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Introduction 
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In this dissertation we present our findings on thin films of several inorganic 

compounds prepared by pulsed laser deposition as part of the overall research theme, 

materials for transparent electronics.  Our goal is to grow and characterize thin films 

of materials which exhibit high transmittance of light with wavelengths spanning  

400–2500 nm and, concurrent with the property of high transmission, films of these 

materials (or the doped material) should exhibit the property of electrical conductivity 

of order 1 S/cm or more.  We can thus specify the theme of this research as the 

development of n-type and p-type transparent semiconductors using the thin film 

growth method of pulsed laser deposition (the topic of chapter 2).  There are many 

notable examples of transparent semiconductors: Sn-doped In2O3 (ITO), Al-doped 

ZnO, F-doped SnO2, and CuAlO2 (1-3).  These materials form a sort of “hall of fame” 

of transparent conducting oxides, with the first three n-type materials having a long 

tradition of scientific interest and industrial applications and the last material forming 

a new paradigm (now just over a decade old) for p-type transparent conductors.  These 

materials may find application anywhere a transparent electrode is required, such as a 

top contact in a photovoltaic cell, source and drain contacts to a transparent thin film 

transistor, and numerous display applications.  As a result these materials are in quite 

large demand, especially for solar and display technologies, and have a significant 

economic impact.  However, even though many of the long-standing archetypical  

n-type materials have fulfilled their purpose in many applications, new research aims 

to improve upon their properties, and, perhaps most importantly, develop 

complementary p-type materials with similar conduction properties.  As it stands 

however, the conductivity of present-day p-type conductors like CuAlO2, 
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LaCuOSe:Mg, and BaCuTeF are some 1-3 orders of magnitude lower than the n-type 

materials (1, 4, 5).  As a result, the performance of transparent complementary devices 

are limited by the p-type layer.  Nonetheless, transparent p-n junctions have been 

prepared (6).  In the p-type oxides the carrier mobility is often very small  

(~ 0.1-1 cm2/Vs) which is attributed to the high electronegativity of oxygen attracting 

positive holes.  This has lead to the idea of using less electronegative anions like S, Se, 

and Te which would be less inclined to trap holes.  We explore several chalcogenide 

containing compounds in chapters 4 and 5.   

    In chapter 2, we present a summary of the pulsed laser deposition thin film 

growth technique.  This method was used to prepare all of the samples for this 

research.  The key concepts, advantages, and limitations are discussed. 

In chapter 3, the results of our work on In2O3:W are presented.  We have found that 

this material exhibits significantly enhanced carrier mobility compared to In2O3:Sn 

and as a result transmits infrared light more effectively.  Additionally, we summarize 

the calculated mechanism leading to the highly mobile carriers.  Chapter 4 highlights 

our results on BiCuOSe.  This material is not transparent in the visible range (although 

it does show infrared transparency) but was of interest to our group because it is 

closely related to BaCuSF and LaCuOSe transparent conductors, being of the same 

crystal structure.  The findings include a facile in-situ thin film preparation and a 

discussion of the electronic structure of BiCuOSe compared to LaCuOSe transparent 

conductor.  Our results on Cu3TaQ4 (Q = S, Se, Te) thin films are presented in Chapter 

5.  Notably, the work here is the first ever reported thin film preparation of these 

compounds despite a long history of powder and crystal preparation.  We discuss these 
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materials as possible transparent conductors and present some their favorable 

optoelectronic properties including a cubic (isotropic) crystal structure, p-type 

conductivity, wide band gap energy > 2.3 eV, and intense visible photoluminescence.  

Chapter 6 is the final material development chapter in which we discuss our results on 

BaBiO3.  Our interest on this system began from reports on the valence band 

electronic structure which indicated that BaBiO3 might have a favorable, high mobility 

hole conduction path.  In the films this was found not to be the case as the hole 

mobility could not be measured due to the high resistivity of the films.  However, this 

chapter does report our work on the preparation of high quality films and their 

associated properties. 

In the appendix, we highlight our work on the design, implementation, and 

development of the pulsed laser deposition technique in the Tate Laboratory at Oregon 

State University.  Many components used with the systems had to be designed and 

fabricated including shadow masks, laser beam apertures, substrate and target 

mounting systems, and scattered light safety enclosures.  We also describe both 

systems in detail and discuss their functionality. 
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Abstract 

A summary of the key aspects the pulsed laser deposition (PLD) thin film growth 

technique are discussed.  The merit of PLD lies in its ability to faithfully transfer the 

target stoichiometry to the film, provide energetic ablated particles with high adatom 

mobility, simplicity and flexibility of implementation, and versatility for materials 

exploration.  Its disadvantages include the generation of micron-sized particles and a 

narrow angular distribution of ablated species, making large-area thickness uniformity 

difficult.  We discuss some PLD processing parameters including the role of a 

background deposition gas such as O2, laser wavelength, and particulate generation.  

PLD is a valuable research tool capable of growing high quality films with complex 

structure and chemical makeup. 
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Introduction 

In this chapter, we discuss many of the basic concepts of PLD which will be 

relevant to subsequent chapters of this dissertation.  In fact, in all succeeding chapters 

PLD was used to prepare the samples for this research.  Below we give a brief history 

of the method, describe its key parameters, and discuss its advantages and 

disadvantages.  As a supplement to this chapter, in Appendix 1 we describe the OSU 

PLD facilities and our role in their design, implementation, and development.  In 

particular we show the results of hardware development and post-installation 

improvements necessary for film deposition and system reliability, including shadow 

masks, target holders, beam apertures, and others. 

 

Background     

The success of pulsed laser deposition as a thin film growth technique was 

demonstrated during the 1980s with the growth of the oxide superconductor 

YBa2Cu3O7-δ (YBCO) where it was found that PLD was the only thin film growth 

method which accurately reproduced the target stoichiometry in the film (1).  In 

YBCO, the superconducting transition temperature Tc and the critical current density 

Jc depend strongly on the relative stoichiometry of the films.  Deviations from the 

proper film chemistry result in samples with reduced and broadened Tc and lower Jc.  

With PLD, high quality films of YBCO with sharp transition temperatures could be 

prepared (1).  With other methods like sputtering and thermal evaporation such results 

could not be obtained due to the variable stoichiometry of the films caused by 

differing sputter and evaporation rates of the individual elements.  On the other hand, 
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PLD has excelled at congruent evaporation of complex materials of widely varying 

evaporation rates.  In the years following, PLD established itself as a method for the 

growth of chemically and structurally complex materials with high crystal quality.  In 

the following sections, we discuss some of the key aspects of this technique. 

 

Pulsed Laser Deposition 

A schematic of the PLD process is shown in Fig. 1.  A laser beam of 

wavelength λ and pulse width τ is directed into a vacuum chamber and focused onto 

the target surface.  For sufficiently high beam energies, a plasma of target material is 

ejected from the surface and deposited onto the substrate opposite the target.  If the 

laser beam energy is too low, below the threshold for ablation, the laser radiation will 

serve only to heat the target and cause thermal evaporation.  The substrate and target 

are often rotated to enhance deposition and ablation uniformity, and a background gas 

may be used to enhance gas phase chemistry or thermalize the high energies of ablated 

species.  Thus PLD is conceptually quite simple but affords many key advantages 

including stoichiometric cationic transfer of the target material, highly energetic 

ablated species with high adatom mobility (kinetic energies up to hundreds of eV), and 

sub-monolayer growth control (1, 2).  Additionally, widely versatile material 

explorations are possible with PLD since almost any material can be ablated with 

sufficiently high power densities now easily achievable with nanosecond UV lasers.  

Also, since the power source is totally decoupled from the vacuum chamber, one laser 

may be shared among multiple chambers, providing cost effectiveness.  Some of the  
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Fig. 1  Simple schematic of the PLD process.  A UV laser pulse traverses a UV-grade 
silica entrance port and is focused onto a rotating target surface.   An ablation plume 
of energetic species is created and collected onto a heated substrate surface some 
distance away, typically 1-5 cm.  The decoupling of power source and vacuum 
chamber affords flexibility and simplicity. 
 
 
 
 
drawbacks include a highly forward-directed plume with narrow angular distribution 

of ablated species and the generation of micron-sized particulates on the film surface. 

 

Background gas pressure. 

During PLD, a large dynamic range of background gas pressure ranging from 

UHV to 1 torr may be introduced into the chamber having a number of effects on the 

film properties and deposition process.  Relative to deposition in UHV, the gas will 

scatter, attenuate, and thermalize the energy of ablated species, thus altering key 

aspects of film growth including deposition rate, plume spatial distribution, and film 

morphology and microstructure (1).  The role of the gas may be to enhance gas phase 
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chemistry—for example, deposition of YBCO in an oxygen ambient promotes the 

formation of YO in the gas phase, facilitating O transport into the growing film.  This 

is important since fully oxygenated films are desired for the highest Tc.  Naturally, the 

use of O2 is a common background gas used during PLD of oxides.  Oxygen is often 

the most volatile component of the material being deposited and may be lost in the hot 

plume, where plasma temperatures in the range of 5000-15000 K have been estimated 

from optical emission spectroscopy (1).  An analogous situation would be the use of 

H2S gas for the deposition of ZnS.  In other cases, the role of the deposition gas is a 

reactive element, as in the case of the deposition of metal oxide films from pure metal 

targets.  In such cases, ambient oxygen is the sole source of the film anions.  The 

reactive mode of PLD can be quite efficient, with high reactive cross sections for 

metal ions in oxygen gas (2).  Additionally, if purity is a concern, metals are often 

available in ultra high purity.  Furthermore, the reactive mode is the preferred choice 

for PLD of very wide gap materials like MgO, which are difficult to prepare from the 

ceramic due to it’s low optical absorbance in most of the UV.  In vacuum, the energy 

of ablated particles can range from 1-100 eV.  A background gas pressure can 

drastically reduce these energies to well below 1 eV (1, 2).  This energy thermalization 

can be beneficial, since the very high energy particles ablated in vacuum can cause 

defects and re-sputtering in the growing film (3).  

 

Laser Wavelength 

Ideally, the target material has high optical absorption at the laser wavelength, 

leading to reduced penetration depths and decreased ablation thresholds.  In YBCO 
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thin films, the choice of laser wavelength was shown to have a drastic impact on the 

film morphology, with the lowest particle density films being prepared from the UV 

ouput from a Nd:YAG compared to films prepared from the visible and IR 

wavelengths.  This has been ascribed to much higher UV absorption, leading to 

reduced penetration depths and smaller radiation-induced surface modifications, which 

are exfoliated from the target during plume generation.  To evaluate the effects of laser 

power, let us consider a beam of electromagnetic radiation with peak power !  (in 

W/cm2) absorbed into a material with refractive index n.  The corresponding electric 

field will be given by 

2/1

0

2







 Φ=
nc

E
ε

          [1] 

where c is the velocity of light and ε0 the permittivity of vacuum.  For a material with 

n = 1.5 and a laser pulse with Φ = 5 x 108 W/cm2 the electric field generated inside the 

material would be 5 x 105 V/cm, which is high enough to cause dielectric breakdown 

in most materials (1).  Indeed, PLD experienced an era of significant growth with the 

advent of reliable Q-switched Nd:YAG lasers which offered high peak power, 

nanosecond pulse widths, and reliable UV output from 2nd and 3rd harmonic 

generation.  At present, commercially available UV gas lasers are the preferred choice 

of researchers because they offer high power output directly into the UV.  Also, many 

materials exhibit higher absorption coefficients in the UV region.  In Table 1, some 

common lasers used for PLD are listed with their output wavelength, with excimer and  
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Nd:YAG lasers being the most prevalent, although picosecond and femtosecond 

PLD is becoming commonplace (4,5).  For ceramic materials, a laser output energy of 

0.5-5 J/cm2 (= 0.2-2 x 108 W/cm2 for 25 ns pulse) is usually sufficient for efficient 

plume  

Table 1  Common lasers used for PLD and their output wavelength.  The subscript on 
the Nd:YAG entries refers to their fundamental, frequency doubled, and frequency 
quadrupled output.    
 

 Laser Output Wavelength (nm) 
F2 157 
ArF 193 
KrCl 222 
KrF 248 
XeCl 308 

Gas 

XeF 351 
Nd:YAGf 1064 
Nd:YAG2 532 Solid State 
Nd:YAG4 266 

 
 
 
 
generation, while for metals higher power is used, generally in the 5-15 J/cm2 range 

due to their stronger cohesive forces and high thermal conductivities.  In general, a 

laser pulse width of order nanoseconds is used, since shorter pulses help to keep the 

thermal diffusion length and ablated volume small (1).  This favors congruent 

evaporation and reduced particulate generation.  New research has recently been 

undertaken on PLD using femtosecond lasers, which offer very high peak power (5, 

6). 
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Particle Generation 

One of the key disadvantages of PLD is the generation of micron-sized 

particulates on the film surface.  In Fig. 2, dark field and bright field optical 

micrographs of an as-deposited Cu3TaS4 film (see chapter 2) are shown, revealing a 

high density of 1-5 micron particles.  Particles of this size can have a detrimental 

       

Fig. 2  Optical micrographs of as-deposited films of Cu3TaS4 in dark field (left) and 
bright field (right).  Particles of ~ 1-5 mm are observed from in both images.  The 
specs of light in the dark field image are due to light scattering from the particles.  The 
scale bar is 15 microns. 
 
 
 
 
effect on film properties including reductions in device mobility, defect and scattering 

center formation, and downgrade of damage threshold of optical films.  The presence 

of these particles and their induced defects have been the one of the main drawbacks 

in widespread use of the PLD, the other begin the difficulty to prepare uniform, large 

area coating due to the highly forward-directed plume.  Normalizing the film thickness 

distribution has some very clever engineering solutions, and large scale coating with 

PLD has been demonstrated (7).  However, the particle or droplet formation is a more 

intrinsic problem.  Several different mechanisms of the droplet formation have been 
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proposed.  Sub-surface boiling can occur if the time required to transfer laser energy 

into heat is shorter than that needed to evaporate a thin comparable to the skin depth.  

Under this condition, superheating of the subsurface occurs before the surface layer 

has reached the vapor phase, expelling molten droplets on the film (1).  Another 

mechanism of particle generation originates from the surface modification of the target 

surface induced after repeated laser pulses.  Laser induced needle-like microstructures 

form and can be dislodged by thermal and mechanical shock from the laser pulse.  In 

general high target density and smooth surfaces are desired to reduce the droplet 

density.  If the absorption coefficient of the material is large enough, a single crystal 

target may be used (8) and usually imparts a large decrease in the ejected particle 

density.  Engineering solutions to the particle problem include mechanical high pass 

velocity filters which work on the premise that the plume atomic species travel much 

faster than the heavy particles (9).  The faster, lighter species are passed to the 

substrate and the much heavier particulates are deflected.  This method can be 

effective but reduces the film deposition rate considerably.  Other approaches include 

the use of a second UV laser beam which intersects the plume.  The second beam 

causes further fragmentation of the particulates in the plume (1). 

 

Conclusion 

In summary, we have presented the key concepts of PLD which include stoichiometric 

cationic transfer of the target material, highly energetic ablated species with high 

adatom mobility, sub-monolayer growth control, and high flexibility of materials 

exploration.  PLD excels at growing high quality films of structurally and chemically 
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complex materials, proving to be an invaluable research tool.  The key parameters 

of PLD growth of thin films—background gas pressure, laser properties, and 

particulate generation have been discussed.  In particular, the ambient gas pressure 

thermalizes the plume energy and enhances gas phase chemistry, high optical 

absorption at the laser wavelength is preferred, and the production of micron-sized 

particulates is an intrinsic process during PLD, which can be mitigated by the used of 

high density targets and crossed-beam PLD geometries.    
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Abstract 
 
Thin films of transparent conductor In2-xWxO3 exhibiting electron mobility >110 

cm2/Vs, carrier density of 1-3 x 1020 cm-3, and resistivity of 3.37 x 10-4 Ohm cm at 

room temperature have been prepared on vitreous SiO2 substrates using pulsed laser 

deposition of ceramic In2O3:WO3 targets.  The highest mobility and conductivity was 

measured from films with a W concentration of x ~ 0.03 (= 1.5 cation atomic %).  

Films deposited onto SiO2 substrates are polycrystalline, while films prepared on 

single crystal YSZ substrates exhibit [100]-directed growth.  In2-xWxO3 films show 

high visible transmittance of ~80% due to large band gap energies of 3.8-3.9 eV.  

Slight widening of the band gap with increasing free carrier density (Moss-Burstein 

effect) was observed, from which the electron effective mass was determined to be 

0.3me.  Due to low free carrier density and high mobility In2-xWxO3 films show 

extended near infrared transmission compared to In2O3:Sn films.  Low temperature 

Hall effect measurements on high mobility In2-xWxO3 films indicate that the electron 

mobility is constrained by phonon scattering and ionized impurity scattering.  The 

mechanism for the observed high mobility is explained on the basis of Mo d state 

splitting from large magnetic exchange interactions.  XPS measurements reveal that W 

in high mobility IWO films exists in as W6+ or W5+. 
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Introduction 

Indium oxide-based transparent conductors, especially In2O3:Sn (ITO), have 

been in use for half a century due to their key attributes of simultaneous high electrical 

conductivity and visible transparency, low crystallization temperature, isotropic 

structure, high manufacturing amenability, air insensitivity, and chemical and 

mechanical robustness (1).  Additionally, In2O3 has shown the ability to accommodate 

many different cationic dopants aside from Sn including Ge, Si, and Zn (2, 3).  Each 

of these dopants increased the electrical conductivity (s) while maintaining the optical 

transparency, with no distinct advantage for a particular dopant compared to Sn.  

