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CHAPTER 1

Introduction
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In this dissertation we present our findings om fiims of several inorganic
compounds prepared by pulsed laser depositionrasfphe overall research theme,
materials for transparent electronics. Our go#&b igrow and characterize thin films
of materials which exhibit high transmittance ghli with wavelengths spanning
400-2500 nm and, concurrent with the property ghliransmission, films of these
materials (or the doped material) should exhikatphoperty of electrical conductivity
of order 1 S/cm or more. We can thus specify lieente of this research as the
development of n-type and p-type transparent samiectors using the thin film
growth method of pulsed laser deposition (the tgpichapter 2). There are many
notable examples of transparent semiconductorstoped 1nO3 (ITO), Al-doped
ZnO, F-doped Sn§and CuAlQ (1-3). These materials form a sort of “hall ainie’
of transparent conducting oxides, with the firsethn-type materials having a long
tradition of scientific interest and industrial ipptions and the last material forming
a new paradigm (now just over a decade old) fope-transparent conductors. These
materials may find application anywhere a transpagectrode is required, such as a
top contact in a photovoltaic cell, source andrdaintacts to a transparent thin film
transistor, and numerous display applications.aAesult these materials are in quite
large demand, especially for solar and displayrteldyies, and have a significant
economic impact. However, even though many ofdhg-standing archetypical
n-type materials have fulfilled their purpose inmpapplications, new research aims
to improve upon their properties, and, perhaps nnggortantly, develop
complementary p-type materials with similar contucproperties. As it stands

however, the conductivity of present-day p-typediartors like CuAlQ,
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LaCuOSe:Mg, and BaCuTeF are some 1-3 orders of imn@gnower than the n-type

materials (1, 4, 5). As a result, the performamfcgansparent complementary devices
are limited by the p-type layer. Nonetheless,dpa@nent p-n junctions have been
prepared (6). In the p-type oxides the carrier ititgls often very small

(~0.1-1 cnMi/Vs) which is attributed to the high electronegiyivf oxygen attracting
positive holes. This has lead to the idea of uksg electronegative anions like S, Se,
and Te which would be less inclined to trap hoM#& explore several chalcogenide
containing compounds in chapters 4 and 5.

In chapter 2, we present a summary of the gubsser deposition thin film
growth technique. This method was used to preplad the samples for this
research. The key concepts, advantages, andtionisaare discussed.

In chapter 3, the results of our work on@g:W are presented. We have found that
this material exhibits significantly enhanced carmobility compared to h®©3:Sn

and as a result transmits infrared light more éffety. Additionally, we summarize
the calculated mechanism leading to the highly heatarriers. Chapter 4 highlights
our results on thin film BiCuOSe. This materiaht transparent in the visible range
(although it does show infrared transparency) bag of interest to our group because
it is closely related to BaCuSF and LaCuOSe tramspaonductors, being of the
same crystal structure. The findings include @ddan-situ thin film preparation and a
discussion of the electronic structure of BiCuOBmpared to LaCuOSe transparent
conductor. Our results on ¢llaQ, (Q = S, Se, Te) thin films are presented in Chapte
5. Notably, the work here is the first ever repdrthin film preparation of these

compounds despite a long history of powder andtargseparation. We discuss these



materials as possible transparent conductors askpt some their favorable
optoelectronic properties including a cubic (ispto) crystal structure, p-type
conductivity, wide band gap energy >2.3 eV, andnst visible photoluminescence.
Chapter 6 is the final material development chaiot@rhich we discuss our results on
BaBiO;. Our interest on this system began from repartéhe valence band
electronic structure which indicated that BaBi@ight have a high mobility hole
conduction path. In the films this was found rbe the case as the hole mobility
could not be measured due to the high resistifith® films. However, this chapter
does report our work on the preparation of highigualms and their associated
properties.

In the appendix, we highlight our work on the designplementation, and
development of the pulsed laser deposition teclaniguhe Tate Laboratory at Oregon
State University. Many components used with thetesys had to be designed and
fabricated including shadow masks, laser beam aq@sitsubstrate and target
mounting systems, and scattered light safety enoéss 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 depoéPLD) thin film growth
technique are discussed. The merit of PLD ligssiability to faithfully transfer the
target stoichiometry to the film, provide energetidated particles with high adatom
mobility, simplicity and flexibility of implement&in, and versatility for materials
exploration. Its disadvantages include the germeratf micron-sized particles and a
non-uniform thickness distribution over large ar&de discuss some of the key PLD
processing parameters including the role of a backgl deposition gas, laser
wavelength, and particulate generation. PLD islaable research tool capable of

growing high quality films with complex structuracaichemical makeup.



Introduction

In this chapter, we discuss many of the basic qaisaef PLD which will be
relevant to subsequent chapters of this dissentatiio fact, in all succeeding chapters
PLD was used to prepare the samples for this relsedelow we give a brief history
of the method, describe its key parameters, araigssits advantages and
disadvantages. As a supplement to this chapté&ppendix A we describe the OSU
PLD facilities and our role in their design, implemation, and development. In
particular we show the results of hardware devekrand post-installation
improvements necessary for film deposition andesysteliability, including shadow

masks, target holders, beam apertures, and others.

Background

The success of pulsed laser deposition as a thrgfiowth technique was
demonstrated during the 1980s with the growth efakide superconductor
YBa,CuO7.5 (YBCO) where it was found that PLD was the onlytfilm growth
method which accurately reproduced the target lsimicetry in the film (1). In
YBCO, the superconducting transition temperaiigrand the critical current density
Jc depend strongly on the relative stoichiometryhef films. Deviations from the
proper film chemistry result in samples with redilieead broadene®. and lower..
With PLD, high quality films of YBCO with sharp taition temperatures could be
prepared (1). With other methods like sputtering thermal evaporation such results
could not be obtained due to the variable stoicleioynof the films caused by

differing sputter and evaporation rates of thevitiial elements. On the other hand,



PLD has excelled at congruent evaporation of corpiaterials of widely varying
evaporation rates. In the years following, PLCabBshed itself as a method for the
growth of chemically and structurally complex matkr with high crystal quality. In

the following sections, we discuss some of theadspects of this technique.

Pulsed Laser Deposition

A schematic of the PLD process is shown in FigAllaser beam of
wavelength\ and pulse width is directed into a vacuum chamber and focused onto
the target surface. For sufficiently high beamrgies, a plasma of target material is
ejected from the surface and deposited onto thstaib opposite the target. If the
laser beam energy is too low, below the threshmicblation, the laser radiation will
serve only to heat the target and cause thermaloeaon. The substrate and target
are often rotated to enhance deposition and ablatiformity, and a background gas
may be used to enhance gas phase chemistry oraliegrthe high energies of ablated
species. Thus PLD is conceptually quite simpledficrds many key advantages
including stoichiometric cationic transfer of tte@det material, highly energetic
ablated species with high adatom mobility (kinethergies up to hundreds of eV), and
sub-monolayer growth control (1, 2). AdditionaNyidely versatile material
explorations are possible with PLD since almost mayerial can be ablated with
sufficiently high power densities now easily aclaible with nanosecond UV lasers.
Also, since the power source is totally decoupltedhfthe vacuum chamber, one laser

may be shared among multiple chambers, providisg edectiveness. Some of the
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UV laser pulse
substrate
heater

/ ablation plume

rotating target
holder

Fig. 1 Simple schematic of the PLD process. Ald&ér pulse traverses a UV-grade
silica entrance port and is focused onto a rotaanget surface. An ablation plume
of energetic species is created and collected @hiated substrate surface some
distance away, typically 1-5 cm. The decouplingoiver source and vacuum
chamber affords flexibility and simplicity.

drawbacks include a highly forward-directed plumthwarrow angular distribution

of ablated species and the generation of microedsmarticulates on the film surface.

