 

photoelectron spectroscopy (XPS, Phi 5000 VersaProbe) using a monochromated Al-Kα 

source anode.  Survey scans were taken with a pass energy of ~ 100 eV, while high 

resolution scans of individual peaks were taken over several iterations at a pass energy of 

23.5 eV resulting in an overall resolution of ~ 0.5 eV.  The data were analyzed using 

commercial software (Phi MultiPak, CasaXPS).  The structure of the films was obtained 

from x-ray diffraction (XRD, Scintag PTS) in the θ-2θ mode with 0.02º step size. 
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The film thickness, surface roughness and optical parameters were acquired by 

modeling the data obtained from spectroscopic ellipsometry (J.A. Woollam M-2000 or α-

SE) using Woollam’s WVASE and CompleteEASE software, respectively.  The 3-layer 

model consists of: glass substrate with backside reflection, a graded Drude-Lorentz 

model of the film’s bulk properties, and a Bruggeman effective medium approximation 

(EMA) layer to model the surface roughness.  The extracted thicknesses were compared 

to those obtained using a stylus profilometer (Dektak 8).  The surface roughness obtained 

from SE is evaluated with respect to atomic force microscopy (AFM, Jeol JSPM-5200) 

measurements. 

Spectrophotometer measurements (Cary Varian 6i) are used to obtain 

transmittance and reflectance spectra in the wavelength range of 250-1600 nm.  From 

these, the calculated absorptance and absorption coefficient is evaluated for select sets of 

samples.  The sheet resistance of conductive samples was routinely checked by a linear 

four-point probe.  Further electrical analysis was performed using a commercial Hall 

system (Bio-Rad HL-5500) from which the carrier concentration and carrier mobility are 

ascertained. 

 

Results for CVD of ZrO2 Films 

ZrO2 films were deposited onto glass substrates at a total pressure of 20 Torr and the 

ZTB bubbler temperature was varied between 50 and 65ºC.  The gas delivery lines were 

heated to ~ 80ºC to prevent condensation of the precursor between the bubbler and 

chamber,.  The deposited films ranged in thickness of approximately 100-500 nm, 

associated with a thickness gradient along the length of the reactor.  This gradient is 
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evident in Figure 4.2 which plots the deposition rate versus reactor position.  The 

deposition rate ranges from ~ 10 to about 1 nm/min along the length of the reactor.  This 

is likely due to depletion of the precursor along the gas flow direction.  Films with 

thickness values in the range 350-500 nm were selected for optical and structural 

analysis. 

 

 
 

Figure 4.2.  Deposition rate of ZrO2 at various positions in the reactor.  The decrease 
in deposition rate is due to depletion of the MO precursor along the gas flow 
direction. 
 

 

Note that at 350-375°C the deposition rate is higher than at higher temperatures.  

However, as seen in Figure 4.3, the refractive index of the 350-375°C films is lower than 

that of the higher temperature films.  The lower refractive index suggests that the films 

deposited at 350-375°C may be porous or contain impurities due to incomplete 
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decomposition of the precursor.  In Figure 4.4, the average optical transmittance in the 

visible region is 84% and 80% for the films deposited at 525°C and 350°C, respectively. 

 

 
 

Figure 4.3.  The real part of the refractive index, N, obtained from SE analysis for ZrO2 
films deposited at several temperatures.  The refractive index increases with deposition 
temperature up to ~ 450˚C and levels off to a value N ≈ 2.1, which is close to the bulk 
value of 2.17. 
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Figure 4.4.  The optical transmittance and reflectance of ZrO2 films deposited at 350˚C 
and 525˚C on Corning 1737 substrates.  The data for the uncoated glass substrate is 
included for comparison. 

 
 

Figure 4.5 includes XRD data for films deposited at substrate temperatures of 350˚C 

and 525˚C.  The XRD spectra suggest that the ZrO2 films are mostly amorphous, 

although peaks associated with mixed morphological phases are identified in the XRD 

spectra.  For the low temperature film, a broad peak associated with tetragonal zirconia 

(200) is present.  From the interplanar spacing, d200, we calculate the lattice constant, a = 

0.359 nm, which is close to the lattice constant for tetragonal ZrO2 (a=0.364 nm, JCPDS 

card 42-1164).  For the film deposited at 525˚C, the reflection peaks are sharper and the 

intensity is roughly twice that of the spectra for the film deposited at lower temperature.  

The spectra of the 525˚C film indicates that the film contains monoclinic, tetragonal and 

cubic phases.  For the peak associated with cubic zirconia, d111 gives a calculated lattice 
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constant, a = 0.513 nm from the experimental data compared to a = 0.5218 nm from 

JCPDS card 49-1642.  Similar analyses are used to determine the phases associated with 

the resolvable peaks, and it is concluded that all peaks are associated with the three 

aforementioned polymorphs of ZrO2.  From the analysis of the experimentally 

determined lattice parameters, it is observed that there is 1% lattice contraction for the 

mixed-phase films compared to the reference data for single-phase powder samples.  The 

contraction is an indication of stress, which could be due to several factors:  structural 

mismatch of films with mixed phase deposited onto an amorphous substrate; deviation 

from stoichiometry; or thermal induced stress due to expansion coefficient mismatch 

between film and substrate. 

 

 
Figure 4.5.  X-ray diffraction spectra for ZrO2 films deposited at a) 525˚C and b) 350˚C.  
For the sample formed at higher substrate temperature, the diffraction peaks are relatively 
more intense and defined.  All peaks are found to belong to ZrO2 with a mixed 
morphology of monoclinic, tetragonal and cubic. 
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Figure 4.3 shows that the refractive index increases and approaches the bulk value 

with substrate temperature up to about 475ºC.  This is likely due to a high void fraction 

resulting in lower density films at the lower temperatures, consistent with previously 

reported work [3].  The observance of higher-density phases in the XRD spectra supports 

this conclusion. 

Peaks associated with oxygen, carbon and zirconium are evident in XPS spectra 

acquired from all of the films.  Figure 4.6 is a representative XPS spectrum.  XPS 

analysis indicates that films deposited at 350-375˚C contain a significant amount of 

carbon (~ 10 at.%) and the films are somewhat oxygen poor (~ZrO1.7).  Photoemission 

peaks consistent with ZrO2 and Zr-C bonding are observed in the Zr-3d line shapes for a 

film deposited at 350˚C as shown in Figure 4.7.  From this we conclude that at lower 

temperatures, the ZTB precursor, or a carbon-containing intermediate, adsorbs on the 

substrate more quickly than it can fully decompose and diffuse from the surface.  The 

result is carbon incorporation into the film and poorer film quality.  The unintentional 

incorporation of carbon may also explain the reduced optical quality of the films 

deposited at the lower temperatures. 
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Figure 4.6.  Representative X-ray photoelectron survey spectrum of CVD ZrO2.  Peaks 
associated with Zr, O, and C are identified.  The unlabeled peaks at lower binding are 
identified with photoemission from the valence levels of Zr and O. 

 
 
 
 

 
 

Figure 4.7.  High-resolution XPS scan of the Zr-3d doublet photoemission peak.  Two 
Gaussian-Lorentzian peaks are fit to the data associated with Zr-O and Zr-C bonding.  A 
good fit is observed as evident by the overlap between the experimental and total fitted 
spectra. 
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For films deposited in the temperature range of 475-525°C, we detect what is 

probably adventitious carbon for the films analyzed without a sputter clean, however, 

after a 30-60 sec sputter clean, the C-1s peak is substantially reduced and not well-

resolved given our experimental conditions (~0.5-1 at.% C after sputtering).  We do note, 

however, that at these higher temperatures, material is deposited on the leading edge of 

the susceptor (sample holder), which is probably compensating for what might otherwise 

be an increase in observed deposition rate on the substrate which is ~ 5 cm downstream 

(due to depletion of precursor, consistent with the observed gradient in the deposition 

rate).  At 550°C, continuous film deposition has ceased, and gas phase reactions occur.  

This is evident by small inclusions observed in the film.  A powdery substance identified 

as ZrO2 with carbon formed on the substrate holder.  Based on our experimental results 

we conclude that ZrO2 films deposited at temperaures between 475 and 525°C have the 

best optical, structural and compositional properties. 