Recently, however, a breakthrough in In2O3-based transparent conductors has been 

discovered in which the incorporation of Mo, Zr, Ti, and W refractory metal dopants 

imparts a 3-4 fold increase in the electron mobility (µ) compared to In2O3:Sn (4-8).  In 

particular, evaporated thin films of In2O3:Mo (IMO) on glass substrates exhibit  

µ = 130 cm2/Vs with σ = 5900 S/cm3, while sputtered and laser ablated IMO films 

have demonstrated best-case mobilities of 83 cm2/Vs on glass and >95 cm2/Vs on 

yttria-stabilized zirconia (YSZ), respectively (4, 6, 9).  These mobility values are 

factors of two to three greater than those measured in films ITO prepared by PLD  

(ρ = 3.36 x 10-4 Ohm cm, n = 4.5 x 1020 cm-3, µ = 38 cm2/Vs) and single crystal ITO 

thin films (ρ = 7.7 x 10-5 Ohm cm, n = 1.9 x 1021 cm-3, µ = 42 cm2/Vs.) (10, 11).  

Undoped, pulsed laser deposited In2O3 films exhibit of 30-35 cm2/Vs (7).  The 

development of a high mobility transparent conducting oxide (TCO) is significant 

because increasing the carrier mobility, rather than simply increasing the carrier 
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density, is the best route to optimizing the electrical conductivity.  In this manner, 

transparency losses from free carrier absorption in the near-infrared (NIR) are 

minimized (12).  The improved NIR optical properties which result from the high 

mobility carriers and lower carrier density may be beneficial for TCO top contacts in 

solar cells, which would transmit more solar irradiance to the absorber layer.  

In this chapter we present the results of transport, optical, structural and 

compositional measurements of In2-xWxO3 (IWO) thin films prepared by PLD from a 

series of low density and high density targets.  We show that W is an effective dopant 

for realizing a high mobility TCO.  Significantly, these high mobilities are measured 

from polycrystalline films prepared at moderate temperatures on amorphous 

substrates.  Initial work on the IWO system was conducted with low density PLD 

targets prepared in-house, and following our auspicious mobility results higher density 

targets were obtained which permitted the use of much higher laser power.  The use of 

high laser power and high density targets allowed films to be prepared with 

predictable W concentration and smoother surface morphology.  This made it possible 

to prepare IWO films with the optimum W concentration for high mobility.  In 

particular, using high density targets we have prepared polycrystalline IWO thin films 

on glass substrates which exhibit µ = 112 cm2/Vs, carrier density of 1.67 x 1020 cm-3, 

and resistivity of 3.36 x 10-4 Ohm cm at room temperature.  Transport measurements 

at low temperature were also performed which reveal heightened mobilities 

characteristic of decreased phonon scattering and carrier concentrations which are not 

thermally activated down to 77 K.  We also present results from quantitative elemental 

analysis of IWO films from which we determined the optimal W concentration for 
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high mobility and showed that W is evaporated incongruently from the low density 

targets when using low laser fluence of ~ 0.5 J/cm2.  In Figs. 4 and 5, we present our 

thin film structural characterizations using fixed incidence and θ–2θ x-ray diffraction.  

These measurements show that IWO films prepared on amorphous SiO2 (a-SiO2) 

exhibit statistical crystallite orientation, while films prepared on yttria-stabilized 

zirconia (YSZ) show (00l) preferential orientation.  In Fig. 6, the  

UV–vis–NIR optical properties of IWO films are presented.  The band gaps of IWO 

films are generally greater than 3.8 eV, which imparts high visible transparency 

exceeding 80%.  A slight widening of the band gap with increasing carrier 

concentration has been ascribed to the Moss-Burstein (MB) effect (13, 14), and the 

electron effective mass calculated on MB framework is 0.3me, in good agreement with 

closely related systems (9).  In the NIR, the combination of high mobility and low 

carrier density imparts IWO films with increased transmission and reduced free carrier 

absorption compared to a conventional mobility TCO like ITO with µ ~ 35 cm2/Vs (1, 

12).  Also, in Fig. 8, high resolution x-ray photoelectron (XPS) measurements of high 

mobility IWO films are presented which show that W in high mobility films exist in a 

high valent state such as W6+ or W5+ and not a lower valent state.  This result provides 

insight into the possible carrier generating defects in IWO.  Finally, a summary of the 

theoretical framework elucidating the mechanism for high mobility in Mo-doped 

In2O3 is presented (15).  The theory applies to IWO as well.  We shall use defect 

notation i.e. WIn
••• is interpreted as W6+ substitution onto an In3+ site, which is triply 

positive since the valency difference is three.  Each (•) denotes a single positive 

charge.  Oxygen interstitials are denoted Oi and carry a doubly negative charge (). 
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Experiment 

Thin films of In2-xWxO3 were deposited onto heated GE 124 a-SiO2 and single 

crystal YSZ (001) substrates using pulsed laser ablation of ceramic In2O3:W pellets in 

a UHV chamber with a base pressure of 2 x 10-9 torr.  For target preparation, 

stoichiometric proportions of In2O3 (99.99%, Cerac) and WO3 (99.99 %, Cerac) were 

thoroughly mixed, and then pressed into 1” diameter pellets at 4.4 tons.  The W 

content was xtarget = 0, 0.025, 0.0375, 0.05, 0.625, and 0.075, which corresponds to a 

cation atomic ratio of 0 – 3.75%.  The pellets were sintered in air at 1500 °C for 4 h 

with a heating rate of 300 °C/h and a cooling rate of 500 °C/h.  The sintered pellets 

were approximately 60% of theoretical density.  The targets, polished prior to each 

use, were ablated in pure O2(g) (99.997%) ambient by pulsed radiation from a Lambda 

Physik Compex 201 KrF excimer laser (λ = 248 nm, τ = 25 ns) operating at 10 Hz.  

The laser fluence () was constrained to ~ 0.5 J/cm2 by the low target density as serve 

pitting of the target surface resulted at higher laser energies.  Ambient O2 gas pressure 

in the chamber during deposition was varied, and it was typically a few millitorr.  The 

target was positioned 45 mm from the substrate, which was maintained at a constant 

temperature between 400 °C and 600 °C throughout the deposition.  Deposition rates 

for the 300-500 nm thick films varied between 0.06 and 0.1 nm/pulse.  Both the target 

and substrate were rotated during the deposition to enhance ablation and deposition 

uniformity, respectively.  After deposition, the films cooled in the oxygen atmosphere 

present during deposition until they reached a temperature below about 70 °C (about 

30 minutes for a substrate temperature of 400 °C).  For each deposition, a custom-
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made inconel shadow mask was used to pattern the films into a cross shape that 

facilitated subsequent transport measurements.  Additional work was carried out with 

commercially prepared, higher density IWO targets with xtarget = 0, 0.02, 0.05.  The 

targets had densities of 68, 88, and 74%, respectively, and permitted the use of higher 

laser fluence of 2-3 J/cm2 without target surface pitting.  Similar oxygen pressure and 

substrate temperatures were used to prepare these series of films, but a different, lower 

vacuum chamber was used (base pressure = 1 x 10-7 torr), and films were quenched in 

N2 rather than allowed to cool in the oxygen deposition ambient.  Again, a-SiO2 and 

YSZ (001) substrates were used.  IWO films were prepared from single targets or 

multiple targets using IWO/In2O3 multilayer processing, which permitted adjustment 

of the film W concentration.  For multilayer processing, a simple program was used to 

raster each target into the path of the beam for a set number of pulses to create 

multilayer stacks, with pulse counts and repeat units chosen on the basis of 

approximate deposition rates and desired film stoichiometry.  Based on the thickness 

of the individual multilayers (<10 nm) and substrate temperatures (400-500 °C) 

uniform film composition was assumed.  Additional multilayer films were prepared 

from IWO targets and a high density In1.81Sn0.19O3 target to investigate the potential 

union of the high mobility properties of IWO and the efficient carrier generation and 

high conductivity of ITO. 

Films were characterized by fixed incidence and θ–2θ x-ray diffraction (XRD), 

electrical conductivity, variable field Hall effect transport measurements, electron 

probe microanalysis (EPMA), and by UV–vis–NIR transmission and reflection.  Fixed 

incident angle XRD spectra (Cu Kα) were measured with a Rigaku Rapid R-axis 
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diffractometer while a Rigaku Miniflex tabletop diffractometer was used to acquire  

θ–2θ XRD patterns.  For measurements using the Rapid R-axis diffractometer a two-

dimensional area detection screen allowed reflections from a range of 2θ and χ angles 

to be acquired simultaneously.  Electrical conductivity and Hall mobility were 

measured in the van der Pauw configuration on a Lakeshore 7504 Hall measurement 

system at fields of 5-20 kG and 4-7 kG at room temperature and  

77 K, respectively.  EPMA was performed using a Cameca SX50 electron microprobe 

with beam energies of 10, 15, and 20 kV.  Optical transmission and reflection spectra 

in the UV-visible range were measured using a double grating spectrometer with a Xe 

lamp source and a Si diode detector.  NIR transmittance and reflectance spectra were 

acquired using a Nicolet Nic-Plan microscope accessory fitted to a Magna 750 Fourier 

transform infrared spectrometer.  Spectra are the average of 256 Fourier transformed 

interferograms over 11700-2100 cm-1 with 4 cm-1 resolution.  Air and a Au mirror 

were used for transmission and reflection background calibration.  XPS photoelectron 

spectra were measured using a Physical Electronics Quantera scanning ESCA using 

monochrome Al x-rays with energy 1486.7 eV and spot diameter 200 µm.  An Ar+ ion 

beam was used to sputter clean the sample surface prior to analysis (0.5 min at 4.4 

nm/min relative to SiO2).  Chemical quantification calculations were made using 

established sensitivity factors (16). 
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Results 

Electronic Properties from Low Density Targets 

Figure 1 shows the results of room temperature (solid diamonds) and 77 K 

(open diamonds) Hall effect transport measurements as a function of film doping for a 

series of IWO films deposited from low density targets onto a-SiO2 substrates.  The 

films were prepared under the same deposition conditions of 1 mtorr O2, 400 °C, and 

0.5 J/cm2).  As can be seen from the figures, optimized room temperature transport 

properties of µ = 66 cm2/Vs, σ = 3.1 x 103 S/cm, n = 2.90 x 1020 cm-3 were found 

when xfilm ~ 0.03.  Increasing the substrate temperature to 525 °C while holding other 

deposition parameters constant (triangle) resulted in a film with significantly improved 

room temperature mobility and conductivity (µ = 104 cm2/Vs, σ = 3.3 x 103 S/cm,  

n = 2.0 x 1020 cm-3), and the equivalent film on a YSZ (001) single crystal substrate 

(cross) showed µ = 112 cm2/Vs and σ = 4.5 x 103 S/cm, and n = 2.51 x 1020 cm-3 

representing the best-case room temperature transport results from films prepared 

using low density targets.  These high mobility results for IWO films prepared at 

moderate substrate temperatures are two to three times greater than commercial grade 

or high quality ITO films and are comparable with earlier results from the IMO system 

(4, 9, 10). 

Transport measurements at 77 K on all films in the diamond series showed the 

same general trends as the room temperature measurements (Fig. 1).  The mobility and 

conductivity increase up to x ~ 0.03 followed by a steady decrease at higher dopant 
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concentration.  The elevated mobility at low temperature is consistent with 

decreased phonon scattering.  However, for films of high dopant concentration, 

scattering by W 
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Fig. 1  Room temperature and 77 K Hall mobility (a), conductivity (b), and carrier 
density (c) for several IWO films prepared on fused SiO2 and single crystal YSZ (001) 
substrates.  The triangle and the cross refer to the best-case room temperature results 
for films on fused SiO2 and YSZ, respectively.  The lines are a guide to the eye.  Other 
symbols are explained in the text. 
 

 

ionized impurities is also significant as evidenced by the fall-off in mobility at both 

low and high temperatures when x > 0.3.  Fig. 1 shows that the carrier density for the 

diamond series of films remains essentially constant when xfilm ≥ 0.03, following an 

initial increase in the carrier density when xfilm < 0.03 due to increased incorporation of 

W into the host lattice.  At low temperature the carrier density for all IWO films 

decreases only slightly, indicating that the carriers are not thermally activated over the 

temperature range probed.  In principle, W6+ substitution on In3+ sites in In2O3 could 

generate as many as three electron carriers per W, viz. WIn
•••.  However, this level of 
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doping efficiency has not been observed in this or closely related systems like IMO  

(4, 9).  For the highest carrier concentration IWO films with xfilm ~ 0.03, the doping 

efficiency is 0.75-1 electron/W indicating that the WIn
••• is probably charge 

compensated by interstitial oxygen, Oi, forming a singly charged complex, [WIn
•••Oi]•.  

Indeed, LAPW calculations show that the Oi compensated species have very favorable 

formation energies (15) and the experimental results clearly indicate that the mobility 

is strongly dependent on the oxygen partial pressure during deposition.  In ultra-high 

quality ITO films, each substitution of an In3+ ion by an Sn4+ ion accounts for one 

electronic carrier, leading to a doping efficiency of 100% or greater (17).      

The effect of oxygen pressure on IWO films was briefly investigated.  Under 

otherwise identical preparation conditions as the diamond series, depositions at  

4 mtorr O2 (solid circle) and 7 mtorr O2 (not plotted) resulted in films exhibiting 

improved room temperature mobilities (79 and 78 cm2/Vs, respectively) beyond those 

measured in the series of films prepared under 1 mtorr O2.  The film deposited under 4 

mtorr O2 showed µ = 92 cm2/Vs when cooled to 77 K (open circle).  These mobilities 

are significantly higher than the values near 33 cm2/Vs for undoped In2O3 films 

deposited on glass under 1 mtorr O2.  The development of high mobility TCO 

materials like IWO could be significant for applications which require increased IR 

transparency, since the magnitude of the IR absorbance is reduced due to high carrier 

mobility, and the intrinsically low carrier concentration pushes the onset of IR 

reflectance to longer wavelength (12). 
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Electronic Properties from High Density Targets 

We next present the results of films deposited from higher-density targets, 

ranging in density from 68-88%. These targets did not pit under repetitive laser 

radiation and allowed the laser fluence to be increased to 2-3 J/cm2 where congruent   

Fig. 2  Transport properties of IWO films prepared from x = 0.02 targets as a function 
of deposition oxygen pressure (open circles).  The mobility has a strong oxygen 
pressure dependence, with the highest mobility films prepared at 4 mtorr.  The filled 
diamond represents an IWO/In2O3 multilayer film deposited on a-SiO2 with x ~ 0.33, 
exhibiting the highest mobility measured in this work. 
 

 

transfer from target to film occurs.  For these films, we rely solely on target 

composition to determine the film W concentration.  Fig. 2 shows transport results as a 

function of oxygen pressure during deposition for the (non-optimal) dopant 
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concentration x = 0.02 (open circles).  The mobility of an IWO film deposited at  

465 °C on a-SiO2 is 89 cm2/Vs at the optimal pressure of 4 mtorr, and remains above 

75 cm2/Vs at higher oxygen pressures.  A film with optimal dopant concentration of x 

~ 0.033 deposited under the same conditions on a-SiO2 (solid diamond) exhibits µ = 

112 cm2/Vs, which is equal to our previous high value on YSZ using low density 

targets.  The carrier density of this film is 1.67 x 1020 cm-3 and the resistivity is 3.37 x 

10-4 Ohm cm (= 2966 S/cm).  A mobility of this magnitude on a vitreous substrate is a 

significant result.  To prepare the film with optimal W concentration, 1:1 multilayer 

processing from high density x = 0 and x = 0.05 targets was used to create an IWO 

film with a W content of xaverage ~ 0.025.  However, XPS chemical analysis revealed 

that this film has x ~ 0.033, indicating that the ablation rates of the targets differ 

slightly. 

 

W, Sn co-doped In2O3 thin films 

Although IWO and other refractory-metal-doped indium oxides yield films 

with higher mobility carrier than ITO, the conductivity of ITO remains consistently 

higher because of the larger carrier density.  We attempted to co-dope In2O3 with W 

and Sn by depositing multilayers of In1.98W0.02O3 and In1.81Sn0.19O3.  In the most 

optimistic scenario, some form of modulation doping might have been achieved where 

ITO efficiently produced large numbers of carriers that were transported in the high-

mobility IWO layers.  Fig. 3 shows the results of a series of depositions under 

identical conditions where the relative amount of IWO and ITO was steadily varied. 
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Fig. 3  Transport properties of In2O3 films co-doped with W and Sn, prepared by 
multilayer deposition of IWO and ITO. 
 
 

 

The results indicate that introduction of ITO into IWO quickly reduced the mobility to 

levels approaching that of ITO, and while the carrier concentration increased, there 

was no co-doped film that produced a conductivity higher than that of pure ITO.  It is 

likely that the deposition conditions produced a mixing of the W and Sn dopants, 

which served mainly to increase the scattering.  
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W concentration in IWO thin films 

Determination of the W content of the IWO films is of crucial importance.  

EPMA provides a reliable quantitative measure of film stoichiometry provided careful 

attention is paid to eliminating substrate interference and to the variation of excitation 

volume with incident beam energy.  In this study, EPMA was performed on various 

films of different W doping level (i.e. x in In2-xWxO3).  Compositional analyses were 

obtained on a Cameca SX50 electron microprobe equipped with four tunable 

wavelength dispersive spectrometers.  The electron beam energies were 15, 20, and 25 

kV, and data were acquired at five different film locations (typically several microns 

apart) for each beam energy.  Background corrections for each element were carefully 

applied to avoid interference from any overlapping or satellite lines. The detection 

limit for W was at worst 0.15 wt %, which corresponds to x = 0.002.  The averaged k-

ratio data corrected for dead time, background, and drift were refined in Stratagem a 

thin film composition software program that performs a correction to account for 

sample geometry and substrate. 