Background Gas Pressure.

During PLD, a large dynamic range of backgroundmassure ranging from
UHV to 1 torr may be introduced into the chamberitig a number of effects on the
film properties and deposition process. Relatovddposition in UHV, the gas will
Scatter, attenuate, and thermalize the energylafeabspecies, thus altering key
aspects of film growth including deposition ratkime spatial distribution, and film

morphology and microstructure (1). The role of ¢fas may be to enhance gas phase
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chemistry—for example, deposition of YBCO in an g&g ambient promotes the
formation of YO in the gas phase, facilitating @nsport into the growing film. This
is important since fully oxygenated films are dedifor the highesk.. Naturally, the
use of Q is a common background gas used during PLD ofesxidDxygen is often
the most volatile component of the material beiagasited and may be lost in the hot
plume, where plasma temperatures in the range@3-86000 K have been estimated
from optical emission spectroscopy (1). An analegsituation would be the use of
H.,S gas for the deposition of ZnS. In other casesyrdle of the deposition gas is a
reactive element, as in the case of the depofionetal oxide films from pure metal
targets. In such cases, ambient oxygen is thessolece of the film anions. The
reactive mode of PLD can be quite efficient, withrhreactive cross sections for
metal ions in oxygen gas (2). Additionally, if gyris a concern, metals are often
available in ultra high purity. Furthermore, tleactive mode is the preferred choice
for PLD of very wide gap materials like MgO, whiale difficult to prepare from the
ceramic due to it's low optical absorbance in nadghe UV. In vacuum, the energy
of ablated particles can range from 1-100 eV. gkigeound gas pressure can
drastically reduce these energies to well below 11e 2). This energy thermalization
can be beneficial, since the very high energy glagiablated in vacuum can cause

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

Laser Wavelength
Ideally, the target material has high optical apson at the laser wavelength,

leading to reduced penetration depths and decreddation thresholds. In YBCO
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thin films, the choice of laser wavelength was shaavhave a drastic impact on the
film morphology, with the lowest particle densitinfs being prepared from the UV
output from a Nd:YAG compared to films preparedrthe visible and IR
wavelengths. This has been ascribed to much higWeabsorption, leading to
reduced penetration depths and smaller radiatidneed surface modifications, which
are exfoliated from the target during plume genenat To evaluate the effects of laser
power, let us consider a beam of electromagneti@tian with peak power! (in

W/cn¥) absorbed into a material with refractive indexThe corresponding electric

field will be given by

E:(zcb] ]

C&EN

wherec is the velocity of light andy the permittivity of vacuum. For a material with
n=1.5 and a laser pulse with=5 x 18 W/cnt the electric field generated inside the
material would be 5 x £Ov/cm, which is high enough to cause dielectricalown

in most materials (1). Indeed, PLD experienceeranof significant growth with the
advent of reliable Q-switched Nd:YAG lasers whi¢feced high peak power,
nanosecond pulse widths, and reliable UV outpunféd® and & harmonic

generation. At present, commercially available §$ lasers are the preferred choice
of researchers because they offer high power oulipedtly into the UV. Also, many
materials exhibit higher absorption coefficientsha UV region. In Table 1, some
common lasers used for PLD are listed with thetpotiwavelength, with excimer and

Nd:YAG lasers being the most prevalent, althouglogecond and femtosecond PLD
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Table 1 Common lasers used for PLD and their duwvelength. The subscript
on the Nd:YAG entries refers to their fundamerfralguency doubled, and frequency
quadrupled output.

Laser Output Wavelength (nm)
F, 157
ArF 193
Gas KrCl 222
KrF 248
XeCl 308
XeF 351
Nd:YAG; | 1064
Solid State Nd:YAG, | 532
Nd:YAG, | 266
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is becoming commonplace (4,5). For ceramic mdsgr@alaser output energy of
0.5-5 J/crfi (= 0.2-2 x 18 Wi/en? for 25 ns pulse) is usually sufficient for effinte
plume generation, while for metals higher powarsed, generally in the 5-15 J/tm
range due to their stronger cohesive forces and thigrmal conductivities. In
general, a laser pulse width of order nanosecadsad, since shorter pulses help to
keep the thermal diffusion length and ablated vawmall (1). This favors congruent
evaporation and reduced particulate generatiorw tégearch has recently been
undertaken on PLD using femtosecond lasers, wifehn wery high peak power (5,

6).

Particle Generation

One of the key disadvantages of PLD is the germrati micron-sized
particulates on the film surface. In Fig. 2, daekd and bright field optical
micrographs of an as-depositedsTas, film (see chapter 2) are shown, revealing a

high density of 1-5 micron particles. Particlegto$ size can have a detrimental

Fig. 2 Optical micrographs of as-deposited filh€asTaS, in dark field (left) and
bright field (right). Particles of ~1-5 mm are ebged from in both images. The
specs of light in the dark field image are duddhtlscattering from the particles. The
scale bar is 15 microns.
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effect on film properties including reductions ievice mobility, defect and

scattering center formation, and downgrade of aptiamage threshold of optical
coatings. The presence of these particles andititkiced defects have been the one
of the main drawbacks in widespread use of the Rh®pther begin the difficulty to
prepare uniform, large area coating due to theigihward-directed plume.
Normalizing the film thickness distribution has somery clever engineering
solutions, and large scale coating with PLD hasilsesmonstrated (7). However, the
particle or droplet formation is a more intrinstopblem. Several different
mechanisms of the droplet formation have been m®go Sub-surface boiling can
occur if the time required to transfer laser enendy heat is shorter than that needed
to evaporate a thin comparable to the skin deplttder this condition, superheating
of the subsurface occurs before the surface laggréached the vapor phase,
expelling molten droplets on the film (1). Anotheechanism of particle generation
originates from the surface modification of thegttrsurface induced after repeated
laser pulses. Laser induced needle-like microsiras form and can be dislodged by
thermal and mechanical shock from the laser puisgeneral, high target density and
smooth surfaces are desired to reduce the droptedity. If the absorption coefficient
of the material is large enough, a single crystedet may be used (8) and usually
imparts a large decrease in the ejected particisife Engineering solutions to the
particle problem include mechanical high pass vglditers which work on the
premise that the plume atomic species travel mastef than the heavy particles (9).
The faster, lighter species are passed to thersidstind the much heavier particulates

are deflected. This method can be effective bdiices the film deposition rate
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considerably. Other approaches include the usesetond UV laser beam which
intersects the plume. The second beam causesifiirigmentation of the

particulates in the plume (1).

Conclusion

In summary, we have presented the key conceptiDfvhich include
stoichiometric cationic transfer of the target miale highly energetic ablated species
with high adatom mobility, sub-monolayer growth ttoh and high flexibility of
materials exploration. PLD excels at growing higfality films of structurally and
chemically complex materials, proving to be an loahale research tool. The key
parameters of PLD growth of thin flms—backgrouras gpressure, laser wavelength,
and particulate generation have been discusseparticular, the ambient gas pressure
thermalizes the plume energy and enhances gas phaswstry, high optical
absorption at the laser wavelength is preferred,the production of micron-sized
particulates is an intrinsic process during PLDichiltan be mitigated by the used of

high density targets and crossed-beam PLD georsetrie
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Abstract