 

Results for CVD of ZrO2:F Films 

The fluorine precursor, CBrF3, is added to the CVD process to examine whether 

fluorine may be incorporated into zirconia films.  XPS analysis (Figure 4.8) indicates that 

the fluorine levels in the films increase with increasing flow rate for films formed at 

350˚C.  For bromotrifluoromethane flow rates of 300 sccm and 900 sccm, the anion 

percentage for fluorine in ZrO2 is 1.5% ± 0.5% and 3% ± 0.5%, respectively, for films 

formed at substrate temperature of 350˚C.  For a film deposited at 525˚C with 900 sccm 

CBrF3 flow rate, the fluorine level is higher still at an estimated anion percentage level of 

4.5% ± 0.5%.   
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Figure 4.8.  High-resolution XPS scan of the F-1s photoemission peaks in zirconia films 
deposited at 350C at different fluorine precursor flow rates: 0.3 SLPM (300 sccm) and 
0.9 SLPM (900sccm).  The data indicate fluorine incorporation into the films at 1.5% ± 
0.5% and 3% ± 0.5%, respectively. 

 
 
 

X-ray diffraction data for films formed with CBrF3 flow rate set at 

900 sccm and at deposition temperatures of 350˚C and 525˚C are given in Figure 4.9.  

Data for the undoped zirconia are included for comparison.  We observe structural 

changes toward polycrystalline morphology for the films formed with fluorine addition.  

The structure evolves toward a monoclinic (020) texture as the fluorine level increases. 
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Figure 4.9.  X-ray diffractograms for F-doped ZrO2 films deposited at a) 525˚C and b) 
350˚C, corresponding to F (anion) doping levels of 4.5 at.% and 3 at.%, respectively.  
Undoped ZrO2 films deposited at c) 525˚C and d) 350˚C.  No evidence for phases other 
than zirconia is observed. 

 
 
 
Addition of fluorine precursor in the CVD process for zirconia films led to an 

observed ~10% decrease in the deposition rate.  This could be related to the increased 

structure and tendency toward a single texture, as observed in the XRD analysis.  That is 

to say, the polycrystalline grains for the F-doped films may grow at a reduced rate 

compared to the more amorphous structure of the undoped films.  Another possible 

explanation for the decreased deposition rate is that byproducts or intermediates of the 

CBrF3 precursor, such as HBr and HF, may etch the surface of the growing film.  Such 

etching effects may also be related to the change in morphology.  Indeed, preferential 
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etching of amorphous versus polycrystalline grains, and in situ surface etching by 

halogens, is consistent with literature reports [4-7]. 

Zirconia coatings are often applied to materials to increase their corrosion 

resistance [8, 9].  Izumi et al reported on the corrosion behavior of steel sheets for various 

zirconia coatings applied by the sol-gel method [9].  They observe increased resistance to 

corrosion from water and water vapor for a ZrO2-coated surface versus an uncoated steel 

sheet.  Additionally, they report that the resistance is further enhanced when various 

fluorine precursors are included during film formation.  They surmise that resistance to 

corrosion is linked to surface contact angle measurements, in which they demonstrate a 

positive correlation; the contact angle for the F-doped samples is approximately twice 

that of their standard ZrO2-coated steel samples.   

 

Results for CVD of SnO2 Films 

SnO2 films were deposited at substrate temperatures between 500 and 550°C and 

resulted in deposition rates ranging from ~8-50 nm/min as shown in Figure 4.10.  

Deposition is not detected after a 10 minute process using a substrate temperature of 

475°C in the pressure regime studied (20-45 Torr).  Though the electrical and structural 

properties of the films did not change with pressure, the deposition rate was higher at 45 

Torr and uniformity of the deposition rate, and thus film thickness, along the length of the 

reactor was achieved.  Figure 4.11 illustrates Arrhenius plots for the depositions in the 

temperature region covered in this study.  Apparent activation energies of 110 ± 7 kJ/mol 

and 105 ± 13 kJ/mol are extracted for depositions at 45 and 20 Torr total pressure, 

respectively.  These values are within the range of those reported by others [10-15]. 
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Figure 4.10.  Deposition rate of CVD SnO2 in the temperature range of 500-550˚C.  
Higher deposition rates are observed at 45 v. 20 Torr total pressure. 
 

 

 

Figure 4.11.  Arrhenius plot for the kinetically-limited CVD of SnO2. 
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Unintentionally doped tin oxide is a weak n-type semiconductor previously reported 

to be due to H+ inclusions, interstitial tin and/or oxygen vacancies leading to 

nonstoichiometric films [16-20].  The so-called intrinsic, or insulating, SnO2 (i-SnO2) 

films in this study are polycrystalline with a rutile (tetragonal) structure (see the next 

section for comparison to F-doped films).  The films have an optical transmittance greater 

than 80%, a resistivity of similar to 1 Ω·cm and an optical bandgap of approximately 3.6 

eV.  Hall measurements confirm that these i-SnO2 films are n-type, with carrier 

concentration n = 3·1018 cm-3, and carrier mobility µ ~ 1-2 cm2/V·s. 

Tin oxide films (or more generally, oxide films) which exhibit semiconducting 

electrical properties, such as these i-SnO2 films, find use in advanced thin film PV 

devices [21].  In particular, thin film PV which utilize CdS as the n-type window layer 

must balance a tradeoff with regard to the CdS thickness.  Shorting of the n-p interface 

(TCO to absorber layer) may occur for devices with thin CdS films as a result of pinholes 

or other defects in the CdS.  These defects are mitigated for thicker CdS films, however, 

thicker CdS layers limit the photocollection in the blue spectral region due to the bandgap 

of CdS (EG ≈ 2.3 eV).  Therefore, it is advantageous to incorporate a thin, ~ 100 nm, 

layer of a semiconducting transparent oxide between the TCO and CdS layers.  For a film 

having a stable interface and with resistivity high enough to prevent shorting, yet low 

enough to not interfere with the sheet resistance of (i.e. collection by) the TCO, a thinner 

CdS layer (below 100 nm) may be used.  To illustrate the effect of CdS thickness on the 

photocurrent available to reach the absorber, a plot of the transmittance spectra for film 

stacks consisting of CdS/i-SnO2/SnO2:F/glass with varying CdS thickness is shown in 
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Figure 4.12.  A decrease in short-wavelength transmittance is observed as the thickness 

of the CdS is increased. 

 

 
 

Figure 4.12.  Transmittance spectra for films with varying CdS thickness.  Decreased 
transmittance in the UV and blue region of the visible region is apparent for increasing 
thickness of the CdS layer, consistent with absorptance increasing due to the bandgap of 
CdS, EG ≈ 2.3 eV.  The layers consist of CdS/i-SnO2/SnO2:F/glass.  The tin oxide layer 
thicknesses are 100 nm and 500 nm, respectively. 

 
 
 

 It is important to note that (unintentionally-doped) tin oxide films formed from tin 

precursors which contain one or more halide ligands often contain a significant amount of 

impurities such as Cl [15, 19, 22].  These impurities act as donor centers and the 

resistivity of these films is thus about 2 orders of magnitude lower than those in this 

work.  Consequently, films formed using such precursors have not been found to be 

suitable as a buffer layer in PV devices.  

 94



Results for CVD of SnO2:F Films 

The electrical and optical properties of tin oxide are heavily influenced by the 

addition of fluorine.  Fluorine-doping of tin oxide increases both the carrier 

concentration, from 3·1018 cm-3 to 4·1020 cm-3, and the carrier Hall mobility, from 1 

cm2/V-s to 25 cm2/V-s.  This results in a decrease in resistivity by nearly 4 orders of 

magnitude.  Consequent to the increase in donors, which move the available optical 

transition levels up in the conduction band, the bandgap increases from 3.6 eV to 3.87 

eV, for doped versus F-doped tin oxide, respectively.   

XPS analysis indicates that the films generally exhibit a Sn:O ratio similar to 

1:1.7.  Quantification of the F-1s and O-1s spectra indicates that the F anion ratio is 1.5 ± 

0.5 anion%.  This doping level is equivalent to 1.3·1021 atoms(F)/cm3, which is much 

larger than the carrier concentration obtained from Hall measurements.  This indicates 

that less than one-third of the incorporated fluorine atoms are electrically active in the tin 

oxide matrix.  The inclusion of neutral impurities is generally undesirable; in a perfect 

crystal these only serve as scattering centers (and so termed neutral impurity scattering).  