The EPMA results are summarized in Table 1.  The W concentration of the 

film deviates significantly from that of the target, especially for low doping levels. The 

high mobility IWO films prepared from targets of W doping level xtarget = 0.05 using 

0.5 J/cm2 have a dopant concentration of xfilm = 0.028.  This result was reproducible 

for many different films prepared from the same target, irrespective of substrate 

temperature or background gas pressure.  Films prepared from targets with  

xtarget = 0.025 using 0.5 J/cm2 showed only trace amounts of W by EPMA and their 

mobilities were also characteristic of undoped In2O3, that is, µ ~ 30 cm2/Vs.  However, 
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by increasing the incident laser fluence to 2 J/cm2, high mobility films could be 

prepared from x = 0.025 low density targets.  This indicated that some amount of W 

was transferred to the film in the ablation plume at this higher fluence, and EPMA 
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Table 1  W content in IWO thin films and the (low density, in-house) target from 
which the film was deposited.  At 0.5 J/cm2, W is evaporated incongruently from the 
target, while at 2 J/cm2 measurable W is transferred to the film (last column) and the 
film showed high mobility.  By contrast, the film prepared from the x = 0.025 target at 
0.5 J/cm2 had mobility characteristic of undoped In2O3 and W content in the noise 
range of the spectrometer (italics).  The target and film for which the mobility is 
highest are highlighted. 

Φ J/cm2 0.5 0.5 0.5 0.5 2 

xtarget 0.025 0.0375 0.05 0.0625 0.025 

xfilm 0.001 0.012 0.028 0.055 0.016 

 

 
 

showed that the W content of these high mobility films was measurable at  

xfilm = 0.016.  Only very thin films could be prepared using 2J/cm2, as the target 

surface degraded quickly from severe surface pitting.  Overall, xfilm determination by 

EPMA provided a more consistent interpretation of the variation of transport 

properties with dopant concentration.  The observed incongruent transfer of W from 

the In2O3:W targets resulted from the use of low laser energy density, and also to low 

target density and high porosity, which can further dilute the incident laser fluence by 

increasing the effective surface area of the irradiated region (18).  Of course, the 

extreme refractory nature of W exacerbated this issue.  Our subsequent use of high 

density IWO targets mitigated these problems. 



 36 

Structural Characterization of IWO films 

Figure 4 shows the XRD patterns for IWO films deposited on a-SiO2 and YSZ 

(001) at substrate temperatures of 400 °C and 525 °C, respectively.  A calculated XRD  

Fig. 4  XRD patterns for textured (a) and polycrystalline (b) IWO films on fused SiO2 
and YSZ (001).  A calculated XRD pattern for undoped In2O3 is shown in (c). 
 

 

pattern for pure In2O3 is shown in the lower pane.  The film on a-SiO2 is 

polycrystalline and indexed completely to In2O3, while the film on YSZ exhibits high 

intensity YSZ (002) and IWO (004) peaks at 35.0° and 35.5° 2 , respectively.  Small 

peaks at higher angle are ascribed to the substrate (marked by an asterisk) or film 

polycrystalline peaks.  In general, IWO films prepared on a-SiO2 exhibit 

polycrystalline orientation while those on YSZ (001) substrates exhibit (00l) 

preferential orientation with a few polycrystalline peaks. 



 37 



 38 

Fig. 5  θ–2θ XRD pattern of an IWO film on a YSZ (100) substrate on a log scale.  
The film exhibits (00l) preferential orientation, evidenced by the enhancement of 
(00l)-type peaks and suppression of most polycrystalline peaks.  The inset shows a 
zoomed-in view of the film (004) peak on a linear scale.  Asterisks denote substrate 
peaks. 
 

 
 
To better observe the (00l) preferential orientation from IWO films on YSZ, θ–2θ 

XRD measurements were performed and plotted on a log scale (Fig. 5).  Peaks of type 

(00l) are enhanced relative to the powder, while most peaks of type (hkl) are 

suppressed, indicating that film growth along [100] is preferred.  The inset shows a 

zoomed-in view of the (004) peak, plotted on a linear scale.  Asterisks mark the 

substrate reflections.  Unlabeled peaks are correspond to second phase impurities or 

polycrystalline peaks. 
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 Optical Properties 

Shown in Fig. 6 are the UV–visible transmission T and reflection R spectra for 

a typical IWO film of thickness 200 nm on a 0.5 mm thick a-SiO2 substrate.  The 

average raw transparency is about 80%, a value representative of most films produced 

in this work.  The reflection-corrected transmission, T/(1−R)  e-d, is also plotted 

 

Fig. 6  The optical transmission T, reflection R, and reflection-corrected transmission 
T/(1-R) for a typical IWO film of thickness ~ 0.3 m on a fused SiO2 substrate.  
Intensity modulations come from constructive and destructive interference of light 
waves from air-film and film-substrate reflections.  The inset shows the band gap 
energy of several IWO films vs. n2/3 and a fit to equation 1. 
 

 

where α is the absorption coefficient and d is the film thickness.  Thin film 

interference fringes in the reflectance spectrum were used to extract the film thickness 

and refractive index by fitting a calculated R spectrum to the experimentally obtained 

spectrum.  Calculated thickness values agree within 5% with values obtained via 



 40 

mechanical profilometry, and the refractive index (n = 1.99 at 500 nm) is close to 

published values for ITO thin films (19).  Direct bandgap information was obtained 

from plots of (αE)2 vs. E, from which it was found that Eg varied between about 3.80 

eV and 3.91 eV for most films. 

Widening of the fundamental band gap in heavily n-doped semiconductors due 

to displacement of the Fermi level into the conduction band (known as the Burstein-

Moss shift) is a well-know effect in In2O3-based materials (13, 14, 1).  The widening 

of the bad gap due to the Burstein-Moss shift is given by (1) 

3
2

2
*

2

)3(
2

n
m

Eg π=∆          [1] 

where n is the free carrier density and m* is the electron effective mass.  From a plot 

of Eg vs. n2/3 (Fig. 6, inset), the reduced electron effective mass may be calculated, and 

our result of 0.3me (where me is the free electron rest mass) is in good agreement with 

values for ITO and IMO (9, 1).   

The development of high mobility TCO’s may increase their potential 

applications for usage in the IR since the transparency is extended to longer 

wavelengths.  To examine the optical properties of a high mobility TCO we compared 

the NIR optical properties an IWO film with µ = 80 cm2/Vs and n = 8.3 x 1019 cm-3 

and an ITO film with µ = 38 cm2/Vs and n = 4.5 x 1020 cm-3 (Fig 7).  Both samples 

were deposited onto a-SiO2 substrates, which are non-absorbing for λ < 2.5 µm at 

which point a-SiO2 begins to absorb.  The transmittance of the IWO (solid curve) and 

ITO films (dash-dot curve) are shown in the top pane.  For IWO, the transmittance is 
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extended further into the IR, and the drop off in transmittance is less precipitous.  

The reflectance and absorbance are plotted in the middle and lower panes, 

respectively. 
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Fig. 7  The NIR optical properties for thin films of high mobility (80 cm2/Vs) IWO 
(solid line) and conventional mobility (38 cm2/Vs) ITO (dash-dot line).  The high 
mobility and low carrier density properties of IWO result in heightened IR 
transmittance and reduce absorbance relative to ITO. 
 

 

The reflectance turn on is pushed further into the IR, while the magnitude of the IR 

absorbance is reduced and the peak absorption position shifted to longer wavelength.  

Hence IWO thin films exhibiting high mobility and low carrier density result in 

enhanced NIR transmissivity and reduced optical absorption compared to ITO films 

with conventional mobility.  These attributes may be beneficial if IWO films were to 

be used as a transparent electrode in a solar cell or an IR sensor. 
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X-ray Photoelectron Spectroscopy of high mobility IWO thin films 

A high resolution XPS spectrum from an IWO film with µ = 112 cm2/Vs is 

shown in Fig. 8 in which the photoelectron count intensity is plotted against the 

electron binding energy.  The 4f electrons of W have binding energies (BE) in this 

range, and the doublet peak in the spectrum (caused by spin-orbit splitting) at 35.2 eV 

(4f7/2) and 37.4 eV (4f5/2) correspond to the electron binding energies for a high 

oxidation state of W, either W6+ or W5+ (20).  The binding energies of these ions are 

very close (4f7/2 of W6+ at 35.8 eV, W5+ at 35.4 eV) making definitive assignment of  

Fig. 8  XPS spectrum of IWO film with µ = 112 cm2/Vs.  The W 4f7/2 and 4f5/2 spin 
orbit doublet is clearly observed.  Vertical line show the position for the 4f7/2 peak for 
W6+, W4+, and W0 ions.  The film peaks are shifted to lower energy relative to fully 
oxidized W6+, indicating partial reduction may have occurred in the course of surface 
ion milling.  
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the peaks difficult.  However, the targets were prepared using WO3, so we may 

expect to measure binding energies from W6+ ions only.  One possible cause of the 

displacement of the film spectrum to lower BE relative to the literature BE value for  

W6+ ions is sputter-induced reduction (20) as the sample was lightly sputter cleaned 

prior to analysis using Ar+ ions.  Note also that the doublet peak is resolved, and most 

likely indicates a majority oxidation state, as mixed oxidation states often result in 

peak convolution and smearing when the binding energies of different ions are very 

close, as they are in W.  Hence, in high mobility IWO films, W exists in a high 

oxidation state of W6+ or W5+ In principle then, W substitution of In should generate 

two or three free carriers per W atom (i.e. WIn
•• or WIn

•••) providing a much more 

efficient means of doping in In2O3 with only a very small dopant concentration needed 

to achieve a high free carrier density.  However, this is not observed experimentally, 

and the carrier concentration of high mobility IWO films (1-3 x 1020 cm-3) is notably 

lower than ITO films (0.5-2 x 1021 cm-3), in which at most one free electron is 

generated per Sn substitution.  Unit doping efficiency has been observed in single 

crystal ITO films (17), while in high mobility IWO films the doping efficiency is 0.75-

1 electrons/W.  In IWO the triply or doubly positive WIn
••• defect is probably charge 

compensated by Oi, forming [WIn
•••Oi]•.  The formation of these complexes has been 

shown to be energetically favorable in IMO and IWO (15, 21). 

 

Discussion 

Electronic structure calculations performed on 6.25% Mo-doped In2O3 reveal 

an unexpected mechanism for the high mobility: Mo magnetic exchange interactions.  
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The reader is referred to (15, 21) for a complete description.  Briefly, even though 

Mo is non-magnetic in bulk the total calculated energy difference between magnetic 

and non-magnetic configurations of MoIn
••• defects was shown to be considerable, up 

to 0.56 eV of energy gain, and Mo atoms posses a large magnetic moment up to 1.85 

µB.  The exchange interactions split the Mo d-states near EF into two spin channels.  

As a result, the carriers of one spin will be affected by only half of the Mo defect 

scattering centers, those of the same spin.  The concentration of Mo scattering centers 

is then effectively reduced to half of the Mo doping level.  This is in a sense similar to 

the preliminary explanations of high mobility in these systems, which posed that ultra 

high carrier generation of MoIn
••• defects generate carriers more efficiently than SnIn

•, 

resulting in an equivalent carrier concentration with far fewer MoIn
••• scattering centers 

(6).  The splitting of the Mo d states near EF is shown in the DOS plot for the 

[MoIn
•••Oi]• complex (Fig. 9c) in which a splitting of ~ 0.4 eV is calculated.  Oi 

suppress the exchange interactions considerably compared to non-oxygen 

compensated defects like MoIn
••• (Fig. 9a and 9b), but there is still sufficient exchange 

energy to split the Mo d states near EF.  The formation [MoIn
•••Oi]• complexes has 

been shown to be very favorable in this system, with an energy gain of ~ 3 eV, and 

such complexes should be the primary charge generating defects.  Unpublished 

calculations reveal the same effects are calculated from W-doped In2O3. 
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Fig. 9  The Total (black) and Mo d state (red) density of states for MoIn
••• defects (a 

and b, which differ in crystallographic substitutional site) and oxygen compensated 
[MoIn

•••Oi]• species (c).  Mo magnetic exchange interactions split the Mo d states near 
Ef.  The splitting is large in the case of MoIn

••• defects (a and b) in which Mo atoms 
posses a large magnetic moment of up to 1.85 µB, and not as big in the oxygen 
compensated complex, which attenuates the exchange interactions and magnetic 
moment.  The exchange energy is still large enough from [MoIn

•••Oi]• to create two 
spin channels such that carriers may only scatter from states of the same spin.  Carriers 
of the opposite spin will not scatter from these states.  This effectively reduces the 
number of scattering centers by half, yielding high mobility carriers.   
*taken from (19) 
 

 
Conclusion 

In summary, we have prepared high electron mobility thin films of transparent 

conductor In2-xWxO3 on vitreous SiO2 substrates which exhibit µ > 110 cm2/V,  

n = 1-3 cm2/Vs, and ρ = 3.37 x 10-4 Ohm cm at room temperature.  Low temperature 

Hall effect measurements on high mobility IWO films indicate that the electron 

mobility is constrained by phonon scattering, but ionized impurity scattering is 
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significant for higher doping levels.  The films were prepared by pulsed laser 

deposition from both low density and high density ceramic In2O3:W targets, the main 

distinction between the two families of targets being the maximal allowable laser 

fluence.  EPMA revealed that incongruent evaporation of W from the low density 

targets occurred due to the use of low laser fluence, while films prepared from high 

density targets with high laser fluence had predictable film W concentration.  The 

highest mobility and conductivity was measured for films with x ~ 0.03 (= 1.5 cation 

%).  The mobility values measured from IWO films are 2-4 times greater than the 

mobility of ITO thin films and offer significant enhancements to the NIR optical 

properties compared to conventional mobility TCO materials.  In particular, the IR 

transmittance is extended to longer wavelength while the magnitude of the IR 

absorbance is reduced and the peak absorption position shifted further into the IR.  On 

single crystal YSZ substrates, IWO films grown preferentially along [100] while films 

grown on a-SiO2 show statistical crystallite orientation.  The band gap of IWO films 

ranged between 3.80-3.91 eV, and widening of the band gap with increasing carrier 

concentration was ascribed to the Moss-Burstein effect.  Using the MB framework we 

calculated the electron effective mass to be 0.3me, in close agreement with related 

systems.  The mechanism for high mobility in refractory metal doped In2O3 has been 

elucidated theoretically in which it is shown that Mo magnetic exchange interactions 

split the Mo d states near EF, creating two spin channels and reducing the number of 

Mo defect scattering centers to only defects of the same spin. 
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Abstract 

Strongly c-axis oriented thin films of p-type semiconductor BiCuOSe:Ca have been 

prepared in-situ on MgO (100) and SrTiO3 (100) single crystal substrates at  

450 °C by pulsed laser deposition.  Undoped, c-axis oriented thin films on MgO 

exhibit a conductivity of 9 S/cm and mobility of 4 cm2/Vs, while Ca-doped films on 

SrTiO3 show enhanced conductivity of 176 S/cm and mobility of 1.7 cm2/Vs.  

Polycrystalline films prepared on amorphous SiO2 substrates exhibit a mobility of  

2 cm2/Vs and 9 S/cm.  BiCuOSe thin films are dark and reflective over the visible 

range, with no transmission of light with energy greater than 1.77 eV, at which point 

the films begin to become non-absorbing.  An index of refraction of 4.79 at 1 µm was 

calculated from a BiCuOSe thin film.  Films prepared on SrTiO3 show stronger  

c-axis growth orientation than films prepared on MgO, as show by x-ray rocking curve 

measurements. 



 53 

Introduction 

The family of Cu(I)-containing chalcogenide-fluorides (BaCuChF, Ch = S, Se, 

Te) and oxy-chalcogenides (MCuOCh, M = lanthanide or Bi) show several interesting 

and technologically significant properties including degenerate p-type electrical 

conductivity, room temperature excitons, and a natural quantum well crystal structure 

which consists of layers of narrow band gap (Cu2Q2)2- and wide band gap (Ln2O2)2+ 

stacked alternately along the c-axis of a tetragonal unit cell (s.g P-4mm) (1-7).  The 

same layered crystal structure has shown the ability to accommodate many different 

ions including As, Ni and Zn, leading to new materials explorations and widely 

varying properties such as high temperature superconductivity and ferromagnetism (8-

11).  Additionally, thin films of LaCuOSe and BaCuTeF exhibit an overall wide 

optical band gap (>3 eV) and simultaneous electrical conductivity, opening up new 

possibilities for active devices based on transparent p-type semiconductors.  However, 

high quality thin films of LaCuOCh cannot be prepared in-situ by physical vapor 

deposition techniques, and successful film growth requires a multi-step in-situ 

deposition process followed by ex-situ post deposition annealing at high temperatures 

in specialized environments (12).  BiCuOSe shows no visible transparency, but does 

exhibit high conductivity and hole mobility, indicating that it may find application as 

an absorber layer in a thin film solar cell.  In this chapter, we show that high crystal 

quality thin films of BiCuOSe:Ca can be prepared in-situ at moderate temperature 

using pulsed laser deposition (PLD).  In particular, we have prepared strongly c-axis 

oriented BiCuOSe thin films on MgO (100) and SrTiO3 (100) substrates at 450 °C 

which exhibit conductivity >175 S/cm and a reasonably high hole mobility ranging 
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from 1.7 cm2/Vs for high carrier density Ca-doped films to 4.0 cm2/Vs for undoped 

films on MgO.  Polycrystalline undoped films on vitreous SiO2 can be grown at even 

lower temperature of 400 °C, and exhibit a mobility of 2 cm2/Vs.  In Fig. 5 and 6, the 

UV–vis–NIR optical properties for a polycrystalline BiCuOSe film are presented.  The 

films are darkly-colored and reflective in the visible range indicating a sub-visible 

band gap.  The films transmit light in the NIR region, and the refractive index at 1000 

nm was determined to be 4.79.  X-ray rocking curves from BiCuOSe films are shown 

in Fig. 3 and indicate a stronger c-axis growth orientation for films grown on SrTiO3 

compared to MgO.  Also, the results of LAPW electronic structure calculations are 

summarized which show that the CBM is formed from low-lying Bi 6p states, 

effecting a much lower band gap energy BiCuOCh compared to LaCuOCh. 