Thin films of transparent conductorlfW,O5 exhibiting electron mobility >110
cn’/Vs, carrier density of 1-3 x $0cmi®, and resistivity as low as 3.37 x4@®hm

cm at room temperature have been prepared on vgr8i) substrates using pulsed
laser deposition of ceramic,lD;:WO; targets. The highest mobility and conductivity
was measured from films with a W concentratiox 6f0.03 (= 1.5 cation atomic %).
Films deposited onto Sg3ubstrates are polycrystalline, while films pregbon

single crystal YSZ substrates exhibit [100]-dirgcggowth. In.,WxOs3 films show

high visible transmittance of ~80% due to large bgaypl energies of 3.8-3.9 eV.
Slight widening of the band gap with increasingfoarrier density (Moss-Burstein
effect) was observed, from which the electron e¢ffecmass was determined to be
0.3m.. Due to low free carrier density and high moilit,W,Os3 films show
extended near infrared transmission compared,@;i8n films. Low temperature
Hall effect measurements on high mobility /O3 films indicate that the electron
mobility is constrained by phonon scattering andaed impurity scattering. The
mechanism for the observed high mobility is ex@dion the basis of transition metal
magnetic exchange interactions, which impart sgtirdyuishability to théaM,, charge
generating scattering centers, resulting in arcéffe two-fold reduction in the their

concentration. XPS measurements reveal that Vigimrhobility IWO films exists in

as W' or W°*.
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Introduction

Indium oxide-based transparent conductors, espetiaOs;:Sn (ITO), have
been in use for half a century due to their kegtaittes of simultaneous high electrical
conductivity and visible transparency, low crystation temperature, isotropic cubic
structure, high manufacturing amenability, air ms#vity, and chemical and
mechanical robustness (1). Additionally;®3 has shown the ability to accommodate
many different cationic dopants aside from Sn idcig Ge, Si, and Zn (2, 3). Each
of these dopants increased the electrical condtyc{w) while maintaining the optical
transparency, with no distinct advantage for aipaler dopant compared to Sn.
Recently, however, a breakthrough inQg-based transparent conductors has been
discovered in which the incorporation of Mo, Zr, and W refractory metal dopants
imparts a 3-4 fold increase in the electron mop(lit) compared to O3:Sn (4-8). In
particular, evaporated thin films of.@z;:Mo (IMO) on glass substrates exhibit
1 = 130 cni/Vs with ¢ = 5900 S/cm, while sputtered and laser ablBd films have
demonstrated best-case mobilities of 83/&t% on glass and >95 &'s on yttria-
stabilized zirconia (YSZ), respectively (4, 6, Fhese mobility values are factors of
two to three greater than those measured in pdaliine ITO films prepared by PLD
(p = 3.60 x 10 Ohm cmn = 4.5 x 16° cm®, p = 38 cn¥/Vs) and single crystdlrO
thin films (o = 7.7 x 1@ Ohm cmn = 1.9 x 16" cm®, u = 42 cnf/Vs.) (10, 11).
Undoped, pulsed laser depositesDs films exhibit a mobility of 30-35 cfiVs (7).
The development of a high mobility transparent aantithg oxide (TCO) is significant

because increasing the carrier mobility, rathen tsienply increasing the carrier
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density, is the best route to optimizing the eleatrconductivity. In this manner,
transparency losses from free carrier absorptidghemear-infrared (NIR) are
minimized (12). The improved NIR optical propestighich result from the high
mobility carriers and lower carrier density maylameficial for TCO top contacts in
solar cells, which would transmit more solar ireadie to the absorber layer.

In this chapter we present the results of transpgtical, structural and
compositional measurements 0 JV,O3 (IWO) thin films prepared by PLD from a
series of low density and high density targets. SMaw that W is an effective dopant
for realizing a high mobility TCO. Significantlthese high mobilities are measured
from polycrystalline films prepared at moderate penatures on amorphous
substrates. Initial work on the IWO system wasdtmted with low density PLD
targets prepared in-house, and following our auspscmobility results higher density
targets were obtained which permitted the use aftmigher laser power. The use of
high laser power and high density targets allovieasfto be prepared with
predictable W concentration and smoother surfacehwogy. This made it possible
to prepare IWO films with the optimum W concentatfor high mobility. In
particular, using high density targets we have aireg polycrystalline IWO thin films
on glass substrates which exhibit 112 cni/Vs, n = 1.67 x 16° cmi®, and
p=3.37X 16 Ohm cm at room temperature. Transport measurenaghdw
temperature were also performed which reveal hergtd mobilities characteristic of
decreased phonon scattering and carrier concemtsatvhich are not thermally
activated down to 77 K. We also present resuttihfquantitative elemental analysis

of IWO films from which we determined the optimal &/ncentration for high
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mobility and showed that W is evaporated incongtlydrom the low density

targets when using low laser fluence of ~0.5 3/cm Figs. 4 and 5, we present our
thin film structural characterizations using fixedidence an®-29 x-ray diffraction.
These measurements show that IWO films preparer@mrphous Si®(a-SiQ)
exhibit statistical crystallite orientation, whiiéms prepared on yttria-stabilized
zirconia (YSZ) show (0 preferential orientation. In Figs. 6 and 7, thé-vis—NIR
optical properties of IWO films are presented. Dhed gaps of IWO films are
generally greater than 3.8 eV, which imparts higible transparency exceeding 80%.
A slight widening of the band gap with increasimgrer concentration has been
ascribed to the Moss-Burstein (MB) effect (13, I4)d the electron effective mass
calculated on MB framework is g, in good agreement with closely related systems
(9). Inthe NIR, the combination of high mobiléyd low carrier density imparts
IWO films with increased transmission and reduceé tarrier absorption compared
to a conventional mobility TCO like ITO with ~35 cnf/Vs (1, 12). Also, in Fig. 8,
high resolution x-ray photoelectron (XPS) measumsef high mobility IWO films
are presented which show that W in high mobilitj§ exist in a high valent state
such as W' or W?* and not a lower valent state. This result prowidsight into the
possible carrier generating defects in IWO. Finalsummary of the theoretical
framework elucidating the mechanism for high maypiln Mo-doped 1803 is
presented (15). The theory applies to IWO as (@&). We shall use defect notation
i.e. W™ is interpreted as W substitution onto an f site, which is triply positive
since the valency difference is three. Eadgldénotes a single positive charge.

Oxygen interstitials are denot€yland carry a doubly negative chargg (
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Experiment

Thin films of I, W03 were deposited onto heated GE 124 a,%iQ single
crystal YSZ (001) substrates using pulsed lasext@iol of ceramic I503:W pellets in
a UHV chamber with a base pressure of 2 X tir. For target preparation,
stoichiometric proportions of }0; (99.99%, Cerac) and W@99.99 %, Cerac) were
thoroughly mixed, and then pressed intaliameter pellets at 4.4 tons. The W
content wasarget = 0, 0.025, 0.0375, 0.05, 0.625, and 0.075, wbarhesponds to a
cation atomic ratio of 0-3.75%. The pellets wanéesed in air at 1500 °C for 4 h
with a heating rate of 300 °C/h and a cooling cdt800 °C/h. The sintered pellets
were approximately 60% of theoretical density. Tdrgets, polished prior to each
use, were ablated in pure(@) (99.997%) ambient by pulsed radiation from anbda
Physik Compex 201 KrF excimer las@ar£ 248 nmy = 25 ns) operating at 10 Hz.
The laser fluencedf) was constrained to ~0.5 J/thy the low target density as serve
pitting of the target surface resulted at higheetaenergies. Ambient,@as pressure
in the chamber during deposition was varied, amehi typically a few millitorr. The
target was positioned 45 mm from the substratechvivas maintained at a constant
temperature between 400 °C and 600 °C througheueposition. Deposition rates
for the 300-500 nm thick films varied between 0ad@l 0.1 nm/pulse. Both the target
and substrate were rotated during the depositi@mb@ance ablation and deposition
uniformity, respectively. After deposition, thénfis cooled in the oxygen atmosphere
present during deposition until they reached a tatpre below about 70 °C (about
30 minutes for a substrate temperature of 400 Hoy.each deposition, a custom-

made inconel shadow mask was used to patternlthg ifito a cross shape that
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facilitated subsequent transport measurements.itidddl work was carried out

with commercially prepared, higher density IWO &tsgwithXarget = 0, 0.02, 0.05.
The targets had densities of 68, 88, and 74%, céisply, and permitted the use of
higher laser fluence of 2-3 J/émithout target surface pitting. Similar oxygen
pressure and substrate temperatures were useeldarprthese series of films, but a
different, lower vacuum chamber was used (basespres- 1 x 10 torr), and films
were quenched in Nather than allowed to cool in the oxygen deposiambient.
Again, a-SiQ and YSZ (001) substrates were used. WO filmswpeepared from
single targets or multiple targets using IWQ@g multilayer processing, which
permitted adjustment of the film W concentratidfor multilayer processing, a simple
program was used to raster each target into threqfahe beam for a set number of
pulses to create multilayer stacks, with pulse t®and repeat units chosen on the
basis of approximate deposition rates and desiledsfoichiometry. Based on the
thickness of the individual multilayers (<10 nmyasubstrate temperatures (400-500
°C) uniform film composition was assumed. Addisabmultilayer films were
prepared from IWO targets and a high densityi8n 1403 target to investigate the
potential union of the high mobility propertiesigfO and the efficient carrier
generation and high conductivity of ITO.