However, from the electrical data, it is observed that the mobility increases (up to a 

point) with increasing carrier concentration (i.e. F incorporation).  In polycrystalline 

material, “excess” impurities tend to reside at or near grain boundaries and other (point or 

line) defects [19, 23, 24].  This implies that the crystal structure, crystallinity and surface 

morphology may be impacted by F addition.  For the present case, where the carrier 

mobility increases with F addition, it could be that F may passivate some mobility-

limiting defects.    
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The change in the films’ crystallographic structure and texture are evident in the 

XRD spectra shown in Figure 4.13.  Both the TO and FTO are indexed to tetragonal 

(rutile) SnO2 (JCPDS card 41-1445).  This set of films was deposited at substrate 

temperature of 550˚C and to a thickness of about 500 nm.  A large change in structure is 

observed: the TO sample appears to be predominantly [211] oriented with [301] and 

[110] directions also clearly identified; in contrast the FTO sample is strongly [002] 

oriented with weak reflections corresponding to [310] and [110] observed.  Such a 

change toward [002] texture by F-doping has been observed by others [19, 23].  The 

texture coefficient quantifies the extent to which a particular crystallographic orientation 

is favored and is calculated from  

 1
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where I[hkl] is the measured intensity of [hkl] from the film and I0[hkl] is the intensity 

obtained from standard card files of the Joint Committee on Powder Diffraction 

Standards (JCPDS) [25].  If TC[hkl] is much less than 1, the film is considered randomly 

orientated.  If TC[hkl] is close to or larger than 1, the film is preferentially orientated in 

the [hkl] direction.  Table 4.1 lists the texture coeffients calculated from the XRD spectra 

of Figure 4.13.  The calculations indicate that the undoped tin oxide film has preferred 

texture (compared to a powder sample) for grains oriented in the [211] and [301] 

directions.  In contrast, the FTO sample shows preferred texture for the [002] direction.   
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Figure 4.13.  X-ray diffraction patterns referenced to tetragonal SnO2 for  a) undoped 
(TO) and b) F-doped tin oxide (FTO) films, indicating a strong change in crystal 
structure. 

 

 

Table 4.1.  The calculated texture coefficients for tin oxide and fluorine-doped tin oxide.  
The data are calculated from the XRD spectra in Figure 4.13 and referenced to JCPDS 
card 41-1445 for tetragonal SnO2. 

 
SnO2 film TC[110] TC[002] TC[211] TC[301] 

undoped 0.3 0.15 3.1 2.2 
F-doped 0.15 3.7 0.01 0.1 

 

 

 In agreement with the structure data, we also observe that F-doping alters the 

morphology of the films.  The surface morphology of TO and FTO films, as observed 

from AFM imaging, is shown in Figure 4.14.   The values of average surface roughness 

extracted from AFM measurements and from the SE models are compared in Table 4.2.  

 97



The data from both sets of measurement techniques are consistent in that the undoped 

film has larger surface roughness than that for the F-doped film.  Using the Scherer 

formula, values for the mean crystallite size, l, are calculated from the XRD spectra 

(Table 4.2) [26].  In agreement with the observed decrease in surface roughness, the 

average size of crystallites is smaller for the F-doped film.   

 

 

 
 

Figure 4.14.  AFM images for a) undoped SnO2 and b) F-doped SnO2. 
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Table 4.2.  Comparison of mean crystallite size obtained from analysis of X-ray 
diffraction (XRD) spectra, and of surface roughness obtained from spectroscopic 
ellipsometry (SE) analysis and atomic force microscopy (AFM) imaging for undoped and 
F-doped tin oxide. 

 
Surface Roughenss, RA 

(nm) 
Crystallite size, l 

(nm) 
 

SnO2 film 
SE AFM  

undoped 27 19 49 
F-doped 15 11 31 

 

 

We also observe broadening of the reflection peaks in the XRD spectra acquired 

from the undoped tin oxide.  This broadening increases for peaks at higher diffraction 

angle.  Such observations are consistent with the presence of crystallographic sheer 

planes (also called antiphase domain boundaries, APBs) [26].  The occurrence of APBs 

in thin films is a stress relief mechanism occurring between adjacent grains and is 

typified by a high defect density at the grain boundary [18, 26-29].  These defects could 

be related to tin interstitials, oxygen vacancies, hydrogen incorporation, or other 

complexes which lead to the observed high carrier concentration in undoped tin oxide 

[30].  The high APB density is likely responsible for the relatively low carrier mobility in 

undoped tin oxide.  The data for the F-doped tin oxide does not indicate the presence of 

APBs, yet the (intentional) impurity level is high.  Taken together that: i) the level of F 

incorporation is greater than the carrier concentration, ii) mobility increases with F 

incorporation, iii) XRD data indicate improved crystallinity upon F-doping, and iv) data 

suggesting the presence of APBs is observed in undoped tin oxide but not in the F-doped 

samples, we conclude that excess fluorine resides at grain boundaries (or similar defect 

sites) and decreases the defect sites’ influence on the scattering of mobile charge.   
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To summarize the effects of F-doping on SnO2, the greater than two orders of 

magnitude increase in charge carrier concentration induces an increase in the optical 

bandgap to ~ 3.87 eV, due to a blue shift in the transmittance spectra.  This is explained 

in the context of the conduction band filling with ionized impurities due to degenerately 

doping, as explained by Burstein and Moss [31, 32].  This is discussed in further detail in 

Chapter I.  The lowest resistivity for SnO2:F (FTO) films observed in this study, 4.5·10-4 

Ω·cm, is achieved at a deposition temperature of 545˚C and flow rates of oxygen and 

fluorine precursors, FO2/FCBrF3, = 1.5, where the F-doping level is found to be 2% ± 0.5 

at%.  The associated carrier concentration and mobility, obtained from Hall 

measurements, are 4.5·1020 cm-3 and 27 cm2/V·s, respectively.  The increase in mobility 

upon fluorine addition may be associated with structural changes, exhibited by a 

significant increase in (200) texture of the F-doped films.  F-doping promotes growth of 

tin oxide grains in the [002] direction.  

 

Results for CVD of SnO2-ZrO2 Films 

 The results from the chemical vapor deposition studies of SnO2 and ZrO2 thin 

films, as described in previous sections, indicate a process overlap in deposition 

temperature (500-525°C) and total pressure (20-45 Torr).  The zirconia depositions 

resulted in a thickness gradient in the gas flow direction, as discussed above, however, 

the tin oxide films are uniform with respect to thickness and electronic properties.  

Therefore, the combined process is a combinatorial synthesis of SnO2-ZrO2: each 

deposition yields a set of films in which all samples are identically processed, but the 

zirconia concentration in the films is linearly graded.  The zirconia concentration gradient 
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in a particular deposition is adjusted by the ZTB bubbler temperature, ZTB flow rate, or 

both.  The zirconia concentration in SnO2 and SnO2:F (FTO) films is reported in cation 

%, in which the atomic ratios are determined by XPS analysis.  Figure 4.15 shows that 

the lineshapes of the Zr-3d peak analyzed for the films containing in the range of 1-10 

cat.% Zr are consistent with that from the ZrO2 films presented earlier.  The peaks are not 

shifted in binding energy and indication for multiple peaks is not evident.  We 

consequently conclude that zirconium is present in the films as ZrO2.  Hence, this study 

offers the opportunity to test how the addition of a high permittivity oxide into tin oxide 

influences the optoelectronic properties. 

 

 

 
Figure 4.15.  High-resolution XPS scan of the Zr-3d peak for ~ 1-10 at.% Zr in SnO2.  
The scan from a ZrO2 film is included which indicates that the Zr is present as ZrO2 in 
the tin oxide films.  
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An example of the Zr:Sn concentration and film thickness variation across the 

reactor is shown in Figure 4.16.  The relevant deposition parameters are: substrate 

temperature = 525˚C; total pressure is 20 Torr; ZTB flow and bubbler temperature is 30 

sccm and 65˚C, respectively; CBrF3 flow rate is 300 sccm.  Ignoring the front edge of the 

samples, corresponding to the first few centimeters in the reaction region, the linearity of 

both the Zr concentration and the total film thickness is apparent.  This linearity, 

observed in many runs, allows for useful comparisons to be made between sample sets 

and depositions. 

 

 
Figure 4.16.  The concentration of Zr and the film thickness for various samples 
corresponding to the position in the reactor during deposition.  Excepting the first few 
centimeters, both the Zr content and thickness are linearly graded. 

 

The sheet resistance for this same set of films is shown in Figure 4.17.  If the 

electrical properties (carrier concentration and mobility) were the same for all samples, 

one should expect a linear increase in sheet resistance due to the linear decrease in film 
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thickness.  We observe that for Zr concentrations higher than about 5 at.%, the sheet 

resistance, RS, increases sharply.  Films with a few at.% Zr have similar sheet resistance.  