 

Experiment 

Thin films of BiCuOSe were deposited onto heated GE 124 amorphous SiO2  

(a-SiO2) and single crystal MgO (001) and SrTiO3 (001) substrates using pulsed laser 

ablation of ceramic BiCuOSe targets in a high vacuum chamber.  Films were 

deposited in vacuum or in 1.5-1.7 mtorr of grade 5.0 Ar using Lambda Physik 

Compex 201 excimer laser (λ = 248 nm, τ = 25 ns) set to 10 Hz and 1.0-1.6 J/cm2.  

The target was positioned 50 mm from the substrate, which was heated to 375-450 °C.  

For target preparation, powders of Bi1-xCaxCuOSe were prepared by solid state 

reaction of Bi2O3 (Strem 99.999%), CaO (99.8%), Bi (Strem 99.9%), Cu2Se (Cerac 

99.5%), and Se (cerac 99.6%) in an evacuated silica tube heated to 500 °C for 12 h.  

Powders with x = 0, 0.1, and 0.15 were then cold pressed into 1 diameter pellets at 4 
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tons/in2 and sintered at 850 °C under 2000 PSI of commercial grade Ar.  The 

resulting targets were black and rather grainy, exhibiting 50-60% density.  After 

deposition the films cooled to near room temperature in the deposition ambient.  

Films were characterized by fixed incidence and θ–2θ x-ray diffraction (XRD), 

electrical conductivity (σ), variable field Hall effect transport measurements, and by 

UV–vis–NIR transmission and reflection.  Fixed incident angle XRD spectra (Cu Kα) 

were measured using a Rigaku Rapid R-axis diffractometer while a Siemens D5000 

diffractometer was used to acquire θ–2θ XRD patterns.  For measurements using the 

Rapid R-axis diffractometer a two-dimensional area detection screen allowed 

reflections from a range of 2θ and χ angles to be acquired simultaneously.  Electrical 

conductivity and Hall mobility (µ) were measured at room temperature in the van der 

Pauw configuration with a Lakeshore 7504 Hall measurement system at fields of 5-20 

kG.  NIR transmittance and reflectance spectra were acquired using a Nicolet Nic-Plan 

microscope accessory fitted to a Magna 750 Fourier transform infrared spectrometer.  

Spectra are the average of 256 Fourier transformed interferograms over 11700-2100 

cm-1 with 4 cm-1 resolution.  Air and a gold mirror were used for transmission and 

reflection background calibration. 

 

Results and Discussion 

Structural Characterization of BiCuOSe Thin Films 

The XRD patterns from undoped BiCuOSe powder and a thin film are shown 

in Fig 1.  The film deposited in vacuum on vitreous SiO2 at 400 °C is pure phase and 
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Fig. 1  Polycyrstalline BiCuOSe thin film (upper pane) and powder (lower pane) XRD 
patterns.  The film was deposited in vacuum at 400 C on a-SiO2. 
 
 
 
 
exhibits statistical orientation, which is easily noted from the close match in peak 

intensity ratios from the powder and film.  The facile crystallization of BiCuOSe thin 

films is a key point in the potential use of this material, with closely related materials 

requiring high temperatures and ex-situ processing (12).  In contrast to BiCuOSe films 

deposited on vitreous SiO2 substrates, films prepared on single crystal MgO (100) and 

SrTiO3 (100) substrates at only ~ 450 °C show strong c-axis growth orientation, such 

that peaks of type (00l) are preferred while polycrystalline (hkl) peaks are suppressed 

(Fig. 2).  The diffraction peaks from the film prepared on SrTiO3 are narrower and 

more intense than those of the film prepared on MgO, indicating a greater degree of  

c-axis orientation.  This may be expected as the a lattice constant match of BiCuOSe 

on SrTiO3 (0.4%) is significantly better than on MgO (7.4%).  To verify that SrTiO3 

provides a better template for c-axis growth than MgO, x-ray rocking curves were 
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Fig. 2  The θ–2θ XRD patterns from c-axis oriented BiCuOSe films prepared on 
single crystal substrates of SrTiO3 (100) and MgO (100) (plotted on a log scale).  The 
(00l) film reflections are labeled and asterisks mark substrate reflections.  The 
diffraction peaks from the film on SrTiO3 are narrower and more intense than those 
from the film on MgO, indicating a greater degree of preferential orientation. 
 

 
Fig. 3  The (005) x-ray rocking curves from films prepared on single crystal substrates 
of MgO (outer curve) and SrTiO3 (middle curve).  A significant decrease in line width 
is observed from the film prepared on SrTiO3, indicating a stronger degree of c-axis 
orientation.  The inner-most curve is from the SrTiO3 substrate. 
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performed on the BiCuOSe (005) peak.  As shown in Fig. 3, the film deposited on 

MgO (outer peak) has a 3° line width, while the film grown on SrTiO3 (middle peak)  

shows a line width of about 1°, indicating stronger c-axis grain orientation in the film 

prepared on SrTiO3.  The bulk single crystal rocking curve from the SrTiO3 (002) 

reflection is also shown as a line width reference and the limit of instrumental 

resolution (inner most peak).  The peaks have been slightly vertically displaced for 

clarity. 

Plane spacings in a tetragonal unit cell are given by (13) 
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Hence, the line position of each peak with index (00l) depends only on the c lattice 

parameter, while the line position from peaks of type (hk0) depend solely on a.  For 

the XRD patterns in Fig. 2, multiple thin film (00l) peaks are observed, each peak 

representing a value of d.  By plotting each value of d against the appropriate function 

of angle, we can remove systematic errors like specimen absorption and displacement 

from the diffractometer axis, the latter considered to be largest single source of error 

(13).  The error in d from this phenomenon is given by 

θ
θ
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R
D

d
d −=∆          [2] 

where D is the specimen displacement parallel to the reflecting plane normal and R is 

the diffractometer radius.  Plotting d versus cos2θ/sinθ will allow for the most accurate 

extrapolation of d, which for the (00l) diffraction peaks is simply the c-axis lattice  
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Fig. 4  d-spacing of a BiCuOSe film extrapolated against cos2θ/sinθ to correct for 
sample vertical displacement.  The extrapolated value is 8.903 Å, while the powder 
refinement at this doping level is 8.904 Å (x = 0.1).  Note that the accuracy improves 
at higher angle. 
 
 
 
 
parameter.  The results of this procedure for the BiCuOSe film on MgO in Fig. 2 are 

shown in Fig. 4.  Discrete calculations of d from each (00l) peak are plotted as open 

circles.  A linear fit extrapolated to the y-axis provides the most accurate value of d.  

The extrapolated value of 8.903 Å for the Ca-doped film agrees well with the 

refined powder value at that doping level 8.904 Å (x = 0.1).  Note that the accuracy of 

the calculated d value improves when θ is large. 

 

Optical properties 

The UV–vis–NIR optical transmission T and reflection R for a polycrystalline 

BiCuOSe film prepared on a-SiO2 are shown in Fig. 5.  The film exhibits high  
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Fig. 5  UV–vis–NIR Reflection and Transmission spectra from a polycrystalline 
BiCuOSe film on a-SiO2.  The films are black and reflective in the visible range.  A 
weak onset in the transmission can be observed near 750 nm (=1.65 eV) indicated by 
an arrow. 
 
 
 
 
reflectance of 30-36% over the visible range, and a weak onset of transmission 

beginning near 750 nm (=1.65 eV), indicated by an arrow.  The transmission onset is 

broad, which makes assignment of the band gap energy difficult.  In the powder, 

however, a clear absorption edge ascribed to the band gap was measured at much 

lower energy (0.8 eV), in agreement with the black appearance of the powder and 

films (14).  However, this does not comport with our thin film measurements.  Further 

into the IR, thin film interference fringes dominate the T and R spectra, as shown in 

Fig. 6.  The high reflectance amplitude is consistent with a large index mismatch at the 

air-film interface.  The wavelength positions of the extrema are used to calculate 

discrete values of the refractive index (Fig. 6, diamonds) using a simple Bragg 

relation.  These data are then fit to n ~ 1/λ2 to generate the continuous dispersion 
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relation in Fig 6.  Calculated optical spectra can then be obtained and fit to the 

experimental spectra.  The calculated spectra overlay the experimental spectra in 
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Fig. 6  The NIR reflection and transmission from a polycrystalline BiCuOSe film on a-
SiO2 The calculated reflection and transmission spectra are obtained using the 
dispersive index, plotted in the lower pane.  Discrete calculations of the index are 
shown as diamonds. 
 
 
 
 
Fig. 6, indicating an acceptable fit, with fit parameters of d = 290 nm and n = 4.79 at 1 

µm. 

 

Electronic Properties 

 Hall effect measurements show that undoped and Ca-doped BiCuOSe films 

exhibit p-type conductivity indicated by positive values of the Hall coefficient.  In  

Fig. 7, the transport properties of several c-axis oriented BiCuOSe films are plotted as 

a function of Ca content in the target.  The undoped film prepared on MgO (100) 

exhibits a conductivity of 9 S/cm with 1.4 x 1019 cm-3 and the highest measured 
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Fig. 7  Transport properties of c-axis oriented Bi1-xCaxCuOSe films on SrTiO3 and 
MgO plotted versus the Ca content in the target.  The rise in carrier concentration 
(right hand axis, linear scale) and conductivity (left hand axis, log scale) with 
simultaneous fall off in hole mobility are consistent with carrier generation from hole 
generation from Ca substitution of Bi.  The lines are a guide to the eye. 
 
 
 
 
mobility of 4 cm2/Vs.  Films prepared on SrTiO3 from Ca-doped targets show elevated 

conductivity and free carrier density relative to undoped films with the expected fall 

off in mobility, due most likely to ionized impurity scattering.  Hence Ca substitution 

of Bi in BiCuOSe is an effective method of acceptor doping, a result which is 

consistent with the closely related Bi1-xSrxCuOSe system (15).  The conductivity 

reaches its maximum value of 176 S/cm when xtarget = 0.15 by which point 

conductivity gains begin to saturate.  The mobility remains reasonably high near  

2 cm2/Vs, which is equal to the value measured from polycrystalline films prepared on 

a-SiO2 substrates (not plotted).  High conductivity p-type films with reasonably high 
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mobility and simple fabrication may be useful as absorber or p++ layers in thin film 

solar cells.  The film conductivity results are consistent with resistivity measurements  

of Ca-doped pellets, which reveal a steady decrease in the resistivity up to x = 0.15, 

with a sharp resistivity increase when x = 0.2 (16).  Indeed, powder diffraction 

measurements reveal that compositions with x < 0.2 are single phase, while the x = 0.2 

powder exhibits secondary phases.  Powder refinements also show that the a and c 

lattice parameters cease to change when x > 0.15, indicating a solubility limit of Ca in 

BiCuOSe powder (16). 

 

Discussion 

Our interest in the BiCuOSe system emerged from work in our group (1, 2, 17, 

18) on BaCuChF (Ch = S, Se, Te) and LaCuOCh, all of which share the atomic 

arrangement of wide band gap metal oxide or metal fluoride layers and narrow gap 

copper chalcogenide layers stacked alternately along the c-axis of a tetragonal unit 

cell.  However some notable difference between the Bi-based and La-based materials 

were immediately apparent.  For instance, LaCuOCh power appears grayish (Eg =  3 

eV for Ch = S) while BiCuOSe powder is black.  Also, thin films of LaCuOCh cannot 

be prepared in-situ using PLD (reactive solid phase epitaxy (12) must be used), while 

BiCuOSe exhibits facile in-situ crystallization by PLD in vacuum at 400 °C.  The 

distinct physical differences that exist between BiCuOCh and LaCuOCh stem from the 

disparate electronic configurations of the trivalent cations Bi3+ (= [Xe]4f145d106s26p0) 

and Ln3+ ( = [Xe]4f05d06s0) (14).  The 6s2 configuration of Bi3+ has the potential to 

form hybrid bands with the Cu d and Ch p orbitals that compose the VBM.  The large,  
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Fig. 8  The total and partial DOS calculated for BiCuOSe using the LAPW method.  
The Bi 6s states near -11 eV are far removed from the VBM and do not hybridize with 
Cu d and Ch p near the VBM.  In the CB, Bi 6p states lie near the CBM, effecting a 
much lower band gap energy in BiCuOCh than LaCuOCh. 
 
 
 
 
spherically symmetric 6s orbitals would increase the dispersive character of the VBM 

and provide a more conducive hole transport path.  This contrasts with LaCuOCh, 

which affords no possibility of s orbital mixing due to the closed shell electronic 

configuration of La3+.  Thus we expect the hole transport properties in BiCuOCh to be 

quite different than in LaCuOCh, but this is not observed experimentally.  The hole 

conduction properties of BiCuOCh and LaCuOCh are observed to be quite similar, 

and on this basis the Bi 6s contribution to the VBM is expected to be small (14).  The 

total and PDOS for BiCuOSe is shown in Fig. 8 and shows that the Bi s states lie 

approximately 11 eV away from the VBM and thus do not make any significant 
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contribution at the VBM.  Thus, the VBM structure of the Bi-based and La-based 

materials are similar (both consist of admixed Cu d and Ch p states) and hence the 

difference in the energy gaps of the materials should be attributed to differences in the 

CBM.  Indeed, our calculations show that the CBM is comprised mainly of Bi 6p 

states, a result completely different from LaCuOCh, in which the CBM is made up of 

Cu s and La d states (14).  These Bi 6p states lie low in the CB and effect a much 

lower band gap of BiCuOCh compared to LaCuOCh.  The fact that Bi 6s does not 

hybridize with Ch p at the VBM can be explained using results of careful Rietveld 

refinements (14), which show that the Bi–O bonds are significantly shorter than the 

Bi–Ch bonds, indicating stronger orbital overlap.  Stronger covalent bonding (i.e. 

shorter bond distances) of the Bi–O bond compared to the Bi–Ch bond result in Bi 6s 

and O 2p hybridization deep below the VBM rather than Bi 6s Ch p hybrid orbitals at 

the VBM.  The Bi 6s–O 2p mixing deep in the VB is clearly seen in the PDOS of  

Fig. 8. 

 

Conclusion 

In summary, we have prepared strongly c-axis oriented thin films of p-type 

semiconductor BiCuOSe:Ca in-situ on MgO (100) and SrTiO3 (100) single crystal 

substrates at moderate substrate temperature of 450 °C by pulsed laser deposition.  

Undoped, c-axis oriented thin films on MgO exhibit  σ = 9 S/cm, n = 1.4 x 1019 cm-3, 

and µ = 4 cm2/Vs, while Ca-doped films on SrTiO3 show increased conductivity and 

carrier density of 176 S/cm and 6.8 x 1020 cm-3, with a mobility of 1.7 cm2/Vs, 

indicating that Ca substitution of Bi is an effective method of acceptor doping in 
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BiCuOSe.  Single phase polycrystalline films can be prepared on vitreous SiO2 

substrates at 400 °C and show µ = 2 cm/Vs and σ = 10 S/cm.  The facile in-situ thin 

film preparation and dopability characteristics of BiCuOSe may be useful for 

applications which require the use of p++ layers with high conductivity and moderate 

hole mobility.  In the optical range, BiCuOSe thin films are dark-colored and 

reflective with an onset of transmission in the NIR.  An index of refraction of 4.79 at  

1 µm was calculated from a BiCuOSe thin film.  Films prepared on SrTiO3 show 

stronger c-axis growth orientation than films prepared on MgO, as show by x-ray 

rocking curve measurements.   
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Abstract 

The structural, optical, and electronic properties of thin films of a family of wide band 

gap (Eg > 2.3 eV) cubic p-type semiconductors Cu3TaQ4 (Q = S or Se) are presented.  

Thin films prepared by pulsed laser deposition of ceramic Cu3TaQ4 targets and ex-situ 

annealing of the as-deposited films in chalcogenide vapor exhibit mixed 

polycrystalline/[100]-directed growth on amorphous SiO2 substrates and strong (100) 

preferential orientation on single-crystal yttria-stabilized zirconia substrates.  CTS 

films prepared by an alternate synthesis technique of metallic precursor sulfurization 

are polycrystalline.  Cu3TaS4 (Eg = 2.75 eV) thin films are transparent over the visible 

spectrum while Cu3TaSe4 (Eg = 2.35 eV) thin films show some absorption in the blue.  