Films were characterized by fixed incidence 8r80 x-ray diffraction (XRD),
electrical conductivity, variable field Hall effethnsport measurements, electron
probe microanalysis (EPMA), and by UV—-vis—NIR tnanssion and reflection. Fixed
incident angle XRD spectra (Cu,Kwere measured with a Rigaku Rapid R-axis

diffractometer while a Rigaku Miniflex tabletop fitdctometer was used to acquire
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0—-20 XRD patterns. For measurements using the Ra@difdiffractometer a
two-dimensional area detection screen allowedctfies from a range oftRandy
angles to be acquired simultaneously. Electrioaddaictivity and Hall mobility were
measured in the van der Pauw configuration on &&ladre 7504 Hall measurement
system at fields of 5-20 kG and 4-7 kG at room terafure and 77 K, respectively.
EPMA was performed using a Cameca SX50 electronopiobe with beam energies
of 10, 15, and 20 kV. Optical transmission andertion spectra in the UV—visible
range were measured using a double grating speeteonvith a Xe lamp source and a
Si diode detector. NIR transmittance and reflemtagpectra were acquired using a
Nicolet Nic-Plan microscope accessory fitted to agila 750 Fourier transform
infrared spectrometer. Spectra are the averagé@fourier transformed
interferograms over 11700-2100 ¢with 4 cni* resolution. Air and a Au mirror
were used for transmission and reflection backgiaalibration. XPS photoelectron
spectra were measured using a Physical Electr@Quesitera scanning ESCA using
monochrome Al x-rays with energy 1486.7 eV and sjmmeter 20Qum. An Ar+ ion
beam was used to sputter clean the sample sunfeceganalysis (0.5 min at 4.4
nm/min relative to Sig). Chemical quantification calculations were madang

established sensitivity factors (16).
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Results and Discussion
Electronic Properties from Low Density Targets

Fig. 1 shows the results of room temperature (shadhonds) and 77 K (open
diamonds) Hall effect transport measurements aseibn of film doping for a series
of IWO films deposited from low density targets @@atSiQ substrates. The films
were prepared under the same deposition conditibhsntorr Q, 400 °C, and 0.5
Jlenf). As can be seen from the figures, optimized réemperature transport
properties oft = 66 cnf/Vs, ¢ = 3.08 x 16 S/cm,n = 2.90 x 16° cm® were found
whenxim ~0.03. Increasing the substrate temperature 3 62wvhile holding other
deposition parameters constant (triangle) resuttedfilm with significantly improved
room temperature mobility and conductivity£ 104 cri/Vs, o = 3.34 x 16 S/cm,
n=2.00 x 16° cm®), and the equivalent film on a YSZ (001) singlgstal substrate
(cross) showegd = 112 cni/Vs ando = 4.50 x 16 S/cm, anch = 2.51 x 16° cm®
representing the best-case room temperature tremggalts from films prepared
using low density targets. These high mobilityuiesfor IWO films prepared at
moderate substrate temperatures are two to thmes yreater than commercial grade
or high quality ITO films and are comparable witrleer results from the IMO system
(4, 9, 10).

Transport measurements at 77 K on all films indiaenond series showed the
same general trends as the room temperature messnise(Fig. 1). The mobility and

conductivity increase up to~ 0.03 followed by a steady decrease at higherrdopa
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Fig. 1 Room temperature and 77 K Hall mobility, @nductivity (b), and carrier
density (c) for several IWO films prepared on fus@, and single crystal YSZ (001)
substrates. The triangle and the cross referad#st-case room temperature results
for films on fused Si@and YSZ, respectively. The lines are a guidénéodye. Other
symbols are explained in the text
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concentration. The elevated mobility at low tenapere is consistent with
decreased phonon scattering. However, for filmisigii dopant concentration,
scattering by W ionized impurities is also sigrafit as evidenced by the fall-off in
mobility at both low and high temperatures wixen0.3. Fig. 1 shows that the carrier
density for the diamond series of films remainsegstally constant whexy, = 0.03,
following an initial increase in the carrier degsithenxsm, < 0.03 due to increased
incorporation of W into the host lattice. At loemiperature the carrier density for all
IWO films decreases only slightly, indicating tlla¢ carriers are not thermally
activated over the temperature range probed. ihcipte, WP* substitution on I#f
sites in InO3 could generate as many as three electron capaerd/, viz.\Wi,™".
However, this level of doping efficiency has noebebserved in this or closely
related systems like IMO (4, 9). For the highestier concentration IWO films with
xiim ~0.03, the doping efficiency is 0.75-1 electronifificating that th&V,™ is
probably charge compensated by interstitial oxy@gnforming a singly charged
complex, Wih""O;"]". Indeed, LAPW calculations show that tBecompensated
species have very favorable formation energies ¢hf)the experimental results
clearly indicate that the mobility is strongly dedent on the oxygen partial pressure
during deposition. In ultra-high quality ITO filmsach substitution of ffion by
Sri"* ion accounts for one electronic carrier, leadimg toping efficiency of 100% or
greater (17).

The effect of oxygen pressure on IWO films wasfhyimvestigated. Under
otherwise identical preparation conditions as tlaednd series, depositions at

4 mtorr Q (solid circle) and 7 mtorr £Xnot plotted) resulted in films exhibiting
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improved room temperature mobilities (79 and 78/¥is respectively) beyond
those measured in the series of films preparedrunddorr Q. The film deposited
under 4 mtorr @showedu = 92 cnf/V's when cooled to 77 K (open circle). These
mobilities are significantly higher than the valuesar 33 crffVs for undoped 1503
films deposited on glass under 1 mtogr he development of high mobility TCO
materials like IWO could be significant for applices which require increased IR
transparency, since the magnitude of the IR absogbes reduced due to high carrier
mobility, and the intrinsically low carrier conceation pushes the onset of IR

reflectance to longer wavelength (12).