To separate the effects of film thickness and Zr concentration on RS, the carrier 

concentration and Hall mobility data are shown in Figure 4.18.  Particularly evident, is 

that even for up to ~10% Zr in SnO2:F films, carrier mobility is still above 20 cm2/V·s 

while charge carrier concentrations vary in the range of 0.5-2.5 x 1020 cm-3.  A more in 

depth analysis of the variation in carrier mobility as it relates to zirconia addition is 

presented in Chapter VI.  Films containing in the range of ~1-5 at.% Zr have similar 

carrier concentration values to FTO processed under similar conditions, and this is 

observed for many sets of samples. 

 

 

 
Figure 4.17.  Sheet resistance of FTO films containing in the range of ~1-10 at.% Zr.  
Comparison with Figure 4.16 indicates that films with a ~1-5 at.% Zr have similar sheet 
resistance values, while the films with 5-10 at.% Zr show a steep increase in resistance 
values. 
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Figure 4.18.  The mobility and carrier concentration as obtained from Hall measurements.  
Films with ~ 1-5 at.% Zr maintain both high carrier concentration and mobility values 
close to 25 cm2/V·s.  Interestingly, the mobility remains relatively high even for ~ 10 
at.% Zr in the FTO films. 

 
 
 
 
The optical performance of a TCO film is particularly important when evaluating 

their efficacy for PV devices.  The transmittance data for an FTO film and for FTO 

containing ~ 1-5 at.% Zr is presented in Figure 4.19.  Though the carrier concentration, 

mobility and film thickness do not vary greatly, the transmittance window is widened for 

the films containing ZrO2.  This promising result of increased transmittance in the NIR is 

studied more in depth in Chapter V.  The optical bandgap increases to 3.95 eV (from 3.87 

eV for SnO2:F) for a sample with ~3 at.% Zr addition; however, the carrier concentration 

is nearly identical (n ~ 2·1020 cm-3).  Since the bandgap widening is not explained 
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through conduction band filling, we conclude that this is a result of alloying with the 

wide bandgap ZrO2.   

 

 
Figure 4.19.  Transmittance data for FTO films with various Zr concentrations.  An 
increase in the NIR transmittance is observed with increasing zirconia. 

 
 
 

 The addition of zirconia into fluorine-doped tin oxide impacts the crystal structure 

and decreases texture.  The X-ray diffraction scans for films of FTO and FTO with 1, 3 

and 5 at.% Zr are shown in Figure 4.20.  Only peaks associated with tin oxide are 

evident, and none of the peaks can be indexed to any of the ZrO2 polymorphs.  The 

intensity ratio, I002/I110, decreases sharply from ~ 10 to 1.7 for FTO and FTO:5%Zr, 

respectively.  We discussed in a previous section the impact of F-doping on tin oxide, in 

particular the prominence of the [002] texture.  Figure 4.21 offers the XRD spectra for 

films prepared with different F precursor flow rates (referred by their relative amount to 
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the O2 flow rate).  They were deposited under otherwise identical conditions, and the 

cation composition for the films is approximately 1 at.% Zr.  XPS results indicate that the 

F content in the film increases with CBrF3 flow rate, with an estimated maximum of 3 

at.% F.  As the F/O2 flow ratio decreases, the (002) peak intensity remains relatively 

constant.  However, the intensity corresponding to (110)-orientated grains increases with 

decreasing F.  Similarly, several more peaks become apparent, all of which can be 

indexed to tetragonal SnO2.  Interestingly, however, we observe additional peaks 

corresponding to grain orientations not observed in our tin oxide or FTO films.  Our 

observations in the previous section argued for a correlation between changes in crystal 

structure, mobility and scattering due to fluorine incorporation.  For films containing Zr, 

we note that the mobility remains relatively high and constant with Zr addition, yet the 

structure and texture may change dramatically.  Therefore, a fundamental difference in 

the dominant scattering mechanisms which limit mobility must be due to the addition of 

zirconia.  Chapter VI offers further discussion of this analysis. 
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Figure 4.20.  XRD spectra of FTO films with 0, 1, 3 and 5 at.% Zr. 

 

 

 
Figure 4.21.  X-ray spectra for films of FTO:1%Zr for varying CBrF3/O2 flow ratios. 
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 The surface morphology, studied by AFM, is also impacted by the ZrO2 content 

in the FTO films.  Figure 4.22 shows 3-D images of the surfaces of FTO samples with a) 

1 at% Zr (F/O2 = 2.0), b) 1 at% Zr (F/O2 = 0.67), and c) 3 at% Zr (F/O2 = 0.67).  

Comparing a) and b), the FTO:1%Zr samples, the film deposited with higher F precursor 

flow rate has slightly lower surface roughness than for the lower F flow rate, 7 nm and 9 

nm respectively.  Again, a lower surface roughness correlated with higher [002] 

prominence is consistent with the fact that (002) grains will have smoother surface 

features than (110)- or (211)- oriented grains, which tend to be more pyramidal than flat.  

Comparing b) and c), it is observed that surface roughness increases with increasing ZrO2 

content, which is again consistent with the observations from the XRD analysis.  A more 

extensive analysis of the surface roughness is performed for sets of films formed by 

similar process conditions but varying zirconia content.  The results for the average 

surface roughness estimated from AFM measurements and from the SE model are plotted 

together in Figure 4.23.  Using either technique, we observe an increase in surface 

roughness with increasing ZrO2 content, especially for greater than ~ 1 at.% Zr.  The data 

extracted from SE modeling consistently gives roughness values nearly twice that 

obtained from the AFM technique.  This inconsistency is actually expected due to the 

difference in which average surface roughness is defined in the two methods.  Further 

discussion on this topic and the two techniques is provided in Chapter III. 
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Figure 4.22.  AFM surface topography images of the surfaces of FTO samples with a) 1 
at% Zr (F/O2 = 2.0); b) 1 at% Zr (F/O2 = 0.67); and c) 3 at% Zr (F/O2 = 0.67). 
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Figure 4.23.  Average surface roughness values obtained from AFM and SE analysis for 
FTO films with varying ZrO2 content. 

 
 
 
 

 

Results for Damp Heat Stability Testing 

 In addition to high visible transparency and electrical conductivity, these 

properties of a TCO film must not degrade over time [33].  An accepted method for 

accelerated lifetime testing (ALT) of TCOs is the so-called 85/85 test [34, 35].  The test 

consists of 1000 cumulated hours of exposure to damp heat: 85˚C at 85% relative 

humidity (R.H.), which is said to simulate 25 years of exposure in the environment 

typical for PV.  A set of control samples, which were a matched pair to those used in the 

damp heat study, were left at ambient (in a sample drawer at room conditions) and 

measured at the beginning and end of the ALT.  The control samples showed no variation 

in sheet resistance or measured Hall properties (as expected).  The sample set consisted 
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of: FTO:1%Zr, FTO:5%Zr,  and a FTO:1%Zr deposited under high F/O2 conditions, all 

with starting sheet resistance values in the range 10-15 Ω/.  This set of samples was 

repeated for depositions which yielded thinner films corresponding to starting sheet 

resistance values in the range of about 100 Ω/.  A “standard” FTO sample (labeled 

L080606 in the figure) and a commercially-available FTO sample (Pilkington Tec15™) 

are included in the study.  This study tests the damp heat stability (and the projected 25 

year lifetime PV exposure) of FTO: with varying ZrO2 content, varying F content and 

varying thickness. 

Figure 4.24 shows little difference in sheet resistance (4pp) variation throughout 

the duration of the test.  For the thicker films (t ~ 500 nm, corresponding to RS ~ 10-15 

Ω/), essentially no change is observed.  Hall measurements confirm the results obtained 

by 4pp.  Error bars are not included because of the overlap between data points.  

However, the sheet resistance measurement may be considered to have an error  

of approximately ± 1 Ω/□.  Therefore, apparent changes in the sheet resistance with damp  

heat exposure may not be statistically relevant.  However, further analysis of the thinner 

(50-100 nm) films suggests that changes to the electronic properties occur during the 

ALT.  Indeed, for the sample formed under high F/O2, the charge carrier concentration  

decreased from n ~ 1.7·1020cm-3 to 1.2·1020cm-3, yet the carrier mobility remained  

constant (µ ~ 23 cm2/V·s).  The resistivity values obtained from the Hall measurements  

were comparable to the 4-point probe sheet resistance values. No other analysis is used to  

study these films at this time, though we could speculate that thinner films were more  

susceptible to water vapor adsorption, which would account for a decreased electron 

density. 
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 We note that the thicker films, which correspond to sheet resistance values in the  

range of 10-15 Ω/ are more consistent with what would be useful in a PV device.  