Thin film solid solutions of Cu3TaSe4-xSx and Cu3TaSe4-xTex can be prepared by 

annealing Cu3TaSe4 films in a mixed chalcogenide vapor.  Powders and thin films of 

Cu3TaS4 exhibit visible photoluminescence when illuminated by UV light. 
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Introduction 

Work done at Oregon State University on the Cu3TaCh4 (Ch = S, Se, Te) 

hereafter “CTCh”) system has shown that these materials exhibit several favorable 

optoelectronic properties including p-type conductivity, large optical band gap energy, 

and tunable visible photoemission (1, 2).  Also, they crystallize in the cubic sulvanite 

(Cu3VS4) structure (space group P–43m no. 215) (3-6) and therefore are expected to 

show isotropic optical and electrical properties.  An isotropic structure can be 

advantageous for process integration as special or extreme growth conditions needed 

to prepare epitaxial or preferred orientations can be avoided.  The cubic crystal 

structure of Cu3TaQ4 makes it unique among Cu(I)-based, wide band gap p-type 

semiconductors.  The better-known delafossites CuMO2 (M = Al, Sc, Cr) (7-9) or the 

oxide and chalcogenide fluorides (10-12) LaCuOQ and BaCuQF crystallize in 

hexagonal or tetragonal crystal structures, respectively.  The non-isotropic crystal 

structure of these materials requires that thin films with optimized electronic and 

optical properties be epitaxially grown using high temperatures and/or single crystal 

substrates (13).  Extensive research on the delafossites and layered oxychalcogenides 

has been carried out over the past decade revealing many properties and applications 

of technological significance including degenerate p-type conductivity and room 

temperature excitonic emission (14-16).  By contrast, the optoelectronic merit of the 

CTCh system has never been investigated, and the results presented here are the first 

ever reported thin film preparation of any members of the sulvanite class of materials 

we are aware of, despite a long history of power and crystal synthesis (3-6).  An image 

of the sulvanite structure is shown in Fig. 1, consisting of edge and corner sharing 
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CuQ4 and TaQ4 tetrahedra.  In binary Ta chalcogenides, Ta is tetravalent, while in 

the CTCh structure Ta is pentavalent and four fold coordinate, which is an usual  

 

Fig. 1  Structure of Cu3TaS4 consisting of edge and corner shared CuS4 tetrahedra and 
TaS4 tetrahedra (larger of the two tetrahedra.  Ta is pentavalent and four coordinate, 
which is quite rare.  The lattice parameters in Å are CTS: 5.5036, CTSe: 5.6535, 
CTTe: 5.930. 
   

 

combination (17). 

The large optical band gap energy of the sulfide (Eg = 2.75 eV) renders 

Cu3TaS4 (CTS) transparent to most visible light.  Consequently, CTS thin films could 

be used in transparent electronics as p-type layers in active devices including p-n 

junctions, transistor channel layers, and photovoltaics.  Cu3TaSe4 (CTSe) thin films, 

with a smaller band gap (Eg = 2.35 eV), may be useful in other applications where 

complete visible transparency is not required such as p-type absorber layers in multi-

junction solar cells (18).  Additionally, heteroepitaxial growth of CTQ on Si may be 

realized as the lattice constant match for the sulfide and selenide is quite good at 
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1.34% and 4.10%, respectively.  Also, the visible photoluminescence (PL) 

properties of CTS indicate that light-emitting devices based on CTS may be realized.  

In particular, CTS powder exhibits intense green PL with peak intensity at 543 nm 

when illuminated under a UV lamp, while the selenide exhibits a PL peak at 623 nm 

under N2 laser excitation (1, 19).  For both compounds the wavelength of the PL can 

be modulated by doping W onto the Ta site, or by preparing CT(S,Se) solid solutions.  

W-doped CTS powder develops an additional PL peak in the red; this simultaneous 

red and green emission is observed as intense orange PL.  Increased W-doping 

suppresses the green PL peak such that only a red PL peak is observed.  Thus, intense 

green, orange, and red PL can be observed from intrinsic or W-doped CTS (1).  For 

the selenide, the PL is also redshifted, but a clear two-peak structure is not observed 

(19). 

LAPW electronic structure calculations (20, 21) show that the top of the 

valence band in CTCh is a hybridization of Cu 3d and Ch 3p atomic orbitals, which 

will provide a more favorable hole transport path compared to materials in which Cu 

3d and O 2p states comprise the valence band maximum (VBM), such as the 

delafossites (22).  The calculations also indicate an indirect band gap for both sulfide 

and selenide compounds.  In this chapter we describe the preparation of CTS, CTSe, 

CT(S,Se) and CT(Se,Te) thin films and their associated structural, optical, and 

electrical properties.  We also report optical measurements of CTS single crystals 

prepared by chemical vapor transport. 
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Experiment 

Two methods for CTCh thin film synthesis were developed and are presented 

below.  Both methods involve two distinct steps consisting of thin film deposition and 

post-deposition ex-situ treatment.  The first method involves the use of Cu3TaCh4 

ceramic targets and was the preferred route for preparing high quality films.  The 

second method involves the fabrication of Cu-Ta metal multilayer thin films and rapid 

sulfurization in flowing H2S(g) to form Cu3TaS4.  The characterization results reported 

in this chapter, unless otherwise noted, are derived from samples prepared using the 

former, higher quality synthesis using ceramic targets. 

 

CTCh Thin Films from Ceramic CTCh targets 

CTCh thin films were prepared using a two-step growth process involving 

pulsed laser deposition (PLD) of Cu3TaCh4 ceramic targets and ex-situ annealing of 

the as-deposited films in chalcogenide vapor (CVA, chalcogenide vapor anneal).   

In-situ preparation of CTCh thin films using PLD was not successful due to phase 

separation of the as-deposited films into binary Cu and Ta chalcogenides and/or the 

formation of amorphous CTCh.  The phase separation could have been caused or 

exacerbated by the use of a chalcogen-deficient target, which is generated in the 

course of pellet densification at high temperatures.  Thin films were deposited in a 

UHV chamber (base pressure 1 x 10-9 torr) onto heated GE 124 amorphous SiO2  

(a-SiO2) or single-crystal (100) yttria-stabilized zirconia (YSZ) substrates using a KrF 

excimer laser (λ = 248 nm, τ = 25 ns) set to 10 Hz and 0.25-1 J/cm2.  The substrate 

temperature was maintained at ~300 °C to prevent excessive chalcogenide 
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voltalization at higher substrate temperatures and to stabilize the film phase.  The 

as-deposited films were reflective and dark-colored regardless of deposition 

parameters (see Fig. 9).  The films were then annealed in evacuated fused quartz tubes 

containing powder of the desired phase for 1-2 h at 500-750 °C.  A picture and 

schematic drawing of the ex-situ annealing process are shown in Fig. 2.  The CVA 

films were optically transparent in the case of CTS or lightly colored but transmissive 

in the case of CTSe, consistent with their respective band gaps.  X-ray diffraction of 

the annealed films revealed majority phase CTCh with mixed polycrystalline/[100]-

oriented growth for samples prepared on a-SiO2 and strong [100] growth orientation 

for samples prepared on YSZ. 
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Fig. 2  Experimental and schematic images of the ex-situ tube sealing process.  On the 
left, is a customized ultra-torr fitting is used to accommodate manufacturer tube 
diameter inconsistencies.  A viton gasket in the ultra-torr fitting mates the metal and 
glass.  This fitting is mated to a fully custom Teflon guard vacuum chamber, which 
creates low pressure region on the outside of the seal thereby reducing the pressure 
differential between the inside and outside of the tube in the region of the seal.  Hence, 
as the seal is rotated and the glass heated with a torch, any leaks which may occur 
when the seal is rotated are exposed only to a low pressure, “guarded” region, rather 
than atmospheric pressure.  Since the pressure differential is small, air leaks have little 
driving force to move into the tube.  A ball bearing set inside the Teflon housing 
minimizes the amount of actual movement at the glass-viton interface, and most of the 
torqueing occurs at the ball bearings until the glass begins to melt and torques on 
itself. 
 

 

Cu3TaS4 thin films from diffused Cu-Ta multilayer precursor 

Cu3TaS4 thin films were prepared using a two-step process consisting of the 

fabrication of thin stacked multilayers of metallic Cu and Ta by pulsed laser 

deposition and ex-situ rapid sulfurization of the bimetal thin film in a tube furnace 

under flowing H2S and excess S powder.  Films were prepared using this technique 
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Fig. 3  Schematic of CTS thin film preparation from Cu-Ta precursor film.  A stacked 
Cu-Ta multilayer film is prepared by PLD.  With mild heating during the deposition 
process, the thin Cu and Ta layers interdiffuse.  The diffused metal precursor is then 
reacted in a tube furnace under flowing H2S to form CTS. 
 

 

because at the time a high-density, fully sulfurized CTS ceramic target could not be 

prepared.  The process is depicted in Fig. 3. 

Several reports exist on the effectiveness of Ta thin films as Cu diffusion 

barriers for microelectronic devices (23, 24).  Hence, precursor films must be prepared 

such that the discrete Cu and Ta layers diffuse to form a uniformly mixed, quasi-alloy 

thin film.  To achieve sufficient mixing, ultra thin metal layers were deposited and 

moderate substrate heating was used.  For films prepared at 250 °C, low angle x-ray 

reflectivity measurements showed no superlattice periodicity, confirming that discrete 

layers were not present.  This was not the case for films prepared at room temperature, 

which exhibit superlattice structure and could not be successfully sulfurized by rapid 
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thermal processing.  The precursor Cu-Ta multilayer thin films were deposited in a 

high vacuum chamber (base pressure 2 x10-8 torr) onto heated a-SiO2 or single-crystal 

(100) Si substrates using a KrF excimer laser (λ = 248 nm, τ = 25 ns) at 10 Hz and  

6-10 J/cm2.  The large energy density values are consistent with the high ablation 

threshold of metals (25).  A simple program was used to raster each target into the 

path of the beam for a set number of pulses to create multilayer stacks, with pulse 

counts and repeat units chosen on the basis of approximate metal deposition rates and 

desired film stoichiometry (25).  A background pressure of 1.5 mtorr Ar or 0.6-5.0 

mtorr O2 was used during each deposition.  Films deposited in inert atmosphere 

appeared brown and shiny, while films deposited in oxygen ambient were resistive and 

reddish color.  In the case of the oxygen-deposited films, the goal was to prepare 

Cu3TaS4-xOx films, which should exhibit a lager band gap than the pure sulfide.  Both 

Ar- and O2-deposited samples could be successfully reacted to form CTS with RTA 

processing, but O2-deposited samples showed no evidence of a larger band gap.  The 

substrate was mounted 60 mm from the targets and heated to temperatures ranging 

from 250-375 °C and so that the discrete Cu (~5 nm) and Ta (~1 nm) layers might 

interdiffuse.  The Cu-Ta multilayer unit was repeated such that the multilayer total 

film thickness was 100-150 nm as shown by cross-sectional SEM.  An x-ray 

diffraction pattern of a CTS film produced by this method is shown in Fig. 4, 

indicating that films prepared by this method exhibit statistical, not preferential, 

crystallite orientation. 
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Fig. 4  The XRD patterns for a CTS film prepared from a Cu-Ta multilayer precursor 
and CTS powder.  This synthesis method produced polycrystalline films, in contrast to 
films produce from ceramic targets, which exhibit significant (100) orientation even 
on non-crystalline substrates. 
 

 

In general, CTS films formed by this technique were hard to reproduce due to 

difficulty in controlling the metal precursor stoichiometry.  An alloyed or high density 

pressed metal powder target with proper starting stoichiometry would be a more 

reliable method.  Attempts were made on a pressed metal powder target with only 

limited success.  CTSe films were not prepared by this method as H2Se gas could not 

be procured.   

For films deposited from ceramic targets, the ex-situ annealing process allowed 

for preparation of CT(S,Se) and CT(Se,Te) solid solution thin films by annealing as-

deposited CTSe films in evacuated fused quartz tubes containing 50 mg powder 

mixtures of CTS and CTSe or CTSe and CTTe.  In the case of the CT(S,Se) solid 
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solutions, films were heated to 625 °C for 2 h in tubes containing sulfur to selenium 

molar ratios of 3:1, 1:1, and 1:3.  For CT(Se,Te) films, annealing was performed at 

525 °C for 2 h with 3:1, 1:1 and 1:3 molar ratios of Se:Te.  CTS single crystals were 

grown by chemical vapor transport.  An evacuated fused quartz ampoule containing 

Cu, Ta, S, and I2 flux was heated in a two zone furnace to 780 °C for 24 h and then 

cooled to room temperature, upon which the temperature gradient was reversed.  The 

ampoule was reheated to 700 °C for 72 h and then cooled to room temperature at 10 

°C/h.  The ~ 1 x 1 x 0.1 mm crystals were collected and washed with deionized water 

to remove excess halides.  CTSe single crystals of similar dimensions could not be 

prepared. 

Thin film x-ray (Cu Kα) spectra (XRD) were taken using a Rigaku Miniflex 

tabletop diffractometer.  Optical absorption spectra in the UV–visible range were 

measured using a double-monochromator grating spectrometer with W light source 

and a Si photodiode detector.  The film thickness d and refractive index n were 

obtained by numerical fitting of modeled optical interference patterns to those 

measured.  For CTS, the optical measurement results (n and d) were verified using a 

Metricon prism coupler to find the wavelengths of guided modes.  The absorption 

coefficient α was calculated from the transmitted Itrans and reflected intensity Irefl using 

the relation T = (1−R)e-d where T = Itrans/Iinc is the transmission coefficient, R = 

Irefl/Iinc is the reflection coefficient, and Iinc is the incident light intensity.  

Photoluminescence measurements were performed on CTS thin films at room 

temperature using a nitrogen laser excitation source (λ = 337 nm, τ = 3.5 ns) and a 

CCD detector. 
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Results and Discussion 

Structural Characterization of CTCh Thin Films 

The θ–2θ XRD pattern for a CTS thin film prepared on a-SiO2 and CTS   

 

Fig. 5  The θ–2θ XRD pattern from a CTS film deposited on a-SiO2 and annealed at 
625 °C for 1h.  The film patterns is plotted on a log scale and the powder pattern 
plotted on a linear scale.  The presence of several (h00) diffraction peaks and 
suppression of most polycrystalline peaks indicates that the film is preferentially 
oriented along [100]. 
 

 

powder are shown in Fig. 5.  The presence of several (h00) reflections and the 

suppression of most non-(h00) diffraction peaks indicate that the sample is 

preferentially oriented along [100] but still shows some polycrystalline character, 

which is manifest by weak (111) and (012) diffraction peaks.  The sample also shows 

the presence of minority phase crystalline impurities near 31.0° and 43.9° 2θ.  In 

general, CTCh films prepared on a-SiO2 commonly exhibit a significant degree of 
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[100] preferential growth with a smaller amount of polycrystalline growth.  This is a 

significant attribute since the electronic properties of preferentially oriented films are 

often better than their polycrystalline counterparts.  CTCh films prepared on YSZ (a = 

5.12 Å) exhibit very strong [100] preferential growth with no or very little evidence of 

polycrystalline orientation despite a 7% (10%) lattice mismatch for the sulfide 

(selenide).  In Fig. 6 the x-ray diffraction pattern from a (100) preferentially oriented 

CTS film on a single crystal YSZ (100) substrate and a calculated CTS powder pattern 

are shown.  The (h00) reflections are labeled and substrate diffraction peaks are 

indicated by an asterisk.  The diffracting power of the bulk single crystal substrate is 

large, and even low intensity Cu Kβ radiation is diffracted by the substrate.  A Cu Kβ 

reflection near 15° 2θ can also be observed from the film (100) peak, indicating the 

film also has strong diffracting power and high degree of orientation.  The broad peak 

near 29° 2θ is ascribed to Ta2O5, which can form if the base pressure during the tube 

sealing process is too high.  The sensitivity of the films to residual oxygen in the tube 

upon heating was the impetus for the development of a guarded, high vacuum tube 

sealing method (see Fig. 2).  Prior to the development of this method only poor quality 

samples could be prepared. 
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Fig. 6  The θ–2θ x-ray diffraction pattern from a CTS film prepared on YSZ (upper 
pane) and a calculated CTS powder pattern (lower pane).  The presence of multiple 
(h00) diffraction peaks and the suppression of polycrystalline peaks of type (hkl) 
indicate that the film is preferentially oriented along [100].  Substrate peaks are 
indicated by an asterisk.  The film and substrate exhibit significant diffracting power 
as even low intensity Cu Kβ impurity radiation is diffracted.  The film pattern sits on a 
large background intensity, which may result from detector saturation/re-
normalization problems due to the extreme high count intensities generated by the 
bulk single crystal substrate and oriented thin film. 
 

 

Cu3TaCh4-xChx Solid Solution Thin films 

The ex-situ annealing process allowed for preparation of CT(S,Se) and 

CT(Se,Te) solid solution thin films by annealing as-deposited CTSe films in evacuated 

fused quartz tubes containing powder mixtures of CTS and CTSe or CTSe and CTTe.  

To verify incorporation of the substituted chalcogenide atom, the position of the (100) 

reflection in the thin film XRD pattern was monitored and elemental concentrations 

were measured using electron probe microanalysis (EPMA).  The low angle (100) 
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peak (15-16° 2θ) was chosen rather than higher angle peaks because it exhibited the 

highest intensity and best peak shape, which facilitated accurate peak position 

determination.  Moreover, peaks present at higher (more accurate) angle in one film 

were not necessarily present in a different film (cf. the (200) reflection of CTSe is 

strongly suppressed, yet strong in CTS).  Fig. 7 shows the position of the normalized 

(100) XRD peaks for thin films of CTS, CT(S,Se), CTSe, and CT(Se,Te), which show 

good agreement with the angular positions predicted by Vegard's law on the basis of  

 

Fig. 7  The normalized (100) XRD peaks from thin films of (L to R) CT(Se,Te), 
CTSe, CT(S,Se), and CTS.  The calculated (100) peak positions for pure CTTe, CTSe, 
and CTS are shown as lines. 
 