Electronic Properties from High Density Targets

We next present the results of films deposited flogher-density targets,
ranging in density from 68-88%. These targets didpit under repetitive laser
radiation and allowed the laser fluence to be iasee to 2-3 J/cfrwhere congruent
transfer from target to film occurs. For thesen§| we rely solely on target
composition to determine the film W concentratidfig. 2 shows transport results as a
function of oxygen pressure during deposition far (non-optimal) dopant
concentratiorx = 0.02 (open circles). The mobility of an IWO fildeposited at
465 °C on a-Siis 89 cn/Vs at the optimal pressure of 4 mtorr, and remabsve
75 cnf/Vs at higher oxygen pressures. A film with optimiapant concentration of
x ~0.033 deposited under the same conditions oi®a{Solid diamond) exhibits

1 = 112 cmi/Vs, which is equal to our previous high value d®2Yusing low density
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Fig. 2 Transport properties of IWO films prepafiein x = 0.02 targets as a function

of deposition oxygen pressure (open circles). mbbility has a strong oxygen

pressure dependence, with the highest mobilitysfiprepared at 4 mtorr. The filled
diamond represents an IWO/@y multilayer film deposited on a-Syvith x ~ 0.33,
exhibiting the highest mobility measured in thisriwo
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targets. The carrier density of this film is 1670°° cmi® and the resistivity is

3.37 x 10" Ohm cm (= 2966 S/cm). A mobility of this magniéudn a vitreous
substrate is a significant result. To prepardithewith optimal W concentration, 1:1
multilayer processing from high densky 0 andx = 0.05 targets was used to create
an IWO film with a W content ofayerage~0.025. However, XPS chemical analysis
revealed that this film has~0.033, indicating that the ablation rates oftrgets

differ slightly.

W, Sn co-doped b®3 Thin Films

Although IWO and other refractory-metal-doped indiaxides yield films
with higher mobility carrier than ITO, the condwaty of ITO remains consistently
higher because of the larger carrier density. &agpted to co-dope 403 with W
and Sn by depositing multilayers of laWo.0203 and In giSny.1d03. In the most
optimistic scenario, some form of modulation dopmight have been achieved where
ITO efficiently produced large numbers of carrigrat were transported in the high-
mobility IWO layers. Fig. 3 shows the results fagies of depositions under
identical conditions where the relative amountWfQ and ITO was steadily varied.
The results indicate that introduction of ITO iO quickly reduced the mobility to
levels approaching that of ITO, and while the @rdoncentration increased, there
was no co-doped film that produced a conductivigh&r than that of pure ITO. Itis
likely that the deposition conditions produced &ing of the W and Sn dopants,

which served mainly to increase the scattering.
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Fig. 3 Transport properties of,lD; films co-doped with W and Sn, prepared by
multilayer deposition of IWO and ITO high densigydets.
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W Concentration in IWO Thin Films

Determination of the W content of the IWO filmsoiscrucial importance.
EPMA provides a reliable quantitative measure laf Stoichiometry provided careful
attention is paid to eliminating substrate intexfere and to the variation of excitation
volume with incident beam energy. In this studg MA was performed on various
films of different W doping level (i.ex in In,.,Wx0Os3). Compositional analyses were
obtained on a Cameca SX50 electron microprobe pgdivith four tunable
wavelength dispersive spectrometers. The eletteam energies were 15, 20, and 25
kV, and data were acquired at five different filocdtions (typically several microns
apart) for each beam energy. Background correxfioneach element were carefully
applied to avoid interference from any overlappingatellite lines. The detection
limit for W was at worst 0.15 wt %, which correspisrtox = 0.002. The averaged
k-ratio data corrected for dead time, background,daift were refined in Stratagem a
thin film composition software program that perf@rancorrection to account for
sample geometry and substrate.

The EPMA results are summarized in Table 1. Theowtentration of the
film deviates significantly from that of the targespecially for low doping levels. The
high mobility IWO films prepared from targets of #éping levelkarget = 0.05 using
0.5 J/c have a dopant concentrationsaf, = 0.028. This result was reproducible
for many different films prepared from the sameédrirrespective of substrate
temperature or background gas pressure. Filmsapdgrom targets with

Xearget = 0.025 using 0.5 J/chshowed only trace amounts of W by EPMA and their
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Table 1 W content in IWO thin films and the (loergity, in-house) target from
which the film was deposited. At 0.5 J&GV is evaporated incongruently from the
target, while at 2 J/chmeasurable W is transferred to the film (last ooijiand the
film showed high mobility. By contrast, the filnngpared from th& = 0.025 target at
0.5 J/cm had mobility characteristic of undoped® and W content in the noise
range of the spectrometer (italics). The targetfdm for which the mobility is
highest are highlighted.

® Jlenf 0.5 0.5 0.5 0.5 2
Xearget 0.025 0.0375 0.05 0.0625  0.025

Xilm 0.001 0.012 0.028 0.055 0.016
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mobilities were also characteristic of undopegDi that is,t ~30 cnf/Vs.

However, by increasing the incident laser fluerc@ fi/cni, high mobility films could
be prepared from = 0.025 low density targets. This indicated gs@nhe amount of W
was transferred to the film in the ablation plunhéhes higher fluence, and EPMA
showed that the W content of these high mobilitn$iwas measurable at

Xim = 0.016. Only very thin films could be preparesihg 2J/crf, as the target
surface degraded quickly from severe surface pitt@verall x;m determination by
EPMA provided a more consistent interpretationhef variation of transport
properties with dopant concentration. The obsemedngruent transfer of W from
the InO3:W targets resulted from the use of low laser epeensity, and also to low
target density and high porosity, which can furttiiéute the incident laser fluence by
increasing the effective surface area of the iatadi region (18). Of course, the
extreme refractory nature of W exacerbated thiseis$Our subsequent use of high

density IWO targets mitigated these problems.

Structural Characterization of IWO films

Figure 4 shows the XRD patterns for IWO films defsason a-SiQand YSZ
(001) at substrate temperatucg100 °C and 525 °C, respectively. A calculateRDX
pattern for pure I§Ozis shown in the lower pane. The film on a-5i®
polycrystalline and indexed completely to@3, while the film on YSZ exhibits high
intensity YSZ (002) and IWO (004) peaks at 35.04 86.5° B, respectively. Small

peaks at higher angle are ascribed to the subginatidked by an asterisk) or film
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Fig. 4 XRD patterns for textured (a) and polycajlgte (b) IWO films on fused Si©
and YSZ (001). A calculated XRD pattern for undbp@O; is shown in (c).
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Fig. 5 6-20 XRD pattern of an IWO film on a YSZ (001) substran a log scale.
The film exhibits (00 preferential orientation, as evidenced by theaeckement of
peaks of type (d) and suppression of most polycrystalline peakse ifiset shows a
zoomed-in view of the film (004) peak on a linealec Asterisks denote substrate

peaks.
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polycrystalline peaks. In general, IWO films pregghon a-Si@ exhibit

polycrystalline orientation while those on YSZ (0@lbstrates exhibit (00
preferential orientation with a few polycrystallipeaks. To better observe thel{00
preferential orientation from IWO films on YS&;:-20 XRD measurements were
performed and plotted on a log scale (Fig. 5). kBed type (00 are enhanced
relative to the powder, while most peaks of tyjpld)(are suppressed, indicating that
film growth along [100] is preferred. The insebsls a zoomed-in view of the (004)
peak, plotted on a linear scale. Asterisks magkstibstrate reflections. Unlabeled

peaks are correspond to second phase impuritigslyerystalline peaks.

Optical Properties

Shown in Fig. 6 are the UV-visible transmissioand reflectiorR spectra for
a typical IWO film of thickness 200 nm on a 0.5 rthiick a-SiQ substrate. The
average raw transparency is about 80%, a valueseptative of most films produced
in this work. The reflection-corrected transmissi®/(1-R)= €%, is also plotted
whereaq is the absorption coefficient adds the film thickness. Thin film
interference fringes in the reflectance spectrumewssed to extract the film thickness
and refractive index by fitting a calculatBdspectrum to the experimentally obtained
spectrum. Calculated thickness values agree wittrwith values obtained via
mechanical profilometry, and the refractive index(1.99 at 500 nm) is close to

published values for ITO thin films (19). Direardgap information was obtained
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Fig. 6 The optical transmissidn reflectionR, and reflection-corrected transmission
T/(1-R)for a typical IWO film of thickness ~048m on a fused Si@substrate. The
inset shows the band gap energy of several IWGsfiten?® and a fit to Equation 1.
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Fig. 7 The NIR optical properties for thin film§ltigh mobility (80 cni/Vs) IWO
(solid line) and conventional mobility (38 éds) ITO (dash-dot line). The high
mobility and low carrier density properties of IW&sult in heightened IR
transmittance and reduce absorbance relative to ITO
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from plots of 6E)? vs.E, from which it was found thay varied between about
3.80 eV and 3.91 eV for most films.