However, the increased sheet resistance (due to decreased carrier concentration) with 

damp heat exposure may provide an avenue for interesting future research.  Further, the 

oxide buffer layer is typically of this order of thickness, but with resistance values about 

3 orders of magnitude higher.  Therefore, it is not clear from this study how damp heat 

would affect the oxide buffer layer in ALT by damp heat exposure. 

 

 

 
Figure 4.24.  Results for the change in sheet resistance during damp heat exposure for 
accelerated lifetime testing of FTO, FTO:1%Zr, FTO:5%Zr and FTO:1%Zr at high F/O2 
pressures.  The sets of films include those deposited to two different thicknesses 
(corresponding to the sheet resistance changes).  A commercial FTO sample is included 
(Pilkington Tec15™). 
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CHAPTER V 

 

ENHANCED OPTICAL TRANSMITTANCE OF HIGHLY CONDUCTIVE F-DOPED 

SnO2 THROUGH PERMITTIVITY ENGINEERING 

 

We report enhanced transmission from degenerate fluorine-doped SnO2 films 

alloyed with ZrO2.  Spectroscopic ellipsometry measurements show these films exhibit 

increased permittivity in agreement with Drude theory.  Fluorine-doped SnO2 films with 

less than ~5 at.% Zr maintain high electrical conductivity, with corresponding Hall 

mobility up to 32 cm2/V·s.  The potential impact of integrating these films into 

photovoltaic devices is discussed by calculating short circuit current density losses due to 

absorption in the transparent conducting electrode.  Our analysis shows that addition of ~ 

1.5% ZrO2 into F-doped SnO2 films decreases the loss in current density by 0.6 mA/cm2.  

 

Introduction 

Metal oxides that combine electrical conductivity and optical transparency are 

important materials for production of photovoltaic (PV) solar cells, window coatings, flat 

panel displays and other products [1, 2].  These transparent conducting oxides (TCOs) are 

typically n-type and include alloys of cadmium oxide, indium oxide, tin oxide and zinc 

oxide, which are degenerately-doped to bring their conductivity to acceptable levels.  

However, high charge carrier concentration is typically needed to achieve high 

conductivity.  However, high charge carrier concentration reduces optical transmission at 

longer wavelengths due to absorption by free carriers [3].  The cost of the reduced 
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transmission through F-doped SnO  electrodes has been estimated at 5% of the PV cell’s 

current density [4].  

2

This tradeoff between optical and electrical performance has driven 

research in the field toward materials which yield a compromise between optical 

transmittance and electrical resistivity for a given application [5-9].   

Glass coated with SnO2, the most common TCO in terms of production volume 

and application diversity, is currently used in the production of low-emissivity glass and 

thin film Si- and CdTe-based photovoltaic devices [10].  For TCO applications, tin oxide 

is typically doped with fluorine (referred to as FTO) in the range of a few atomic percent.  

The main advantages to using tin oxide are that it contains neither scarce indium nor 

toxic cadmium and the optical and electrical properties remain stable in high temperature 

processing (> 650 ºC).  Other benefits include long-term environmental stability and 

chemical resistance [11].  However, electron mobility in tin oxide generally is less than 

that in indium oxide or cadmium oxide, and therefore a higher charge carrier 

concentration is necessary to achieve similar conductivity.   

Coutts et al applied the Drude theory to TCOs [12].  Their analysis suggests that 

increasing charge carrier mobility (i.e. increasing the relaxation time between scattering 

events) is the preferred path to minimize absorption due to free carriers.  Further analysis 

of the Drude theory suggests that increasing the permittivity of the host transparent 

conductor should shift the plasma edge to longer wavelengths  [13].  The plasma 

frequency, ωP (plasma wavelength, λP), in terms of a material’s high frequency 

permittivity, ε∞, is shown to be 
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where c is the speed of light, εo is the permittivity of free space, m* is the electron 
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 effective mass, n is the carrier concentration and e is the electronic charge [13, 14].  The 

real and imaginary parts of the complex permittivity ( 1 i 2ε ε ε= + ) are related to the 

electrical properties by 
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 where τ is the mean scattering time for free electrons [3, 14, 15]. 

The present work outlines a method for maintaining or improving electrical 

properties in chemical vapor deposited (CVD) tin oxide-based films while enhancing 

optical performance.  We report improved near-infrared transmission of fluorine-doped 

tin oxide (FTO) through the addition of 1-5 cat% Zr.  Importantly, the Zr-doped FTO 

films have similar electrical properties to FTO films. Extending the transmission 

bandwidth of FTO transparent electrodes in thin film photovoltaic (PV) cells will directly 

lead to increased PV cell efficiency.   

 

Experimental 

The films are deposited on Corning 1737 glass by low-pressure chemical vapor 

deposition (LPCVD), a process currently used in large-area device fabrication.  The CVD 

system has been previously described in Chapter III.  Details of the deposition process 

are discussed in Chapter IV.  The films’ electrical resistivity, charge carrier concentration 

and carrier mobility are ascertained by Hall measurements in the van der Pauw 

configuration (Bio Rad HL5500) [16].  Optical transmittance and reflectance 

spectrophotometric measurements are used to obtain absorptance, absorption coefficient 
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and optical bandgap (Varian Cary 6i) [3].  The spectrophotometer data are referenced to 

air, and thus include the substrate contribution.  Film thickness is determined by stylus 

profilometry and spectroscopic ellipsometry (Dektak 8 and J.A. Woollam M-2000, 

respectively).  Film composition is determined from X-ray photoelectron spectroscopy 

(XPS) measurements (PHI 5000 Versa-Probe).  Zr concentration is given in cation %, 

employing published sensitivity factors  [17].  Structural properties are obtained from X-

ray diffraction (XRD, Scintag DMS). 
 
 

Results 

The pure tin oxide sample has resistivity, ρ ~ 1 Ω·cm, associated with both low 

mobility and carrier concentration.  The XRD spectrum (not shown) indicates that this is 

randomly oriented polycrystalline material.  F-doping induces a strong (002) texture, and 

a decrease in the resistivity to approximately 10-4 Ω·cm.  Only diffraction peaks 

associated with tin oxide are identified in XRD spectra of films alloyed with up to ~ 10% 

ZrO2.  This indicates that the films retain the rutile tetragonal structure of the tin oxide 

host lattice.  Optical and electrical analyses indicate that the doped films are degenerate 

transparent conductors.  Figure 5.1 shows the extracted Hall mobility and charge carrier 

concentration for several samples with varying Zr concentrations in SnO :F2 .  Data for an 

undoped SnO2 sample and several SnO2:F samples are included for comparison.  The 

general trend is that carrier mobility remains above ~ 25 cm2/V·s for up to ~6 cat.% Zr, 

while mobility and carrier concentration both decrease for Zr concentrations ≥ 8%.  

Importantly, the electrical properties of films containing 1-5 at.% Zr are nearly identical 
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to that of the SnO2:F with no Zr addition.  The highest mobility, µ = 32 cm2/V·s, is 

observed for the films containing 2 at% Zr.  

 

 

Figure 5.1.  Extracted Hall mobilities and charge carrier concentrations for samples with 
0-10 at% Zr in SnO2:F, and an undoped SnO2 sample. Carrier mobility remains above 25 
for up to ~6 at.% Zr .Mobility and carrier concentration both decrease for > 8 at % Zr. 
The electrical properties of films containing 1-3 at.% Zr are nearly identical to that of 
SnO2:F.  

 

 

The optical properties of films with similar electrical properties and physical 

thickness but with different Zr content were analyzed by spectroscopic ellipsometry.  

Figure 5.2 shows the real part of the permittivity, ε1, for SnO2:F with ~1-10% Zr.  The 

data for FTO and ZrO2 are included for comparison.  A large increase in permittivity is 

observed for 1% Zr addition.  As Zr concentration increases to > 10%, the observed 

permittivity approaches that of ZrO2.  Large increases in permittivity at low alloying 
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concentrations have been observed by others [13, 18].  Lucovsky et al have explained the 

increase in permittivity of silicates with small ZrO2 additions in terms of a microscopic 

model to simulate the experimental data [18].  Their results are shown together with our 

current results for ZrO2 in SnO2:F in Figure 5.3.  Recalling from Drude theory that the 

plasma wavelength, λp, is centered at ε1 = 0, a shift of λp deeper into the IR is observed in 

Figure 5.2 for ZrO2-containing samples compared to the standard SnO2:F.  This trend is 

precisely what is predicted by equations (5.1) and (5.2).  