 

the measured chalcogenide ratios (Fig. 8 and Table 1).  Preparation of a single phase 

CTTe film was not attempted although majority phase powder synthesis was achieved.  

Also shown as lines are the positions of the (100) peaks for CTS, CTSe, and CTTe 
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calculated from single crystal refinement data (1, 26).  In the case of the CT(S,Se) 

film, movement of the (100) peak to higher 2θ relative to pure CTSe is indicative of a 

contraction of the lattice due to substitution of Se by the smaller S, thus indicating that 

a CT(S,Se) solid solution thin film has been prepared.  Analogous peak movement to 

lower 2θ was observed in the case of the CT(Se,Te) film where the larger Te 

substitutes for Se.  These results indicate that smooth modulation of the optical and 

electronic properties within the CTQ family of compounds may be realized with 

chalcogenide solid solutions.  Previous work has also shown optical band gap 

modulation among metal solid solutions of the Cu3M1-xMxCh4 (M = Ta, Nb, V) 

family of compounds, making the sulvanite class of materials potentially quite 

versatile (1).  Also, EPMA and XRD indicated that as-deposited CTSe films could be 

completely sulfurized by annealing the CTSe film in pure CTS vapor such that a 

CTS4-xSex with x ~ 0.0 could be prepared from an as-deposited CTSe film. 

 As verification of the lattice parameter changes predicted by Vegard’s Law, 

the d-spacing [for the (100) plane, d = alattice] of several Cu3TaCh4-xChx solid solution 

thin films are plotted as a function of the chalcogenide molar concentration, x, which 

was measured using EPMA (Fig. 8, open circles).  The solid lines represent the 

predicted value of the lattice parameter based on Vegard’s law (27).  For the x = 0 and 

x = 4 endpoints, the single crystal lattice parameters were used.  The film lattice 

parameters are in are close agreement with the lattice parameters predicted by 

Vegard’s Law.  The data from Fig. 8 is summarized below in Table 1.  Note that the 

chalcogenide molar ratios of the powder mixtures used for annealing the CT(S,Se) 
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films differ from the measured film ratios.  For example, a 3:1 S:Se powder mixture 

yields a thin film with a S:Se ratio of 3.59:0.41, indicating that at these annealing 
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Fig. 8  The lattice parameters of several Cu3TaCh4-xChx solid solution thin films 
plotted as a function of the molar chalcogenide concentration, x, as measured by 
EPMA (open circles).  The solid connecting lines represent the lattice constants 
predicted by Vegard’s Law.  
 
 
 
 
 
 
Table 1  The molar chalcogenide concentration x in Cu3TaCh4-xChx for solid state 
solution powders and thin films.  EPMA was used to determine the film x, and the     
d-spacing calculated on the basis of Vegard’s Law.  Measured d-spacings are 
determined from the position of the (100) peak in the film x-ray diffraction pattern.  
The calculated d-spacing of the pure compounds are single crystal lattice refinements. 
 

powder x film x in 
CTS4-xSex dmeas (Å) dcalc (Å) film x in 

CTSe4-xTex 
dmeas (Å) dcalc (Å) 

0 -- 5.4999 5.5036(4) -- 5.6622 5.6535(7) 
1 0.41 5.5186 5.5190 1.03 5.7277 5.7247 
2 1.46 5.5564 5.5583 -- -- -- 
3 2.09 5.5877 5.5819 2.95 (calc) 5.8572 5.8572 
4 -- 5.6622 5.6535(7) -- -- 5.930(2) 
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temperatures S is the favored chalcogen.  However, for the CT(Se,Te) system, 

powder and film chalcogenide ratios are in closer agreement, perhaps due to closer 

vapor pressures of CTSe and CTTe. 

 

Optical Properties 

The spectral dependence of the transmission and reflection coefficients for the 

CTS film of Fig. 4 (d = 200 nm) is shown in Fig. 9.  Intensity modulations in the T and 

R spectra as a function of wavelength are due to interference of reflections at the air-

film and film-substrate interfaces.  The wavelength-dependent index of refraction is 

plotted in the inset.  From 477 nm to 852 nm n varies from 2.45 to 2.19.  These 

observations are consistent with a refractive index n = 2.30 measured at 632.8 nm 

using a prism coupler.  The transmission coefficient of the CTS film averaged over the 

visible spectrum is 55% and the reflection coefficient is 21%.  This value of T is not 

very large, but thinner films of ~ 100 nm show larger transmission coefficients of 65-

70% raw T over the visible range.  The reflection-corrected transmission spectrum 

T/(1−R)  e-αd provides a measure of the absorption coefficient.  The rapid absorption 

change near 360 nm signals the band gap, while the intermediate absorption over 450-

700 nm (indicated by vertical bars) may be related to the PL absorption.  CTSe thin 

films exhibit similar spectra but show a delay in the onset of transmission compared to 

CTS due to the lower band gap energy.  The large indices of refraction, which also 

extend into the near IR, may make CTCh a useful element of a dielectric mirror.  Also 

in shown Fig. 9 are images of as-deposited and CVA-treated CTCh films.  The as-

deposited films are very dark and amorphous, while 
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Fig. 9  The spectral dependence of the transmission T and reflection R coefficients for 
a 200 nm CTS film on a-SiO2.  Also plotted is T/(1−R) = e-αd, from which the 
absorption coefficient may be obtained.  The inset shows the wavelength-dependent 
refractive index for this film.  Below, images of crystalline CTS and CTSe films on 
glass and YSZ after CVA and a piece of blank glass for reference.  Also shown are the 
as-deposited films, which are dark and amorphous. 
 

 

the annealed films are crystalline and highly transparent.  A blank pieces of glass is 

shown for a reference.   

Electronic structure calculations show that materials of the group Cu3TaCh4 

have indirect band gaps (20, 21).  Formally, the band gap energy for an indirect-gap 

material is found by plotting the product (αE)1/2 vs. E and extrapolating the linear 

portion of this curve to the energy axis. 
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Fig. 10  (αE)1/2 vs. E indirect band gap analysis for a CTS film on a-SiO2.  The 
extrapolated film band gap of 2.7 eV agrees well with the position of the fundamental 
optical absorption at 2.75 eV for a CTS single crystal.  An image of a CTS single 
crystal is shown at right.  When viewed in transmission, the crystal appears light 
yellow. 
 

 

The result of this analysis for a CTS thin film is shown in Fig. 10 in which the band 

gap energy is ~ 2.7 eV, in good agreement with the spectral position of the 

fundamental onset of absorption for a CTS single crystal located at 2.72 eV (Fig. 10).  

The broad sub-bandgap absorption in the CTS film absorption spectrum of Fig. 10 

may be caused by defect states in the band gap, which could also account for the 

observed PL.  The position of this feature is roughly consistent with the PL peak at 

543 nm measured from CTS powder and a thin film, shown in Fig. 11.  The PL from 

CTS powder is intense and easily visible to the eye, while the CTS film PL is much 

weaker.  This film had no apparent PL when viewed under UV light, although some 

films emit brightly, as show in Fig. 11.  A preliminary explanation correlates increased 
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Fig. 11  CTS powder and thin film photoluminescence spectra.  The film spectrum 
was obtained from a film with no apparent photoluminescence when viewed under a  
UV lamp.  Some films were brightly luminescent (below) depending on the annealing 
conditions.  Preliminary indications are that brighter luminescence correlated with 
lower tube sealing pressures afforded by the guarded manifold of Fig. 2. 
 

 

PL brightness with lower tube sealing pressures, possibly due to fewer impurities.  

CTSe powder shows a PL peak at 623 nm, but a simple UV lamp is not a sufficient 

excitation source so a nitrogen laser was used. 
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Previous measurements have shown that a direct correlation exists between 

the Cu vacancy concentration (VCu) of CTS and the PL intensity (1).  Cu-deficient  

Cu3-xTaS4 (x = 0.0-0.1) powder revealed heightened PL intensity relative to 

stoichiometric CTS powder, indicating that the VCu concentration plays a key role in 

the PL mechanism.  In Cu(I) containing compounds like LaCuOSe, VCu states are 

acceptor states, usually located just above the VBM.  Excitation spectra of CTS 

powder revealed no detectable PL until Eexcite ≥ Eg, indicating that the emission of light 

requires band gap absorption.  These data in conjunction with band gap measurements 

of single crystals can be combined to form a simple model of the PL mechanism in 

CTS in which band gap absorption is followed by decay to a VCu state (Fig. 12).  As 

such, the model indicates that the VCu level (the acceptor level) is over 0.4 eV above 

the VBM and out of the room temperature energy range.  Hence, CTS should be an 

electronic insulator at room temperature.  However, the model does not consider non-

radiative/infrared emission which may take place from the CBM to some other state in 

the band gap, followed by radiative decay.  This would have the effect of reducing the 

energy of the VCu state.  Nonetheless, this provides a reasonable, first order 

explanation for the insulating nature of these compounds.  Fig. 12 also shows a 

possible PL mechanism for W-doped CTS, in which a W donor state is created just 

below the conduction band.  Donor state doping is expected from W6+ substitution of 

the Ta5+ site.  This model accounts for the redshifted PL observed from CTS:W. 
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Fig. 12  Possible PL mechanism for CTS based on experimental data for the band gap 
and PL emission energy.  This model assumes that the decay occurs from the 
conduction band minimum, thereby placing the VCu level at 0.44 eV 
 

 

Electrical properties 

Seebeck coefficients measured at room temperature from sintered pellets of 

CTS and CTSe indicate p-type conductivity in both compounds, with values of +27 

µV/K for the sulfide and +24 µV/K for the selenide.  Modulation of the conductivity 

in CTQ pellets was achieved by doping Zr (increased σ) or W (decreased σ) into 

CTCh (1).  However, all pure/majority phase CTCh thin films prepared by the two-

step PLD/CVA process were electrically insulating following the CVA, as shown by a 

simple ohmmeter test.  But, if the films or crystals were directly heated in air on a hot 

plate at 150-200 °C for 0.5-2 min the films and crystals became conducting no matter 

how they were contacted (i.e. gold paste or stainless steel).  Preliminary evidence 

suggests the induced conductivity may correlate with the formation of an impurity 
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phase, detectable with XRD from films on a-SiO2, but more work is needed for an 

authoritative conclusion.  Given this, we measured the Hall effect from the (00l) 

aligned CTS film in Fig. 6 and found unambiguous p-type conduction with mobility of 

0.8 cm2/Vs, hole density 2.9 x 1020 cm-3, and resistivity of 27 mOhm cm (= 37 S/cm) 

with no detectable XRD impurity.  Note, however, that the high intensity substrate 

background makes impurity detection difficult, unlike films on vitreous substrates.  

The anomalous conduction properties of the film system may be related to the known 

ionic conduction properties of closely related Cu3VS4 (sulvanite) in which Cu+ ions 

are very mobile  (28).  Also, its likely that the sintering of the pellets caused 

significant loss of one or more elements, given their dark grey, semi-lustrous 

appearance, and this could have influenced the conductivity of the specimens.  

Powders synthesized in a sealed tube showed color indicative of the wide band gap 

(i.e. beige CTS and true brown CTSe) and should not be chalcogenide-deficient.  

For films prepared on a-SiO2, optical and electron microscopy revealed the presence 

of extensive micro-cracking on the film surface after CVA, which may be due to 

significant differences in the thermal expansion coefficients of the CTS film and the  

a-SiO2 substrate (Fig. 13).  Films prepared on YSZ and Si wafers did not show 

obvious micro-cracking following CVA.  It is unclear if the observed top-down micro-

cracking extends downward to the film-substrate interface, possibly increasing the 

resistance, but cross sectional SEM images did not reveal clear evidence of such 

behavior (Fig. 13).  However, the cross sectional SEM does indicate that the film is 

highly dense.  Even microcracked films could be made conducting with a hot plate 
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Fig. 13  Optical and electron micrographs of CTS on a-SiO2 exhibiting microcracks. 
 

 

anneal, but their Hall effect properties were unreliable.  Top-down images of CTS 

films prepared on a-SiO2 are shown in Fig. 13 in which the microcracking is clearly 

observable. 

 

Zr-doped CTS 

In order to test the apparent insulating nature of the CTCh film system, two 

methods of doping were attempted.  Previous work on sintered CTCh pellets indicated 

that substituting Zr4+ on the Ta5+ site is a suitable method of hole doping (1).  In the 

first method CVA doping was attempted by heating undoped, as-deposited CTS films 

with CTS:Zr powder.  If successful, annealing the film at 625 °C in the presence of 
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CTS:Zr powder would create a partial pressure of CTS:Zr(g) or a binary Zr-S(g) 

compound which could be incorporated into the film.  However, both undoped and 

purportedly Zr-doped films (we say purportedly because we do not know if doping by 

CVA is possible) were electrically insulating despite majority phase XRD patterns.  In 

the second method, films were prepared using a Cu3Ta0.9Zr0.1S4 sintered pellet as the 

ablation source and Cu3Ta0.95Zr0.5S4 CVA powder (10% doped powder was not 

available).  This film showed a majority phase XRD pattern, but was also electrically 

insulating.  In both doping methods, EPMA should be used to determine if Zr was 

transported into the films.  If successful, dopant transport by CVA would be a 

significant result.  CVA doping was also attempted with other, more volatile elements 

including P and In but the samples remained insulating.  However, in these cases it is 

unclear if the more volatile element was even incorporated into the powder as a 

dopant.  More work is needed to clarify the thin film dopability of these systems and 

anion CVA doing should be further investigated. 

 

Cu3TaCh4 Electronic Structure 

The electronic structure of Cu3TaCh4 (Ch = S, Se, Te) materials was calculated 

using Wien 2k (20).  The total DOS for CTS is shown in Fig. 14, and a zoomed-in 

view of the total DOS near the band edges for all three compounds is shown in the 

inset.  Note that the band gap decreases in the order CTTe < CTSe < CTS, in 

agreement with experiment.  The calculated gaps are significantly smaller than the 

experimental values, this being a well-known shortcoming of the LAPW method.  The 

PDOS results also indicate that the VBM is composed mainly of Cu 3s and S 3p 
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Fig. 14  Total density of states for CTS.  The calculated gap is 1.81 eV.  The inset 
shows a zoomed-in view of the total DOS for the sulfide, selenide, and telluride 
showing the observed trend in band gap energy.   
 

 

states.  The CBM is formed primarily from Ta 5d and S 3p states, with almost no Cu 

4s contribution near the CBM, in contrast to similar wide gap, Cu(I) compounds like 

LaCuOSe in which Cu 4s orbital are a major constituent of the CBM (29).  The 

selenide and telluride compounds exhibit nearly identical features, but with the 

appropriate contraction of the band gap energy.  The band structure of CTSe is shown 

in Fig. 15.  The band gap is indirect, with VBM at R and the CBM at X.  The band 

structures of CTS and CTTe are similar, but exhibit increased or decreased band 

curvature relative to the selenide depending on the size of the chalcogen. 
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Fig. 15  LAPW band structure for CTSe.  The VBM is located at R and the CBM is 
located at X.  CTS and CTTe show similar structures. 
 

 

Conclusions 

Cu3TaCh4 and Cu3Ta(Ch,Ch')4 solid solution thin films have been using a two-

step growth procedure involving PLD and ex-situ annealing in chalcogenide vapor.  

An alternate polycrystalline CTS film synthesis method involving the fabrication of 

stacked Cu-Ta multilayers and rapid heating in flowing H2S(g) has also been 

presented.  Films prepared on a-SiO2 and YSZ exhibit (100) preferential orientation 

and are transparent over the visible spectrum when Ch = S and lightly colored when 

Ch = Se.  Optical absorption measurements of CTS single crystals reveal a band gap 

energy of 2.72 eV, while diffuse reflectance measurements of CTSe powder show a 

band gap of 2.35 eV.  Solid state solution thin films show d-spacing changes in good 
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agreement with Vegard’s Law.  CTS powder exhibits intense, visible 

photoluminescence ( max = 543 nm) when illuminated by a UV lamp, while the 

selenide shows a weaker, red shifted PL peak at 623 nm.  CTCh films are electrically 

insulating unless they are heated on a hot plate in air for 0.5-2 min at 150-200 °C.  For 

a CTS film on YSZ, the electronic properties measured after air heating were hole 

mobility of 0.8 cm2/Vs, hole density 2.9 x 1020 cm-3, and resistivity of 27 mOhm cm 

(=37 S/cm).  After CVA, CTCh films on a-SiO2 exhibit surface microcracking, while 

films on YSZ do not.  Undoped pellets exhibit p-type conduction and conductivity 

modulation capability from Zr and W-doped pellets.  Electronic structure calculations 

show that the VBM is composed of Cu 3d and Ch 3p states while the CBM is 

primarily Ta 5d and Ch 3p states.  The calculated band gap indicates that the transition 

is indirect.  The optoelectronic properties CTCh compounds and their isotropic crystal 

structure indicate that these materials could be applied in a variety of transparent 

electronic and photovoltaic applications. 
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Abstract 

Thin films of BaBiO3 and Ba1-xKxBiO3 have been prepared on vitreous SiO2 and 

single crystal MgO (001) substrates using pulsed laser ablation of ceramic  

Ba1-xKxBiO3 (x = 0, 0.1, 0.4) targets.  Measurements of the film composition reveal 

that BaBiO3:K films are K-deficient with respect to the target nominal K concentration 

by as much as half.  Films deposited onto glass substrates show polycrystalline 

orientation, while films on MgO (100) exhibit strong [100]-directed growth.  Seebeck 

coefficient and resistivity measurements of a sintered BaBiO3 pellet reveal p-type 

conduction (+465 µV/K) and ρ = 2.2 kOhm cm, respectively.  Undoped and K-doped 

films with xfilm = 0.06-0.07 were electrically insulating, while a film with x = 0.17 

showed 15 Ohm cm.  UV–vis transmission spectra of BBO films exhibit a broad onset 

of transmission near 650 nm (=1.91 eV) ascribed to the fundamental bad gap and a 

peak near 420 nm (=2.95 eV) ascribed to intervalent charge transfer, imparting a 

violet-blue appearance when viewed in transmission.  Occasional microcracking of the 

BaBiO3 film surface was observed for films on SiO2 and MgO, which could be due to 

oxidative shrinkage. 
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Introduction 

The discovery of high temperature superconductivity in BaPb1-xBixO3 by 

Sleight in 1975 and began a vigorous and continuing research effort into the family of 

compounds based on the distorted perovskite BaBiO3 (BBO) (1).  Later, more interest 

was generated when it was found that samples which were heavily K doped, viz.  