Widening of the fundamental band gap in heavilyatbpemiconductors due to
displacement of the Fermi level into the conduchand (known as the Burstein-
Moss shift) is a well-know effect in 4@s-based materials (13, 14, 1). The widening

of the bad gap due to the Burstein-Moss shiftvegiby (1)

’jﬂ - (3rPn)° [1]

AE, =

wheren is the free carrier density andt is the electron effective mass. From a plot

of Eq vs.n?®

(Fig. 6, inset), the electron effective mass maygélculated, and our
result of 0.3n. (wherem is the free electron rest mass) is in good agreemith
values for ITO and IMO (9, 1).

The development of high mobility TCO’s may increéseir potential
applications for usage in the IR since the trarespey is extended to longer
wavelengths. To examine the optical properties loigh mobility TCO we compared
the NIR optical properties an IWO film with= 80 cnf/Vs andn = 8.3 x 16° cm®
and an ITO film withu = 38 cnf/Vs andn = 4.5 x 16° cm®(Fig 7). Both samples
were deposited onto a-Si®Gubstrates, which are non-absorbingXer 2.5um at
which point the substrate begins to absorb. Téresmittance of the IWO (solid
curve) and ITO films (dash-dot curve) are showthmtop pane. For IWO, the
transmittance is extended further into the IR, #r@ddrop off in transmittance is less

precipitous. The reflectance and absorbance atgedlin the middle and lower

panes, respectively. The reflectance turn-on shed further into the IR, while the
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magnitude of the IR absorbance is reduced anddak @bsorption position shifted

to longer wavelength. Hence IWO thin films exhitgt high mobility and low carrier
density result in enhanced NIR transmissivity agalced optical absorption
compared to ITO films with conventional mobilitfrhese attributes may be beneficial

if IWO films were to be used as a transparent edelet in a solar cell or an IR sensor.

X-ray Photoelectron Spectroscopy of High MobilW® Thin Films

A high resolution XPS spectrum from an IWO film ljt = 112 cni/Vs is
shown in Fig. 8 in which the photoelectron counemnsity is plotted against the
electron binding energy. Thé dlectrons of W have binding energies (BE) in this
range, and the doublet peak in the spectrum (camgsgin-orbit splitting) at 35.2 eV
(4f;2) and 37.4 eV (#/,) correspond to the electron binding energies foiga
oxidation state of W, either %/or WP*(20). The binding energies of these ions are
very close (&, of W at 35.8 eV, W' at 35.4 eV) making definitive assignment of
the peaks difficult. However, the targets weregpred using Wg) so we may expect
to measure binding energies fronfibns only. One possible cause of the
displacement of the film spectrum to lower BE rigkato the literature BE value for
W°®" ions is sputter-induced reduction (20) as the $amps lightly sputter cleaned
prior to analysis using Ar+ ions. Note also theg tdoublet peak is resolved, and most
likely indicates a majority oxidation state, as gdxoxidation states often result in
peak convolution and smearing when the bindinggesiof different ions are very

close, as they are in W. Hence, in high mobiMyQ films, W exists in a high
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Fig. 8 XPS spectrum of IWO film with = 112 cni/Vs. The W 4, and 4s, spin
orbit doublet is clearly observed. Vertical lifeosv the position for thef4, peak for
W, W*, and W ions. The film peaks are shifted to lower enagggtive to fully
oxidized W, indicating partial reduction may have occurrethia course of surface
ion milling.
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oxidation state of W or WP*. In principle then, W substitution of In should
generate two or three free carriers per W atom\{iy¢’ or Wi,™) providing a much
more efficient means of doping in,®s with only a very small dopant concentration
needed to achieve a high free carrier density. ¢éd@w this is not observed
experimentally, and the carrier concentration ghhinobility IWO films (1-3 x 1€’
cm®) is notably lower than ITO films (0.5-2 x 2acm™®), in which at most one free
electron is generated per Sn substitution. Unpirtp efficiency has been observed in
single crystal ITO films (17), while in high molyilWO films the doping efficiency
is 0.75-1 electrons/W. Therefore, in IWO the tyipt doubly positiveM,™ defect is
probably charge compensated®y forming [Wi,""0O;”]". The formation of these

complexes has been shown to be energetically falonma IMO and IWO (15, 21).

Discussion

Electronic structure calculations performed on 8280-doped 1803 reveal
an unexpected mechanism for the high mobility: gitean metal magnetic exchange
interactions. The reader is referred to (15, Bt afcomplete description. Briefly,
even though Mo is non-magnetic in bulk the totdtwalated energy difference
between magnetic and non-magnetic configuratiomMdaf ™ defects was shown to be
considerable, up to 0.56 eV of energy gain, andadons posses a large magnetic
moment up to 1.8fg. The exchange interactions split the Mstates nedEr into

two spin channels. As a result, the carriers & gpin will be affected by only half of
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Fig. 9 The Total (black) and Mibstate (red) density of states fdpy,"" defects (9a
and 9b, which differ in crystallographic substitutal site) and oxygen compensated
[Mo,,"O;"]" species (c). Mo magnetic exchange interactiolistap Mo d states near
Er. The splitting is large in the caseMb,”™ defects (a and b) in which Mo atoms
posses a large magnetic moment of up to ilgl3%nd not as big in the oxygen
compensated complex, which attenuates the exchategactions and the Mo atom
magnetic moment. However, the exchange energillimsge enough from
[Mo,™"Oi"]" to create two spin channels such that carriers anfyscatter from states
of the same spin. Carriers of the opposite spihnet scatter from these states. This
effectively reduces the number of scattering canvgrhalf, imparting carriers with
high mobility.

*Reprinted figure with permission from J. E. Medegd, Physical Review Letters,
97, 086401 (2006). Copyright 2006 by the Americagdital Society.
http://link.aps.org/abstract/PRL/v97/e086401
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the Mo defect scattering centers, those of the spme The concentration of Mo
scattering centers is then effectively reducedald ¢t the Mo doping level. Thisis in
a sense similar to the preliminary explanationkigh mobility in these systems,
which posed that ultra high carrier generatioMof,™ defects generate carriers more
efficiently thanSn,’, resulting in an equivalent carrier concentratioth far fewer
Moy, scattering centers (6). The splitting of the Mstates nedgr is shown in the
DOS plot for the Mo,,"O;"]" complex (Fig. 9¢) in which a splitting of ~ 0.4 &/
calculated.O; suppress the exchange interactions considerabtpared to non-
oxygen compensated defects IMe,”™ (Fig. 9a and 9b), but there is still sufficient
exchange energy to split the Matates neder. The formationfo," 'O,
complexes has been shown to be very favorablasrsyistem, with an energy gain of
~ 3 eV, and such complexes should be the primamygehgenerating defects.

Unpublished calculations reveal the same effee<alculated from W-dopedJ0s.