 

 

Figure 5.2. Real part of permittivity obtained by Drude-Lorentz parameterization of 
spectroscopic ellipsometry data for ~1-10% Zr in F-doped SnO2. Undoped SnO2:F 
(bottom) and ZrO2 (top) are included for comparison. 
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Figure 5.3.  a) The increase in ε1 at 1700 nm with ZrO2 content in SnO2:F (from Figure 
5.2) compared to the increase in κ  with ZrO2 in SiO2, from Lucovsky et al [18]. 
 
 

The measured transmittance and calculated absorptance of SnO2:F and that with 

~1% Zr is shown in Figure 5.4.  This set of films has fairly low carrier concentration, 

which may desirable for some applications.  Further, as will be discussed, they serve as a 

useful comparison to films with a higher charge carrier density.  Though the electrical 

data, n and µ, are similar for the films, increased transmittance through most of the 

visible wavelength spectrum is observed for the film alloyed with ZrO2.  A dramatic 

increase in transmittance is apparent at longer wavelengths, consistent with the decreased 

absorptance in the NIR.  This increased optical performance is consistent with the shift in 

the plasma wavelength deeper into the IR, and is attributed to the increased permittivity 

of the film upon addition of Zr. 
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Figure 5.4. Transmittance and absorptance of SnO
2
:F films with 0 and 1.1% Zr 

doping. Having similar charge carrier concentration and electron mobility, films 
with ~1% Zr display increased optical performance compared to films with 0% 
Zr.  
 
 

Figure 5.5 shows the measured transmittance and calculated absorptance of FTO 

and that with ~2 at% Zr.  These films exhibit higher values of carrier concentration than 

those presented in Figure 5.4, which yield a nominal sheet resistance of 10 Ω/.  These 

electrical properties are consistent with that typically utilized for CdTe-based absorbers 

in PV applications [19].  Again, for the sample alloyed with ZrO2, we observe increased 

transmittance through most of the visible region with a slight optical bandgap widening 

from 3.86 eV to 3.92 eV.  Because the charge carrier concentration is similar for the two 

films, the optical bandgap widening (blue-shift) cannot be explained by the conventional 

conduction band-filling mechanism as presented by Burstein and Moss [20, 21].  Instead, 

we attribute this to the alloying effect with the wide bandgap (5.8 eV) zirconium oxide.  
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A fairly uniform increase in transmittance is observed at near-infrared wavelengths, again 

due to the shift in the plasma edge.  The fact that the higher conductivity samples have a 

less dramatic change in NIR response is consistent with the Drude theory expectations: as 

carrier concentrations increase, the benefit derived by increased permittivity is reduced 

[13].  Gessert et al concisely illustrated these points by differentiating (5.1) with respect 

to ε∞ and by n which gives 
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Equation (5.1) indicates that, for a given n, λP increases with increasing ε∞; however,  

(5.4) further demonstrates that the rate of change in λP reduces with increasing ε∞.  This 

further explains the observation of large increases in transmittance with small increases in 

permittivity of our films.  Equation (5.5) shows that the plasma wavelength decreases 

with increasing carrier concentration, which is the origin of the well-known tradeoff 

between increasing conductivity and increasing transparency in TCOs.  However, the 

differential also shows that the rate of change in λP for a given ε∞ is smaller for larger 

values of n.  This is consistent with the differences in improved transmittance for the sets 

of films in Figures 5.4 and 5.5.  The films in Figure 5.5 have ~ 2.5 times greater n, so a 

smaller change in λP, and hence transmittance, is expected when compared to those in 

Figure 5.4. 
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Figure 5.5. (a) Transmittance and absorptance of SnO
2
:F films with 0 and ~ 2% Zr 

doping. Having similar electrical properties (RS ~ 10Ω/), films with Zr have increased 
transmittance in the visible and NIR compared to films with 0% Zr. (b) The apparent 
bandgap for 0% and 2% Zr in SnO2:F. The slight blue shift in the band edge is likely due 
to alloying with the high bandgap (5.8 eV) zirconia. 
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Table 5.1 compares the average transmittance (throughout the visible and vis-

NIR) for the film set discussed in Figure 5.5.  Additionally, we calculate the theoretical 

short-circuit current density loss due to absorption in the TCO/glass by integrating the 

average transmittance with the AM1.5 solar spectrum (see Figure 5.6).  This is done over 

two wavelength ranges corresponding to two thin film absorber PV technologies, CdTe 

and microcrystalline Si (µ-Si).  The quantum efficiency for the respective devices is not 

incorporated in the calculation.  We include the data for the glass substrate to aid in 

weighing the contribution of the starting material.  Previous studies by Li et al  revealed 

that some glass substrates have a large contribution in optical losses [4].  The visible 

transmission is slightly greater for the sample with Zr, but an ~ 10% increase in average 

transmission is calculated when the NIR response is included. The current density loss is 

0.6 mA/cm2 less for the film containing 1.5% ZrO2 over the wavelength range pertaining 

to CdTe devices. For µ-Si, the difference in losses due to TCO absorption is less 

dramatic, despite the apparent enhanced transmission at longer wavelengths. This is due 

to the fact that much less solar radiance is incident at these longer wavelengths.  Finally 

we calculate a figure of merit (FOM) which considers the integrated (visible) 

transmittance and sheet resistance, Φ = T10 / RS, as explained by Haacke [22].  This 

method gives more weight to the optical transmission than other methods, which is 

perhaps more relevant for comparing films intended for PV applications.  An 

enhancement in the FOM is realized for the film with Zr compared to that without, which 

is expected from our observations that there is an increase in visible transmittance. 
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Table 5.1. Comparison of  i) optical transmittance in the visible (380-700 nm), ii) visible-
to-infrared (380-1200 nm), iii) short-circuit current density loss due to absorption in 
glass/TCO integrated with the AM1.5 solar spectrum for two wavelength regions 
corresponding to CdTe (350–860 nm) and µ-Si (350-1200 nm) PV technologies; for films 
with and without Zr. The sheet resistances are given, and Haacke’s figure of merit is 
calculated [22]. Data for the glass substrate are also compared. 
 
  % Transmission JSC loss (mA/cm2) RS FOM 

Sample vis vis-NIR CdTe µ-Si (Ω/) (10-3/ Ω)

SnO2:F 79% 69% 2.67 4.53 10.2 9.3 

SnO2:F:Zr 81% 79% 2.07 4.3 9.9 12 

Corning 1737 91% 91% 0.18 0.37 - - 

 

 

 
Figure 5.6.  The AM1.5 solar irradiance spectrum [23].  The inset shows the calculated 
power density spectrum for 6000K blackbody radiator. 
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Tuning the properties of TCOs has historically involved attempts at achieving or 

maintaining reasonably high mobility while modifying the charge carrier concentration to 

obtain suitable electro-optical performance.  This invariably results in a compromise 

toward optimization of either the electrical or optical properties.  Taken together, Figures 

5.2, 5.4 and 5.5a offer compelling evidence that permittivity engineering is an additional 

path to optimizing TCOs.  Further, we demonstrate that permittivity engineering does not 

negatively impact the electrical properties associated with either of the two other tuning 

parameters (carrier concentration and carrier mobility).  

 

Conclusions 

We have demonstrated that tin oxide-based TCO films with similar electrical 

properties but higher permittivity can be synthesized via CVD.  The higher permittivity 

leads to an observed higher optical transmittance, particularly in the near infrared.  This is 

attributed to the plasma edge, that is, the frequency at which the free electrons resonate 

with incident radiation, being shifted to longer wavelengths.  Permittivity engineering 

could be extended to other oxide systems, and perhaps enhanced by alloying with even 

higher permittivity materials. 
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CHAPTER VI 
 
 

INCREASED MOBILITY IN TIN OXIDE AND FLUORINE-DOPED TIN OXIDE BY 
ADDITION OF ZrO2

 
 
 
 The carrier mobility is shown to increase when ZrO2, a high permittivity material, 

is added to SnO2 and F-doped SnO2 thin films.  The transparent conducting oxide films 

are deposited by chemical vapor deposition onto glass substrates in the temperature range 

of 500-525˚C.  The fluorine-to-oxygen content is varied systematically and it is found 

that the mobility remains higher for films containing up to ~ 10 at% Zr compared to those 

without zirconia.  The results are explained in the context of the increased permittivity 

and high Lewis acid strength of the zirconia additive. 