Ba1-xKxBiO3 (BKBO), also showed superconductivity with maximum Tc = 30 K at  

x = 0.4 (2).  Excitement over these materials stemmed from the fact that these 

compounds were the first non-cuprates to exhibit such high transition temperatures 

and might provide clues to elucidate the mechanism of superconductivity.  More 

recently, BBO has generated interest as a strong photocatalytic material which 

oxidizes organic compounds in the presence of visible light (3, 4).  From a more 

fundamental vantage point, the parent compound BBO has been studied as the 

foremost example of Bi charge disproportionation (5, 6).  In BBO the formal valence 

of Bi is +4, and on this basis BBO is predicted to be metallic due to its half-filled 6s1 

band (6).  However, this is not observed experimentally, and BBO is found to be a 

semiconductor with Eg ~ 2 eV.  Rather than containing a single tetravalent Bi, the 

compound can be expressed as Ba2Bi3+Bi5+O6 in which the Bi atoms have 

disproportionated into their preferred 3+ and 5+ valence states giving rise to an 

ordered array of charge fluctuation, a so-called charge density wave.  Structurally, this 

is manifested as two distinctly different Bi–O distances which result in alternately 

expanded and contracted BiO6 octahedra (5, 7).  This can be envisioned as a frozen 

breathing-mode type displacement of the BiO6 octahedra.  The band gap is opened up 

between filled Bi3+ valence band states and empty Bi5+ conduction band states.  Thus 



 108 

the VB configuration in BBO should be Bi 6s2 and a good starting point for the 

development of p-type transparent conducting oxide (TCO) since holes created in the 

s-type VB should have high mobility (8).  This presumes that the Bi 6s level lie above 

the O 2p level in the VB.  This is not the case in Bi2O3 (O 2p lies above Bi 6s) and for 

BBO this has been a point of controversy and conflicting results, which photoemission 

experiments and DFT calculations have tried to resolve (6, 9).  Our interest in BBO 

began from the possibility of the ns2-type VB, even though the band gap is too small 

for use as a TCO.  Nonetheless, the gap might be engineered in such a way as to 

preserve the VB character and increase the visible transparency.  In particular, Ce-

doping of Bi has revealed the possibility of band gap widening with a trade off with 

increased resistivity (10).  Thus one may envision a p-type TCO evolving from hole-

doped Ba1-xKxBi1-yCeyO3.  In this chapter we present our results of thin film 

preparation and characterization of BBO and K-doped BBO (BKBO).  Our results 

show that BBO remains electronically insulating when K concentration is low and 

becomes conducting when x ~ 0.2.  Also, we present the results of thin film electron 

microprobe measurements which show that a large portion of K is lost during the 

deposition and/or the target sintering process.  In Figs. 1 and 2 we present our results 

of x-ray diffraction measurements of BBO films on vitreous and crystalline substrates.  

We also outline a method to produce high quality BKBO films using oriented template 

and passivation layers.  Finally, in Fig. 5, an optical micrograph of a severely 

microcracked BBO film on MgO is shown and discussed on the basis of oxidation-

induced cracking.   
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Experiment 

Thin films of BaBiO3 were deposited onto heated amorphous SiO2  

(a-SiO2) and single crystal MgO (001) substrates using pulsed laser ablation of 

ceramic BaBiO3 and Ba1-xKxBiO3 targets in a high vacuum chamber.  For target 

preparation, powders were first synthesized using stochiometric quantities of BaCO3 

and Bi2O3, thoroughly mixed and heated in air at 900 °C for 24 h.  This was followed 

by cold pressing at 1.5 tons and air sintering at 850 °C.  The resulting target was 

brown and 85% dense.  K-doped targets were prepared in the same manner, with 

K2CO3 and reaction and sintering temperatures of 800 °C and 750 °C, respectively.  

Volatilization of K during pellet sintering was suspected based on the appearance of 

the targets, which were darker than the undoped target with a glossy finish around the 

edges.  The density was not quite as high as the undoped target (60-70%), and the K-

doped targets were moderately or strongly hydroscopic depending on the doping level.  

Films were deposited in 100 mtorr of grade 4.7 O2 using a Lambda Physik Compex 

201 excimer laser (λ = 248 nm, τ = 25 ns) set to 10 Hz and 1.5-2 J/cm2.  The targets 

ablated easily due to the high absorbance of the targets.  The preparation of BKBO 

films on MgO consisted of two sequential steps in-situ beginning with (i) deposition 

of a thin, undoped BBO template layer at high temperature and (ii) deposition of K-

doped film at lower temperature to avoid excessive K volatilization.  The target was 

positioned 50 mm from the substrate, which was heated to 375-450 °C.  Room 

temperature depositions were also performed, but such films were optically 

transparent and insulating, most likely consisting of amorphous binary oxides of Ba 
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and Bi.  Films were cooled in the deposition ambient, or annealed at deposition 

temperature in 760 torr O2 for 1 h.   

Films were characterized by fixed incidence and θ–2θ x-ray diffraction (XRD), 

electrical conductivity, variable field Hall effect transport measurements,  

UV–vis transmission and reflection, and by electron probe microanalysis (EPMA).  

Fixed incident angle XRD spectra (Cu Kα) were measured using a Rigaku Rapid  

R-axis diffractometer while a Rigaku Miniflex tabletop diffractometer was used to 

acquire θ–2θ patterns.  For measurements using the Rapid R-axis diffractometer a 

two-dimensional area detection screen allowed reflections from a range of 2θ and χ 

angles to be acquired simultaneously.  Electrical conductivity from pellets and thin 

films was measured at room temperature in the van der Pauw configuration on a 

Lakeshore 7504 Hall measurement system.  For measurements of pellet electrical 

properties, Ag contacts were deposited using PLD at room temperature in 100 mtorr of 

N2.  Optical transmission and reflection spectra in the UV–visible range were 

measured using a double grating spectrometer coupled to a Xe light source and a Si 

diode detector.  Seebeck measurements were performed at room temperature on an in-

house designed system consisting of a Keithley 195A digital multimeter and a 

Tektronix DM 5120 digital multimeter.  EPMA was performed using a Cameca SX50 

electron microprobe using multivoltage thin film analysis. 
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Results and Discussion 

Structural Characterization of BaBiO3 Thin Films 

The XRD patterns from undoped BBO powder and a thin film are shown in 

Fig 1.  The film deposited in 100 mtorr O2 on vitreous SiO2 at 400 °C is pure phase 

and exhibits statistical orientation, which is easily noted from the close match in peak 

intensity ratios from the powder and film.  The XRD patterns from polycrystalline 

BKBO films appear identical to undoped films, with a slight peak shift to higher angle 

(smaller d-spacing) on account of the lattice contraction induced by potassium 

substitution.  The θ–2θ XRD pattern from a (00l) preferentially oriented 

BBO/BBOK/BBO film on MgO (100) is shown in Fig. 2.  The (00l) peaks are labeled 

and the substrate peaks are indicated by an asterisk.  In the lower pane, the pattern is 

plotted on a linear scale, and only high intensity (00l)-type peaks are observed.  In the 

upper pane, the same pattern is plotted on a log scale, and many additional 

polycrystalline peaks can be observed, including the most intense powder peak near 

29° 2θ.  However, the intensities of the (00l) peaks are greatly enhanced relative to 

their statistical distributions, and the (00l) peaks exhibit 2-4 orders of magnitude 

higher intensity than the polycrystalline peaks, indicating strong [100]-directed 

growth.  This film was prepared by first depositing a thin (~10 nm), undoped BBO 

template layer at 550 °C on the MgO (100) surface.  Due to the high temperature 

growth, this layer should be strongly crystalline or even preferentially oriented, 

providing an oriented growth template and near perfect lattice match for the K-doped 

middle layer (~400 nm), which was deposited from the x = 0.4 target at lower 
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Fig. 1  Thin film and powder diffraction patterns of BaBiO3 showing polycrystalline 
orientation. 
 
 
 
 

 

Fig. 2  θ–2θ XRD pattern from a (00l) preferentially oriented BKBO film on MgO 
plotted on log (upper pane) and linear scales (lower pane).  The peaks are labeled and 
substrate reflections are indicated by an asterisk. 
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temperature (350 °C) to prevent excessive volatilization of K at high substrate 

temperatures.  Finally, a thin layer of undoped BBO (~5 nm) was deposited to passify 

the hydroscopic K-doped middle layer.  The formation of an oriented, undoped 

template layer has been known to improve the overall quality of BKBO films (11). 

 

Optical properties 

When viewed in reflection, as-deposited crystalline films of BBO appear 

brown and shiny.  However, when viewed in transmission the color of the films is 

violet-blue.  This interesting feature is manifested in the UV–vis transmission 

spectrum of BKBO film (x = 0.06) on a-SiO2 as a broad 5-20% transmission hump 

located at 415-425 nm (Fig. 3).  The origin of this feature is most likely related to 

intervalent charge transfer between Bi3+ and Bi5+ (12).  K doping attenuates this effect, 

and the transmission hump intensity is decreased by an order of magnitude for a film 

with x ~ 0.17.  The reflectance (R) of the film over the UV–vis averages 19%, while 

no transmission (T) of light over this region (aside from the feature near 430 nm) can 

be measured until λ ~ 650 nm (=1.91 eV), at which point a broad onset of 

transmission begins.  The weak onset makes assignment of the band gap energy 

difficult, but literature values suggest about 2 eV, in reasonable agreement with the 

observed transmission onset in the films (13). 
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Fig. 3  The UV–visible transmission (lower pane) and reflection (upper pane) from a 
BKBO film with xfilm ~ 0.06.  The films appear brown when viewed in reflection and 
violet blue when viewed in transmission.  The feature near 430 nm in the transmission 
scan is ascribed to intervalent charge transfer between Bi3+ and Bi 5+ and gives the 
films their blue appearance.  The sharp lines at high wavelength are atomic Xe peaks. 
 
 
 

Electronic Properties 

The majority carrier type in BBO at room temperature was determined to be 

positive holes by thermovoltage measurements of a sintered BBO pellet with PLD Ag 

contacts in which an increasingly positive thermovoltage is measured as the thermal 

gradient across the sample increases (Fig. 4).  The Seebeck coefficient extracted from 

the linear fit to the data is 475 µV/K.  In all cases, undoped pellets showed room 

temperature conductivity with a simple ohmmeter test, while the undoped films were 

insulating.  This could be due to variable oxygen content in the films or a 

microcracked film surface.  Films could be made conducting only with significant K 

incorportation, and a film with x ~ 0.17 showed a resistivity of 15 Ohm cm.  Hall  
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Fig. 4  (Top) The room temperature Seebeck coefficient measured from a sintered 
BBO pellet with laser deposited Ag contacts.  Below, IV curves from a BBO pellet are 
plotted.  From left to right, the IV curves obtained using stainless steel tension 
contacts, colloidal Ag contacts, and laser ablated Ag contacts. 
 
 
 
 
effect measurements on this sample were inconclusive, exhibiting mixed carrier sign.  

For this film, Ohmic contacts were prepared using colloidal Au with gentle heating in 

air (60 °C, 10 min).  For the bulk phase, the room temperature resistivity measured 

from a sintered BBO pellet is 2.2 kOhm cm, in good agreement with the literature 

value of 2 kOhm cm (14).  In general, ohmic IV curves to BBO or BKBO films or 

pellets could not be obtained unless laser deposited Ag or colloidal Au was used, as 

both colloidal Ag and soldered or pressed In metal failed to give linear IV curves.  
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This is shown in Fig. 4 by the IV curves of a BBO pellet with various contacting 

schemes.   

 

Film composition 

Quantitative measurement of the elemental composition of undoped and K-

doped BBO films were performed using EPMA.  The results are summarized in Table 

1.  Films prepared from (pre-sintered) x = 0.1 and x = 0.4 targets exhibit significantly 

less K than the target, with xfilm values just over half (xfilm = 0.06-0.07) of the pre-

sintered value for x = 0.1 and well under half (xfilm = 0.17) for 40%.  This indicates that 

the sintered targets contain far less K than expected (as discussed in the experimental 

section), or that K is lost during film deposition, with both processes being likely.  

However, the sintered pellet K concentration is unknown, so it is difficult to determine 

when the K loss is occurring.  The K loss is also reflected in the (Ba+K/Bi) cation 

ratio, with all value less than then theoretical value of 1.  We note also that substrate 

heating can exacerbate the K loss, with greater K loss from films deposited at higher 

temperature.  The problem of K volatilization has been observed and is ameliorated by 

overdoping of K by as much as 100%.  Films deposited onto Si wafers with only a 

native oxide layer allow quantitative determination of the film oxygen content, while 

bulk oxide substrates like SiO2 and MgO make film oxygen quantification less 

reliable.  For sample 14 the cation:anion ratio is very close to the theoretical value of 

0.66, indicating that this sample is just slightly oxygen deficient (or cation rich, but 

this scenario is unlikely).  Also, this sample exhibits a cation ratio (Ba+K/Bi) closest 

to theory. 
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Table 1  Film composition data obtained from several Ba1-xKxBiO3 films using 
EPMA.  For K-doped films, the pre-sintered xtarget and the measured xfilm are notably 
different, suggesting that K is volatized in the laser plume or the target sintering.  Both 
processes are likely.  Samples 13 and 14 show total cation:anion ratios closest to the 
theoretical value of 0.66. 
 

sample no. xtarget (pre-sinter) xfilm (Ba+K)/Bi (Ba+K+Bi)/O substrate 
7 0 -- 0.947 0.832 a-SiO2 
9 0.1 0.06 0.871 1.524 a-SiO2 
10 0.1 0.07 0.891 0.739 a-SiO2 
11 0.4 0.17 0.940 0.749 MgO 
13 0.1 0.06 0.962 0.700 Si 
14 0 -- 0.982 0.679 Si 

 
 
 
 
Film Morphology 

Occasionally, BBO films deposited on a-SiO2 and MgO exhibit severe 

microcracking of the film surface.  An image of this phenomenon is shown in Fig. 5, 

an optical micrograph of a BBO film on MgO.  According to (15), this effect is 

attributed to variable oxygen content of the films.  That is, following the deposition of 

a nominally oxygen deficient film at a given temperature in oxygen ambient, the film 

will take up oxygen on cooling from the growth temperature and cause shrinkage of 

the lattice and induce cracking.  Hence, during growth, film oxygen deficiency should 

be minimized to avoid surface microcracking.  Lower temperature growth should 

favor reduced oxygen deficiency of the films but will decrease the crystal orientation 

of the films.  An alternative approach is to grow a thin, oriented nucleation layer at 

high temperature, then reduce the temperature for growth of the main film layer, as 
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discussed in the experimental section.  This method will allow for the growth of 

oxygenated films at lower temperature. 

 

Fig. 5  Optical micrograph of a BBO film surface on an MgO substrate exhibiting 
severe microcracking.   
 
 
 
 
Conclusion 

In summary, we have prepared polycrystalline and preferentially oriented films 

of Ba1-xKxBiO3 on vitreous SiO2 and MgO (100) substrates.  The undoped films and 

BKBO films (x = 0.05-0.07) are electronically insulating while an oriented film with  

x ~ 0.17 on MgO showed 15 Ohm cm.  The resistivity of a sintered BBO pellet is  

2.2 kOhm cm, in agreement with literature values (14).  The room temperature 

Seebeck coefficient was determined to be 475 µV/K.  Quantitative elemental analysis 

of the films reveals that BKBO films are K-deficient by as much as half of the target 

nomial K concentration.  Severe overdoping of K is needed to solve this problem.  

BBO films are strongly absorbing in the UV-visible range and show peaks attributed 

to Bi3+  Bi5+ charge transfer.  The band gap energy of BBO (~2 eV) is too low for 
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transparent applications, but the VB electronic structure may provide a high 

mobility transport path as a starting point for band gap engineering. 
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CHAPTER 7 
 
 
 
 

Conclusion 
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In summary, we have presented here our results of thin film growth and 

characterization of several wide–gap chalcogenide and oxide materials which may be 

applied in transparent electronics.  The method of pulsed laser deposition was described 

in terms of its key advantages and disadvantages, among which are the faithful 

reproduction of the target cation stoichiometry in the film, highly energetic ablated 

species, and experimental simplicity and flexibility.  The most significant limitations of 

PLD include the generation of micron-sized particles from the target and the difficulty in 

preparing uniformly thick coatings over large area.  All the samples investigated in this 

research were prepared by PLD. 