Conclusion

In summary, we have prepared high electron mobitity films of transparent
conductor 1a.,\W,Os on vitreous Si@substrates which exhihit= 112 cri/V,
n=1.67 x 16° cnf/Vs, andp = 3.37 x 1¢ Ohm cm at room temperature. Low
temperature Hall effect measurements on high ntghbWvO films indicate that the
electron mobility is constrained by phonon scatigrbut ionized impurity scattering
is significant for higher doping levels. The film&re prepared by pulsed laser
deposition from both low density and high densgyarnic InO3:WOs targets, the

main distinction between the two families of taggeeing the maximal allowable laser
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fluence. EPMA revealed that incongruent evaponadoW from the low density
targets occurred due to the use of low laser flagmthile films prepared from high
density targets with high laser fluence had predbiet film W concentration. The
highest mobility and conductivity was measuredfilans with x ~ 0.03 (= 1.5

cation %). The mobility values measured from IWI@h$ are 2-4 times greater than
the mobility of ITO thin films and offer significaenhancements to the NIR optical
properties compared to conventional mobility TCCienals. In particular, the IR
transmittance is extended to longer wavelengthenthié magnitude of the IR
absorbance is reduced and the peak absorptiongoositifted further into the IR. On
single crystal YSZ substrates, IWO films grown prehtially along [100] while films
grown on a-Si@show statistical crystallite orientation. The 8aap of IWO films
ranged between 3.80-3.91 eV, and widening of timel lgap with increasing carrier
concentration was ascribed to the Moss-BurstegceffUsing the MB framework we
calculated the electron effective mass to benQ.B close agreement with related
systems. The mechanism for high mobility in reoag metal doped kO3 has been
elucidated theoretically in which it is shown tiMd magnetic exchange interactions
split the Mod states nedEr, creating two spin channels and reducing the numobe

Mo defect scattering centers to only defects ofsdume spin.
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Abstract

Stronglyc-axis oriented thin films of p-type semiconducte€BOSe:Ca have been
prepared in-situ on MgO (100) and Sr%iQ00) single crystal substrates at

450 °C by pulsed laser deposition. Undopedxis oriented thin films on MgO
exhibit a conductivity of 9 S/cm and mobility ota/Vs, while Ca-doped films on
SrTiO; show enhanced conductivity of 176 S/cm and mahilitl.7 cni/Vs.
Polycrystalline films prepared on amorphous Ss0bstrates exhibit a mobility of

2 cnf/Vs and 9 S/cm. BiCuOSe thin films are dark arftetive over the visible
range, with no transmission of light with energgager than 1.77 eV, at which point
the films begin to become non-absorbing. An indesefraction of 4.79 at im was
calculated from a BiCuOSe thin film. Films preghom SrTiQ show stronger
c-axis growth orientation than films prepared on M@® show by x-ray rocking curve

measurements.
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Introduction

The family of Cu(l)-containing chalcogenide-flucesl(BaCuChF, Ch = S, Se,
Te) and oxy-chalcogenides (MCuOCh, M = lanthanidBip show several interesting
and technologically significant properties incluglilegenerate p-type electrical
conductivity, room temperature excitons, and amuantum well crystal structure
which consists of layers of narrow band gapAG)f and wide band gap (L0,)**
stacked alternately along theaxis of a tetragonal unit cell (SR§4mm) (1-7). The
same layered crystal structure has shown theatoliaiccommodate many different
ions including As, Ni and Zn, leading to new madksiexplorations and widely
varying properties such as high temperature supdrativity and ferromagnetism (8-
11). Additionally, thin films of LaCuOSe and BaGH exhibit an overall wide
optical band gap (>3 eV) and simultaneous eledtceaductivity, opening up new
possibilities for active devices based on transpgrdype semiconductors. However,
high quality thin films of LaCuOCh cannot be pregahin-situ by physical vapor
deposition techniques, and successful film growtfuires a multi-stem-situ
deposition process followed lax-situ post deposition annealing at high temperatures
in specialized environments (12). BiCuOSe showsisible transparency, but does
exhibit high conductivity and hole mobility, inditag that it may find application as
an absorber layer in a thin film solar cell. lmstbhapter, we show that high crystal
guality thin films of BiCuOSe:Ca can be prepameditu at moderate temperature
using pulsed laser deposition (PLD). In particihee have prepared stronghaxis
oriented BiCuOSe thin films on MgO (100) and Sr7{®@00) substrates at 450 °C

which exhibit conductivity >175 S/cm and a reasdynaiigh hole mobility ranging
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from 1.7 cni/Vs for high carrier density Ca-doped films to 4r6’/Vs for undoped

films on MgO. Polycrystalline undoped films onrebus SiQ can be grown at even
lower temperature of 400 °C, and exhibit a mobiiify2 cnf/Vs. In Fig. 5 and 6, the
UV-vis—NIR optical properties for a polycrystalliBéCuOSe film are presented. The
films are darkly-colored and reflective in the bigi range indicating a sub-visible
band gap. The films transmit light in the NIR @giand the refractive index at 1000
nm was determined to be 4.79. X-ray rocking cufu@® BiCuOSe films are shown
in Fig. 3 and indicate a strongeaxis growth orientation for films grown on SrGO
compared to MgO. Also, the results of LAPW elegiccstructure calculations are
summarized which show that the CBM is formed franv-lying Bi 6p states,

effecting a much lower band gap energy BiCuOCh ameghto LaCuOCh.

Experiment

Thin films of BiCuOSe were deposited onto heated1@& amorphous SiO
(a-SiQ) and single crystal MgO (001) and SrEi(@01) substrates using pulsed laser
ablation of ceramic BiCuOSe targets in a high vacwhamber. Films were
deposited in vacuum or in 1.5-1.7 mtorr of grade/Ar. using Lambda Physik
Compex 201 excimer lasex € 248 nm = 25 ns) set to 10 Hz and 1.0-1.6 Jcm
The target was positioned 50 mm from the substvatéesh was heated to 375-450 °C.
For target preparation, powders of BLgCuOSe were prepared by solid state
reaction of BjO3 (Strem 99.999%), CaO (99.8%), Bi (Strem 99.9%),SauCerac
99.5%), and Se (cerac 99.6%) in an evacuated sillmheated to 500 °C for 12 h.

Powders withk = 0, 0.1, and 0.15 were then cold pressed ifitdidmeter pellets at 4
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tons/irf and sintered at 850 °C under 2000 PS| of commiegcaale Ar. The

resulting targets were black and rather grainyjl®tthg 50-60% density. After
deposition the films cooled to near room tempegainithe deposition ambient.

Films were characterized by fixed incidence 8a20 x-ray diffraction (XRD),
electrical conductivityd), variable field Hall effect transport measurenseand by
UV-vis—NIR transmission and reflection. Fixed ohamnt angle XRD spectra (G)
were measured using a Rigaku Rapid R-axis diffraeter while a Siemens D5000
diffractometer was used to acquée20 XRD patterns. For measurements using the
Rapid R-axis diffractometer a two-dimensional atetection screen allowed
reflections from a range oB2andy angles to be acquired simultaneously. Electrical
conductivity and Hall mobility|{) were measured at room temperature in the van der
Pauw configuration with a Lakeshore 7504 Hall measient system at fields of 5-20
kG. NIR transmittance and reflectance spectra \&egelired using a Nicolet Nic-Plan
microscope accessory fitted to a Magna 750 Fotmaesform infrared spectrometer.
Spectra are the average of 256 Fourier transfointederograms over 11700-2100
cm* with 4 cmi* resolution. Air and a gold mirror were used fansmission and

reflection background calibration.
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Results and Discussion
Structural Characterization of BiCuOSe Thin Films