 

Introduction 

 Thin films which are both optically transparent and DC conductive are intensively 

studied due to their industrial application in, for example, flat panel displays and 

photovoltaic (PV) solar cells [1-4].  Tin oxide belongs to the class of materials known as 

transparent conducting oxides (TCOs) and, along with indium oxide, cadmium oxide, 

zinc oxide and their alloys, are utilized as top contacts in nearly all thin-film PV devices 

[2].  Their conductivity arises due to intrinsic point defects and is enhanced through 

extrinsic doping by aliovalent ions. 

Although there is a tradeoff between optimizing the optical versus electrical 

properties in a TCO film, it has been recognized that increasing carrier mobility is the 

preferred course when optimizing the electro-optical properties [4].  For an n-type 
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material, the DC conductivity is related to the electron concentration, n, and carrier 

mobility, µ by 

 neσ μ=  (6.1) 

where e is the electron charge.  Therefore conductivity is increased by increasing the 

carrier concentration , increasing the carrier mobility, or both.  The mobility is given by 

 
*

e
m
τμ =  (6.2) 

where τ is the scattering time and m* is the effective electron mass.  In general, it is 

recognized that the mobility and carrier concentration cannot be simultaneously increased 

for high n due to carrier scattering by ionized impurities.  This negative correlation 

between n and τ limits possible increases in µ using conventional methods.  The equation 

for mobility limited by ionized impurity scattering is given by 
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where h is Planck’s constant, ε0 is the permittivity of free space, εr is the relative 

permittivity, f(x) is a function related to the Thomas-Fermi wave vector and ni is the 

density of ionized impurities [5].  Note that the magnitude of the mobility is proportional 

to the square of the relative permittivity.  The idea of increasing permittivity as a means 

to improve the electro-optical properties of TCOs has not been reported in the literature.  

Indeed, only Gessert et al have reported on the effects of permittivity on the optical 

properties of indium oxide-based films [6].  In this chapter, we discuss the effects of 

increased permittivity on the electrical properties of TCO films.  The permittivity of the 

host tin oxide lattice has been shown to increase with the addition of zirconia (discussed 
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in Chapter V), and those results are compared to empirical data and theoretical arguments 

from other authors to explain the increased mobility in the films of this study. 

 

Experimental Details 

Films are deposited on Corning 1737 glass by low-pressure chemical vapor 

deposition (LPCVD) as described in Chapter III.  Details of the deposition process are 

discussed in Chapter IV.  The resistivity, charge carrier concentration and carrier mobility 

are probed by Hall measurements, using the van der Pauw configuration (Bio Rad 

HL5500) [7].  Optical transmittance and reflectance measurements are collected on a 

commercial spectrophotometer (Varian Cary 6i).  The spectrophotometer data are 

referenced to air, and therefore include the contribution from the substrate.  Film 

thickness is determined by stylus profilometry and spectroscopic ellipsometry (Dektak 8 

and J.A. Woollam M-2000, respectively), the details of which are given in Chapters 3 and 

4.  Film composition and valence band structure are determined from X-ray 

photoelectron spectroscopy (XPS) measurements (PHI 5000 Versa-Probe).  Zr 

concentration is given in cation %, using published sensitivity factors  [8].  Film structure 

is observed by analysis of X-ray diffraction spectra (XRD, Scintag DMS). 

 

Results 

Table 6.1 compiles the comparisons of the electrical properties for three sets of 

SnO2-based films with and without zirconia: (i) F-doped deposited at a substrate 

temperature of 500˚C, (ii) F-doped films deposited at 525˚C, and (iii) undoped films, 

deposited at 525˚C.  At 500˚C, the mobility is ~ 50% higher for the samples with 
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zirconia.  At 525˚C, we compare films with and without F doping.  The critical Mott 

carrier density defines the minimum carrier density for degeneracy; for tin oxide this 

value corresponds to n > 3·1018 cm-3 (see Chapter III for details).  The F-doped samples 

are all degenerate, as evidenced by the high carrier concentration, and the sample with 2 

at% Zr addition has similar carrier concentration to the FTO sample, but higher mobility.  

The sample with 10 at% Zr has both slightly lower carrier concentration and mobility.  

Taken together with the previous sample set, this indicates that the electrical properties 

are limited to this higher level of zirconia addition.  Indeed, it was discussed in Chapters 

IV and V that an increase in resistivity was observed for films containing more than 6 

at% Zr, whereas films with 1-5% Zr maintain carrier concentrations similar to the 

unaltered host. 

The undoped (no F) samples show n-type carrier behavior, with carrier 

concentrations in the 1018 cm-3 range, about 2 orders of magnitude lower than the F-

doped samples.  The mobility is very low, in the range of 1 cm2/V·s for the pure SnO2 

film.  We have previously found (Chapter IV) that mobility increase upon fluorine doping 

of tin oxide is consistent with an increased (002) texture in the film, as shown by XRD.  

However, the mobility of the undoped sample with 2% Zr addition is over 14 times 

greater than the undoped sample with no Zr additiona.  This dramatic difference is not 

consistent with improved crystallinity, as ZrO2 addition decreases texture and 

crystallinity. 
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Table 6.1.  Comparison of the affect of ZrO2 addition on the measured properties for 
SnO2 films. 

Dep. Temp. Thickness Mobility ne 
Sample ID 

%Zr in 
SnO2

%Zr in 
SnO2:F (°C) (nm) (cm2/V·s) (1020 cm-3) 

L080923A-1  0 500 270 13.1-14.7 1.8 
ZL080924-3-2  10 500 420 20.5 1.5 

ZL081014-3-10  0 525 390 27 4.1 

ZL081016-3-2  2 525 410 36 3.7 
ZL090512-1-2  10 525 485 23.2 1.7 

L080707-1 0  525 500 ~1 0.03 
L100314A-1 2  525 440 14.3 0.02 

 
 

The Hall data for a large set of samples is compiled in Figure 6.1.  In this set of 

experiments, all films are degenerately doped by fluorine addition.  The CBrF3/O2 flow 

ratio is varied systematically from ~ 0.22 to 2.0, and the data are plotted such that each 

group corresponds to a percentage level of Zr with varying fluorine precursor flow.  The 

data are compared in terms of the percentage of Zr with respect to Sn (cation %).  Films 

containing Zr have lower carrier concentration than the highest achieved for FTO without 

Zr.  However, the general trend is that mobility is always higher, and the highest mobility 

is observed for the 1-3 at% Zr levels.   
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Figure 6.1. Mobility v. carrier concentration is plotted for a large compilation of samples 
with varying zirconia content.  The F:O2 flow rate is varied in the range 0.22-2.0, and in 
all cases the carrier concentration increases with fluorine flow. The solid lines are to aid 
the eye in seeing the trends for various Zr concentrations in FTO for various CBrF3 flow 
rates. The dashed red line is the curve through data for FTO without Zr. The trend is that 
mobility is enhanced upon Zr addition and highest for 1 at% Zr in FTO. Further, the 
mobility remains high over a much broader range of carrier concentrations, especially at 
high F flow. 
 

 
Discussion 

The addition of Zr4+ (in the form of ZrO2) should not positively influence the 

electronic properties of SnO2 (Sn4+) since the charge difference, ΔZ, between cations is 

zero.  Additionally, since ZrO2 (εr ~ 25) has a higher permittivity than SnO2 (εr ~ 10), this 

experiment enables us to determine the influence of permittivity on the electronic 

properties of these films.  From (6.3), it is evident that 

 2
rμ ε∝  (6.4) 
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indicating that notable increases in mobility may be evident for even small changes in the  

permittivity.  Using ellipsometry data, it was shown in Chapter V that the real part of the 

permittivity, ε1, increases with zirconia addition.  Therefore, one can conclude that the 

increase in mobility in the films in the current study may be due to an increase in 

permittivity as predicted by Equation (6.3). 