In chapter 3 we presented our findings on W-doped In2O3 and the remarkable 

result of a 3.2-fold increase in the electron mobility compared to In2O3:Sn.  In particular, 

we have prepared IWO thin films which exhibit µ = 112 cm2/Vs, n = 1.67 x 1020 cm-3, 

and ρ = 3.37 x 10-4 Ohm cm at ~ 450 °C on an amorphous substrate.  Also, we have 

summarized the unexpected mechanism of transition metal magnetic exchange 

interactions which account for the anomalously high mobility measured from W, Mo, and 

Zr-doped In2O3.  In particular, the exchange interactions impart spin distinguishability to 

the [WIn
•••Oi]• charge generating defects, such that free carriers now only “see” (that is, 

scatter from) a defect of the same spin.  The result of this is an effective two-fold 

reduction in the number of scattering centers.  Future work on this system may include 

investigations on the upper limit of the mobility in these compounds.  Also, the 

conductivity of In2O3:Sn remains significantly higher than In2O3:W due a larger carrier 

density.  Future research may be undertaken to increase the carrier density of IWO while 

maintaining the high mobility of carriers. 
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In chapter 4 we presented out results on the oxychalcogenide BiCuOSe.  In 

particular, we have demonstrated facile, high quality thin film preparations on a-SiO2 and 

single crystalline MgO and SrTiO3 substrates.  BiCuOSe is a black p-type semiconductor 

which exhibits high hole mobility of 4 cm2/Vs and a conductivity of up to 176 S/cm when 

Ca is substituted for Bi.  Electronic structure calculations reveal that the 6s2 outer shell 

electronic configuration of the Bi3+ ions account for the distinct chemical and physical 

differences of BiCuOSe (low band gap, low temperature in-situ preparation) and 

LaCuOSe (high band gap, high temperature ex-situ preparation). 

In chapter 5 we presented novel research on thin films of two members of the 

sulvanite class of materials, wide–gap Cu3TaCh4 (Ch = S, Se).  Using a two-step growth 

method consisting of PLD and ex-situ chalcogenide vapor annealing (CVA) we have 

prepared (100)-aligned films on both amorphous and crystalline substrates.  The band gap 

energies were measured to be 2.72 eV for the sulfide and 2.35 eV for the selenide.  The 

materials are p-type, and an oriented CTS film revealed a mobility of 0.8 cm2/Vs,  

p = 2.9 x 1020 cm-3, and ρ = 27 mOhm cm (=37 S/cm).  Also, we described a simple 

method to prepare thin film solid solutions of Cu3Ta(ChCh)4.  Future work on this 

system should include the fabrication of very high quality, highly dense ablation targets.  

This would improve film morphology greatly and perhaps make in-situ growth possible.  

Also, cation and anion doping by CVA should be explored more fully in conjunction with 

EPMA.   

Chapter 6 described the preparation of the charge-ordered compound BaBiO3 

(BBO). This material undergoes charge disproportionaton of Bi via 2Bi4+  Bi3+ + Bi5+ 

and an energy gap is opened up between the filled Bi3+ valence band and the empty Bi5+ 
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conduction band.  The 6s2 valence band configuration should provide a high mobility 

hole transport path, and band gap engineering with Ce alloying widens the 2 eV optical 

gap making this material a possible parent compound for a p-type transparent conductor.  

However, undoped thin films of BBO are electrically insulating, and only high levels of 

K doping would impart conductivity in the films.  Additionally, significant loss of K 

during the deposition and/or the target sintering represent non-trivial challenges to 

overcome.  
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Introduction 

The purpose of this appendix is to describe the OSU PLD facilities and our 

role in their design, implementation, and development.  In particular we show the 

results of hardware development and post-installation improvements necessary for 

film deposition and system reliability.  The OSU PLD systems consist of a single UV 

laser and two independent vacuum chambers—a custom built chamber from 

Thermionics (“Tli”), and a much smaller “turn-key” chamber by Neocera.  For the Tli 

chamber we describe the purpose of the major ports in addition to descriptions of 

pressure gauging, substrate heating, and others.  A similar treatment of the Neocera 

system is presented.  Also we show many images of the system components such as 

shadow masks, target holders, beam apertures, etc. designed and fabricated to improve 

system performance.   

 

PLD at Oregon State University 

The OSU PLD facility consists of a Lambda Physik Compex 201 KrF excimer 

laser (  = 248 nm,  = 25 ns) coupled to two independent vacuum chambers—a large 

volume, load-locked (LL), fully custom system built by Thermionics laboratory Inc., 

and a much smaller, “turn-key” system built by Neocera (Fig. 1).  The laser output is 

directed into a given chamber using two sets of mirrors and lenses, all of which are 

high grade UV silica.  The middle mirror is mounted on an (x,y) micrometer stage to 

either move the mirror into the beam path for the Neocera chamber, or remove it from 

the beam path for direction into the Tli chamber (Fig. 1).  The key differences in the 
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Fig. 1  The Tate Lab PLD facility at OSU.  Pulsed radiation from a KrF excimer laser 
is directed into one of two chambers using a moveable mirror in the middle of the 
optical tower.  External lenses focus the laser output through a UV-grade flange on the 
chamber body and onto a target inside the chamber.   
 
 
 
 
two PLD chambers are their respective base pressures (1 x 10-7 torr Neocera vs. 1 x 

10-9 torr Tli), materials usage (chalcogenide materials in Tli. vs. oxides and nitrides in 

Neocera), and systems control (Tli. is fully manual, while Neocera includes software 

integration).  In this section, we describe each system in detail with attention to the 

primary components like substrate and target manipulators, pumping and gauging 

systems, and gas systems.  We also show images and descriptions of various custom 

designed and fabricated hardware including shadow masks, target holders, beam 

apertures, etc. developed to improve system functionality. 
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Fig. 2  Backside view of the Thermionics PLD system.  Key components are labeled.  
The white tubing circulates cooling water from a closed cycle chiller to the main 
chamber body, target and substrate manipulators, and the main TMP. 
 
 
 
 

Thermionics PLD System 

An image of the Tli system is shown in Fig. 2.  The system consists of two 

gate-valve coupled chambers, the smaller of the two on the right in Fig. 2 is the 

sample load lock chamber.  Each chamber is pumped individually by TMPs backed by 

rotary vane mechanical pumps.  In the event of a power outage, mechanical pump-to-

TMP isolation valves close, safeguarding the chambers from atmosphere and oil 

backstreaming.  The LL chamber is designed to transfer films in an out of the main 

chamber under vacuum using a magnetic rotary feedthrough.  Only one substrate and 

one target may be transferred at a time.  The main chamber volume is drastically 
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larger.  During maintenance, the main chamber is vented through the LL chamber.  

The targets are transferred to a 6-target carousel holder, which has a manual stepper 

drive to move any single target into the path of the laser beam.  Note that since this 

system is fully manual, controlled switching of the targets is not possible, making 

multilayer film preparation difficult.  The target holder has Z-positional movement 

over ~10 in.  The substrate holder has (x,y,z) displacement capability, with high 

resolution a (x,y) micrometer and lower resolution z-positioning.  The z-positional 

movement is ~ 6in. 

 

Chamber Body and Ports 

The body of the chamber consists of ports ranging form 1” to 10” in diameter, some of 

which are unused at present.  The primary ports include 

- 10 main TMP coupled to a manual VAT gate valve 

- Vacuum gauging (nude ion, dual capacitance manometer) 

- Dual 4.5 laser entrance and laser energy measurement ports.   

- 8 target manipulator (TM) 

- Deposition viewports with shutters (8, 2.75, and 4.5) 

- 8 Substrate manipulator (SM) 

- 4.5 gas admittance port with variable leak valve 

The chassis of the chamber body is water cooled.  Additional unused ports include 

orthogonal RHEED gun and screen ports and an in-situ substrate laser annealing port, 

which requires additional external optics to direct the beam toward the substrate.   
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Target Manipulator (TM) 

The TM (Fig. 3) consists of a 6-target carousel with protective covering to 

shield the other five targets during deposition.  The TM has only z-displacement 

capability.  The ablated target is rotated during the deposition, but not rastered, thus 

forming annular features on the target surface.  Cone-shaped target holders are 

designed to fit 1 x 0.25 cylindrical targets, but with proper engineering various 

dimensions can be accommodated.  In practice, a target with the stated dimensions 

requires of order 15 grams of powder, which can be time consuming to prepare.  This 

is especially true for novel materials, which cannot be obtained commercially.  Thus 

the author proposes a using much smaller targets (3/8 x 1/8 thick) in a modified 

target holder.  This procedure has been demonstrated (see “Zr-doped CTS” in Chapter 

5). 

 

Fig. 3  The Tli target manipulator.  The TM houses six targets.  A motor drives the 
gears which rotate (but not raster) the target during the deposition.  Target switching is 
performed manually.  Water cooling lines are also shown. 
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Substrate Manipulator (SM) 

The SM houses two 500 W max bulbs which provide radiant substrate heating 

(Fig. 4).  K-type thermcouple, lamp power, water-cooling, and gas feedthroughs are 

located at the crown.  An (x,y) micrometer stage provides high resolution placement of 

the substrate above the ablation plume for maximum uniformity or off-axis deposition. 

This feature allows the user to place the film directly over the plume, thus maximizing 

thickness uniformity, or placing the sample off-axis for specialty depositions.  Z-

displacement of the substrate allows for a range of target to substrate distances raging 

from ~ 1” to ~ 6”.  The gas feedthrough is routed down to the substrate, thus forming a 

shower ring of gas (Fig. x.). 

 

Fig. 4  The Tli Substrate manipulator.  At left, the substrate holder is affixed to the 
manipulator, and removed at right, exposing the dual bulbs that provide radiant 
heating of metal to which the substrate is mounted.  The gas shower ring can also be 
seen. 
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Pumping System 

The pumping system for the main chamber consists of a Seiko1000 L/s (N2) 

magnetic levitation TMP (35k rpm normal rotation speed) backed by a BOC Edwards 

rotary vane pump.  The backing pump is lubricated with crytox oil, which permits the 

use of corrosive deposition gases like H2S.  To date, however, no such gas has been 

used (only Ar/H2, Ar, and O2) have been used.  The base pressure of this system is  

1 x 10-9 torr.  Isolation and vent valves are affixed to the backing pump foreline, as 

well as an oil mist trap.  A manually operated VAT gate valve is used to throttle the 

TMP when the deposition pressures are high (>10-4 torr).  For corrosive gas such as 

O2, and H2S, an N2 mass flow controller (MFC) couples to a purge port on the TMP 

and provides inert gas purging to protect the Tmp from corrosive damage.  For oxygen 

this is not as critical to use. 

 

Gauging  

Vacuum gauging is performed using three independent manometers.  A nude 

ion gauge is used to from base pressure to 10-5 torr, while a low pressure capacitance 

manometer (CM) is used in the range from 10-5-10-2 torr.  Another CM is used at 

higher pressures (10-3-100 torr).  The gauges are affixed to elbowed ports, which 

preclude film deposition onto the filament or diaphragm.  This is particularly 

important in the case of the CM, where deposition onto the diaphragm is the most 

common cause of failure or spurious readings.  Also, the CM ports include high 

vacuum valves.  The valves are closed before venting the chamber to keep high 

vacuum on the diaphragms as exposure to atmospheric pressure can offset the zero 
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calibration.   The IG emission current must be turned off when using oxygen gas, 

which will combust the filament. 

 

Gas System 

Deposition background gas is delivered using a variable leak valve coupled to 

a 4.5 feedthrough.  Gas can be routed in two ways—through a gas shower ring 

around the substrate, or straight through the feedthrough.  The position of a valve 

dictates which way the gas will be routed.  The system features additional 

pneumatically actuated valves.  The first is located on the gas shower ring line.  An 

electronic switch controls the pneumatic actuation of this valve.  In the event of a 

power failure during deposition, the switch opens and the valve closes.  This is to 

prevent unsafe pressure from building up in the system when a power outage trips the 

pump power circuit. 

 

Neocera System 

An image of the Neocera system is shown in Fig. 5.  A major difference from 

the Tli system is that this chamber does not include a LL and thus must be fully vented 

after each run.  As a result this chamber has a much lower working base pressure  

(1 x 10-7 torr) and is used for the growth of air-insensitive materials like oxides, 

metals, and nitrides.  The system will pump down to 2 x 10-8 torr with the gas 

manifold fully closed, requiring more than 24 h.  No component of this system is 

water cooled, adding another layer of simplicity.  All of the as-installed viton rubber 

gaskets were replaced with Cu gaskets upon arrival, substantially improving system 
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base pressure.  The system is computer controlled, which permits the fabrication of 

complex multilayer structures with precise layering and thickness control. 

 

Fig. 5  The Neocera PLD chamber.  The substrate manipulator flange is in the 
foreground.  The focusing lens is located in a custom plastic housing. 
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Neocera Pumping 

System vacuum is provided by a Pfiffer TMU 261P 210 l/s (N2) TMP backed 

by a Pfiffer MVP 055-3 3.8 m3/h diaphragm pump.  A N2 purge valve allows short, 

repeated pump/purge cylces to be performed after each venting, if desired.  Thus the 

system can pump quite quickly.  

 

Substrate Manipulator 

The SM consists of a 2 diameter inconel block with four tapped holes where 

substrate clips are applied.  The substrate is clamped directly to the block and optical 

interference fringes indicate sufficient thermal contact to the block.  The SM has no 

rotational control, so accurate plume-substrate alignment is important.  However, the 

SM does offer a range of fixed (x,y,z) placements that must be set prior to pump down 

and cannot be modified during film deposition. 

 

Gauging 

In the range of base pressure to 10-5 torr, a Pfiffer PKR 251 cold cathode gauge 

is used.  In the higher pressure regime, a convectron gauge is used from 0.1 torr-

atmosphere.  The convectron gauge is calibrated for N2, and uses no gas correction 

factor for air, O2, or N2 from 0.1 torr to 760 torr.  For Ar, gas correction factors must 

be used over the entire pressure range. 
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Target manipulator 

The Neocera TM holds six 1 targets or three 2 targets.  Motors on the TM 

allow for computer controlled target rotation and rastering, affording near 100% target 

surface usage.  This perhaps the most significant advantage of this system compared to 

the Tli system.  Rotational velocity and raster speed control are also available.  

Custom target holders were fabricated to hold the targets, two of which are spring 

loaded, and the others are C-clamp type (Fig. 6).  Thus, an epoxy-based bonding 

method is avoided, allowing for easy target switch-out.  For multilayer growth, simple 

programs may be written using the software GUI. 
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Fig. 6  Upper Left: a modified adjustable parallel used to clamp down a square 
substrate for scoring and cleaving.  The wedge can be moved along the edge and 
serves as a straight edge to score the glass. A few millimeters of vertical clearance was 
built in so the straight edge never touches the film surface.  Also shown in upper left 
are clips made from 10 gauge wire and spot welded to a 2-34 washer.  These are used 
to clamp down the substrate to the heater block, providing firm pressure.  At upper 
right, a BaBiO3 target clamped to the target holder using a custom designed mini  
c-clamp allowing for easy target switch-out.  A set screw allows a range of target 
heights to be accommodated.  At lower left, several different style shadow masks.  In 
the lower left image, the bottom far left piece is a substrate chuck for a 10 x 15 mm 
substrate.  The chuck includes locating holes for a mask that fits over the substrate, 
giving perfect alignment.  All of the other mask with small locating holes in their 
corners are used with this chuck.  Some of the masks were laser-cut, but the chuck and 
the cross (upper right) were custom designed and fabricated at OSU. 
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Fig. 7  (Upper image) Custom plexiglass housing for the focusing lens for the Neocera 
system.  The housing prevents dust accumulation and absorbs diffuse UV scattering 
when the beam is incident on the surfaces.  For added safety, this lens has a double 
side 248 nm antireflection coating.  (Below) Custom plastic covering for the entrance 
port window with inert gas purge. 
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Fig. 8  (upper L image, from L to R) Deposition sides of masks used to deposit 
electrical contacts onto films patterned with the hall mask, an arbitrary four-point in-
line pattern, and contacts on the surface of a pellet.  The holes are countersunk to 
reduce shadowing.  At above right, the reverse side of the masks.  The square shaped 
mask was fabricated with a slight depression on the film side.  In this way, the mask 
only touches the film at the site of the contacts and does not scrape the film center.  
This is important because film integrity is important for good electrical measurements.  
The bottom image is a BaBiO3 film with gold PLD contacts deposited with this mask.   
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Fig. 9  An assembly used to protect the Neocera laser entrance port from becoming 
coated from the ablation plume.  The assembly is a housing for a one side, 248 nm 
antireflection (AR) coated sacrificial window.  The image at left is the side which 
faces the ablation plume.  The circular holes are blind pumping ports.  At right is the 
laser incident AR coated side.  The beam traverses the rectangular cut out on its way 
to the target.  After some time, the sacrifical window will become dirty from the 
plume and require cleaning (this can be seen in the image).  But since we have 
deposited only on the sacrificial window and not the laser entrance port, all we must 
do is rotate the window to a new position.  Thus the entrance port never “sees” the 
plume and must never be cleaned.  In this way a safer double side AR coated entrance 
port may be used and will never be scratched from cleaning.  The assembly fits inside 
the laser entrance port.  Talk about a slick solution. 
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Fig. 10  Custom graphite “bunk bed” crucibles fabricated for annealing Cu-Ta metal 
layers in a less than 1 inner diameter tube furnace under flowing H2S gas.  Each 
“bunk bed” fits several ~ 0.5 cm films.  The bunks are then staked on each other with 
pegs.  The furnace used for these anneals has a significant longitudinal temperature 
gradient, and this method afforded more uniform heating since there is no thermal 
gradient in the z-direction. 
 