 To further appreciate how permittivity changes influence the electronic properties 

of a material, we can draw comparisons to chemical criteria used to describe similar 

oxide systems.  The complex permittivity is proportional to the polarizing power which is 

given by 

 2

ZP
r

ε ∝ =  (6.5) 

where Z and r are the valence state and ionic radius, respectively, of the ion [9].  Zhang 

has formulated the following relationship for an ion’s “Lewis acid strength,” L,   

 2 7.7 0.8Z
ZL
r

χ= − +  (6.6) 

where χz is the electronegativity for the impurity ion [10].  Notice that the first term is the 

polarizability, which is related to permittivity as given in (6.5).  Wen et al have reported 

experiments into indium oxide-based ceramics in which cations (Sn, Ge, Si, Ti, Zr, Cu) 

of different Lewis acid strengths were incorporated [11, 12].  They report the trend of 

higher mobility for materials doped with cations of higher Lewis acid strength.  That is, 

 Lμ ∝  (6.7) 

where L is calculated from (6.6).  A recent publication by Nakao et al demonstrated high 

mobility (~80 cm2/Vs) for (pseudo-epitaxial) Ta-doped SnO2 films formed by PLD using 

a TiO2 seed layer approach [13].  The highest mobility and lowest resistivity are reported 
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for 1% and 2% Ta doping, respectively.  Taking the current study together with [13], the 

“Lewis acid strength” argument may explain the seemingly anomalous occurrence of 

high mobility.  Ta2O5 is also a high permittivity oxide, with relative permittivity values 

ranging from 25-40.  Recall the permittivity for ZrO2 is typically in the range of 20-25.  

In general, high permittivity materials have higher Lewis acid strength, though this has 

not been mentioned specifically in the literature [14, 15].  Relevant data are compiled in 

Table 6.2, and the Lewis acid strength is computed according to [10].  The Lewis acid 

strength is slightly higher for Ta5+ versus Zr4+.  From the results in [13], 1-2 at.% Ta (in 

the form of Ta2O5) was added to SnO2, and they report much improved carrier mobility 

values.  It follows then that the films containing cations with higher Lewis acid strength 

and whose oxides exhibit even higher permittivity than ZrO2, that the mobility would 

increase.  We do contend however, that this comparison is compounded by the fact that 

the addition of Ta5+ is the source of donors in their films, while in the present study, the 

addition of F- is the donor source.  

. 

Table 6.2.  The ionic radii, polarizing power and Lewis acid strength. 
Ion Ionic Radius (Å) Z/r2 Lewis acid strength 
Ta5+ 0.64 12.2 2.5 
Zr4+ 0.71 7.93 2.2 
Sn4+ 0.69 8.40 0.23 

 
 
 
 Wen et al have reported that the “ideal” cation addition is one that has low 

electronegativity and ionic radius, the latter of which is associated with a high nuclear 

charge, Z [11].  The high Z and low r are directly analogous to an oxide with high relative 

permittivity, as given by (6.5).  Doping or alloying with such a material having high 
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polarizing power can serve to screen the charge of the valence band (which has O-2p 

structure) because it can more strongly polarize the electron cloud [12].  This charge 

screening effect then weakens the strength of scattering centers.  Note that this argument 

qualitatively agrees with the calculation for mobility when limited by ionized impurity 

scattering as given by (6.3). 

 

Conclusion 

It was found that the carrier mobility increases when ZrO2, a high permittivity 

material, is added to SnO2 and F-doped SnO2 thin films.  By varying the fluorine-to-

oxygen flow rate during the chemical vapor deposition, it is found that mobility is higher 

for films containing up to ~ 1-10 at.% Zr compared to those without zirconia.  The results 

are explained in the context of the increased permittivity.  Our results are consistent with 

other author’s arguments of a “high Lewis acid strength” of the zirconia additive into 

ITO-based ceramics, in which the polarizing power of ZrO2 effectively screens charge 

associated with scattering centers, which serve to limit mobility. 

Recalling our previous results in Chapter IV, it is found that mobility in FTO 

increases and is consistent with an increase in texture and crystallinity.  However, films 

with ZrO2, even with as-high or higher mobility, do not have as strong a texture as the 

films without ZrO2.  Hence, the high mobility cannot be attributed to texture or crystal 

quality.  This implies that with addition of ZrO2 into SnO2, the structural effects are not 

as strong as the “permittivity” effects with regard to carrier mobility.   
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CHAPTER VII 

 

CONCLUSIONS AND FUTURE OUTLOOK 

 

 The current study has contributed to the understanding of transparent conducting 

oxides in the following ways.  The results demonstrate that alloying SnO2 with a high 

permittivity oxide, ZrO2, whose cation (Zr4+) is isovalent to the host TCO cation (Sn4+) 

extends the optical transmittance bandwidth, especially in the near infrared.  Importantly, 

we have demonstrated that such an increase occurs for TCO films with identical electrical 

properties and physical thickness.  Such films have similar electron (charge carrier) 

concentrations and carrier mobility, as determined by Hall measurements. 

This demonstration may be considered a proof of concept of the main hypothesis of 

this study: increasing permittivity of a TCO material extends the plasma wavelength 

further into the NIR.  The result is that transmittance is improved in both the NIR and 

visible wavelength regions.  Further, when applied to PV devices, the implications are 

improved Jsc, important for device technologies which absorb in the NIR.  This may be 

especially important for tandem cells, which incorporate stacks of absorber layers with 

different bandgaps in order to extend the bandwidth for collection of solar energy. 

Significant attention has been given to optical characterization of the tin oxide-based 

TCOs in this study.  Spectroscopic ellipsometry has been used in conjunction with 

spectrophotometry and Hall measurements to analyze in depth the effect of dopant and 

alloy concentration on the optoelectronic properties of this TCO material.  The SE model 

has been shown to accurately and reproducibly extract thickness and surface roughness 
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values, both of which have been corroborated by separate, physical measurements 

(profilometry and AFM, respectively).  Further, the SE data have indicated that the 

incorporation of ZrO2 into the SnO2 host TCO increases the permittivity of the host TCO.  

In addition, when compared to Hall measurements, extraction of the optical mobility 

from SE data has elucidated the dominant carrier scattering mechanisms.  It was found 

that for FTO (no Zr addition), the scattering is a combination of ionized impurities and 

scattering within the grains.  For ~ 1-5 at.% Zr addition the ionized impurity scattering is 

dominant. 

Considering these results, and assuming validation of our hypothesis, we apply this 

knowledge to some studies which were published concurrently with this study (CdO:Ti, 

SnO2:Ta, IO/ITO:Zr) [1-5].  While the idea of increasing permittivity in TCOs has gone 

unreported, we assess that this concept is valid in light of work by other authors, in which 

addition of materials with high permittivity (though not reported as such) have improved 

the optical or electronic properties.  Further Campet et al have explained the increase in 

mobility (and decrease in absorptance) for their doped IO and ITO ceramics using 

Zhang’s Lewis acid strength [6].  Surprisingly, though their findings should be 

considered significant, Campet’s work has not been highly cited nor much attention paid 

to the plausibility of the Lewis acid strength concept, especially with regard to TCOs.  

We have shown that permittivity and Lewis acid strength are qualitatively similar 

constructs of a material property for transition metal cations.  The confinement to 

transition metals is of importance in that these tend to have lower values of 

electronegativy, which Zhang has mentioned as being important for high L values.  

Further these cations who have high polarizing power (high Z/r2) and low 
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electronegativity induce two effects:  there is little or no overlap of the d conduction band 

of the host and that of the dopant; the high permittivity has the additional benefit of 

screening the scattering centers of the O-2p valence band, which has the effect of 

increasing the scattering time, τ, or equivalently the electron mobility.   

Recent work on Ti-doped CdO, Ta-doped SnO2 and Zr-doped ITO and IO have 

demonstrated either improved optical properties, far superior carrier mobility or both, 

when compared to the host TCO material or the TCO doped with conventional materials.  

As has been discussed in depth, ZrO2 is a high permittivity material with kappa ~ 20-25.  

TiO2 and Ta2O3 are also considered high-κ oxides with values in the range of 30-80 and 

25-30, respectively.  While the authors of the former two works make no mention of 

permittivity or Lewis acid strength, we may reconcile their results in light of the 

hypothesis demonstrated in the current work as well as by Gessert [5]. 

The key results are the demonstration of the benefits of high permittivity additions on 

both the optical and electrical properties.  This is achieved with an aliovalent dopant, 

which has not been reported.  The same thing could perhaps be demonstrated by adding, 

for instance, scandium or yttrium to indium oxide.  In adddition, such additions to ZnO 

could be made which would have the effect of increasing permittivity as well as donor 

concentration.  The idea is similar to that of using Ta as both a dopant and as a material 

that would increase permittivity, such that both carrier concentration and mobility could 

be increased.  We have also considered the extremely high permittivity of the rare earth 

oxides as potential dopant candidates.  Such ideas may serve to guide future research for 

advanced TCOs.   
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