The XRD patterns from undoped BiCuOSe powder atiihefilm are shown
in Fig 1. The film deposited in vacuum on vitre@i€, at 400 °C is pure phase and
exhibits statistical orientation, which is easityt@d from the close match in peak
intensity ratios from the powder and film. Theilacrystallization of BiCuOSe thin
films is a key point in the potential use of thiaterial, with closely related materials
requiring high temperatures aagtsitu processing (12). In contrast to BiCuOSe films
deposited on vitreous SjQubstrates, films prepared on single crystal Mj@Dy and
SrTiOs (100) substrates at only ~450 °C show strosgis growth orientation, such
that peaks of type (0Pare preferred while polycrystallinbl{) peaks are suppressed
(Fig. 2). The diffraction peaks from the film pegpd on SrTi@are narrower and
more intense than those of the film prepared on Mg@icating a greater degree of
c-axis orientation. This may be expected asattatice constant match of BiCuOSe
on SrTiG (0.4%) is significantly better than on MgO (7.4%)o verify that SrTiQ
provides a better template foiaxis growth than MgO, x-ray rocking curves were
performed on the BiCuOSe (005) peak. As showngn3; the film deposited on
MgO (outer peak) has a 3° line width, while thenfdgrown on SrTi@ (middle peak)
shows a line width of about 1°, indicating strongeixis grain orientation in the film
prepared on SrTi© The bulk single crystal rocking curve from th&i®; (002)
reflection is also shown as a line width refereaid the limit of instrumental

resolution (inner most peak). The peaks have bedrcally displaced slightly.
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20 (deg)

Fig. 1 Polycyrstalline BiCuOSe thin film (uppemag and powder (lower pane) XRD
patterns. The film was deposited in vacuum at@@h a-SiQ.
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Fig. 2 TheB—26 XRD patterns front-axis oriented BiCuOSe films prepared on
single crystal substrates of Srgi(100) and MgO (100) (plotted on a log scale). The
(00) film reflections are labeled and asterisks maussrate reflections. The
diffraction peaks from the film on SrTiare narrower and more intense than those
from the film on MgO, indicating a greater degré@@ferential orientation.
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— SrTiO3 (100) slide]
——#8 on SrTiO3

——#5 on MgO

Normalized Intensity (a.u.)

Fig. 3 The (005) x-ray rocking curves from film®pared on single crystal substrates
of MgO (outer curve) and SrTiO3 (middle curve).significant decrease in line width
is observed from the film prepared on SrTiO3, iatlitg a stronger degree of c-axis
orientation. The inner-most curve is from the 8xlsubstrate.
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Fig. 4 d-spacing of a BiCuOSe film extrapolated against@s#® to correct for
sample vertical displacement. The extrapolatedeved 8.903 A, while the powder
refinement at this doping level is 8.9043=0.1). Note that the accuracy improves
at higher angle.
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Plane spacings in a tetragonal unit cell are giwe(iL3)

1
d? a

h?+k? |2
2 T2 [1]

Hence, the line position of each peak with inde})(@epends only on thelattice
parameter, while the line position from peaks @ietynkO) depend solely oa. For

the XRD patterns in Fig. 2, multiple thin film (Q(@eaks are observed, each peak
representing a value df By plotting each value af against the appropriate function
of angle, we can remove systematic errors like ispat absorption and displacement
from the diffractometer axis, the latter considet@tbe largest single source of error

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

Ad __Dcos'@

[2]

F R sin@

whereD is the specimen displacement parallel to the ceflg plane normal ank is
the diffractometer radius. Plottimhversus co®/sind will allow for the most accurate
extrapolation ofi, which for the (00 diffraction peaks is simply theaxis lattice
parameter. The results of this procedure for tit@uBSe film on MgO in Fig. 2 are
shown in Fig. 4. Discrete calculationsdfrom each (00 peak are plotted as open
circles. A linear fit extrapolated to the y-axi®pdes the most accurate valuedof
The extrapolated value of 8.903 A for the Ca-dojiledagrees well with the

refined powder value at that doping level 8.904A 0.1). Note that the accuracy of

the calculatedl value improves whef is large.
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Optical properties

The UV-vis—NIR optical transmissiohand reflectiorR for a polycrystalline
BiCuOSe film prepared on a-Si@re shown in Fig. 5. The film exhibits high
reflectance of 30-36% over the visible range, amgtak onset of transmission
beginning near 750 nm (=1.65 eV), indicated bym@mova The transmission onset is
broad, which makes assignment of the band gap guéfgult. In the powder,
however, a clear absorption edge ascribed to thé gap was measured at much
lower energy (0.8 eV), in agreement with the blapkearance of the powder and
films (14). However, this does not comport withr tun film measurements. Further
into the IR, thin film interference fringes domieaheT andR spectra, as shown in
Fig. 6. The high reflectance amplitude is consistgth a large index mismatch at the
air-film interface. The wavelength positions oé thxtrema are used to calculate
discrete values of the refractive index (Fig. &nadonds) using a simple Bragg
relation. These data are then finte: 1A? to generate the continuous dispersion
relation in Fig 6. Calculated optical spectra ttean be obtained and fit to the
experimental spectra. The calculated spectra @ydhne experimental spectra in
Fig. 6, indicating an acceptable fit, with fit paraters od = 290 nm anaeh = 4.79 at 1

pm.
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Fig. 5 UV-vis—NIR Reflection and Transmission gp@érom a polycrystalline
BiCuOSe film on a-Si@ The films are black and reflective in the visilbhnge. A
weak onset in the transmission can be observed/®®anm (=1.65 eV) indicated by
an arrow.
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Fig. 6 The NIR reflection and transmission fromadycrystalline BiCuOSe film on a-
SiO, The calculated reflection and transmission spexabtained using the
dispersive index, plotted in the lower pane. Detercalculations of the index are
shown as diamonds.
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Electronic Properties

Hall effect measurements show that undoped andopad BiCuOSe films
exhibit p-type conductivity indicated by positivalues of the Hall coefficient. In
Fig. 7, the transport properties of severakis oriented BiCuOSe films are plotted as
a function of Ca content in the target. The undiofden prepared on MgO (100)
exhibits a conductivity of 9 S/cm with 1.4 x*¥@ni® and the highest measured
mobility of 4 cnf/Vs. Films prepared on SrTiGrom Ca-doped targets show elevated
conductivity and free carrier density relative taloped films with the expected fall
off in mobility, due most likely to ionized impuyitscattering. Hence Ca substitution
of Bi in BiCuOSe is an effective method of accemoping, a result which is
consistent with the closely related; Bsr,CuOSe system (15). The conductivity
reaches its maximum value of 176 S/cm wheig« = 0.15 by which point
conductivity gains begin to saturate. The mobilégnains reasonably high near
2 cnf/Vs, which is equal to the value measured from guysstalline films prepared on
a-SiG, substrates (not plotted). High conductivity peyfpms with reasonably high
mobility and simple fabrication may be useful as@ber or p++ layers in thin film
solar cells. The film conductivity results are smtent with resistivity measurements
of Ca-doped pellets, which reveal a steady decrieabe resistivity up tax = 0.15,
with a sharp resistivity increase wher 0.2 (16). Indeed, powder diffraction
measurements reveal that compositions with0.2 are single phase, while the 0.2
powder exhibits secondary phases. Powder refinena¢so show that theeandc

lattice parameters cease to change whei).15, indicating the solubility limit of Ca
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Fig. 7 Transport properties ofaxis oriented Bi,CaCuOSe films on SrTi@and
MgO plotted versus the Ca content in the targédte fise in carrier concentration
(right hand axis, linear scale) and conductivigft(hand axis, log scale) with
simultaneous fall off in hole mobility are consistevith carrier generation from hole
generation from Ca substitution of Bi. The lines a guide to the eye.
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in BiCuOSe powder (16).

Discussion

Our interest in the BiCuOSe system emerged fronkwoour group (1, 2, 17,
18) on BaCuChF (Ch =S, Se, Te) and LaCuOCh, allloth share the atomic
arrangement of wide band gap metal oxide or mktatitle layers and narrow gap
copper chalcogenide layers stacked alternatelygalogc-axis of a tetragonal unit
cell. However some notable difference betweerBiHgased and La-based materials
were immediately apparent. For instance, LaCuOd&iep appears grayiskd= 3
eV for Ch = S) while BiCuOSe powder is black. Al#an films of LaCuOCh cannot
be prepareth-situ using PLD (reactive solid phase epitaxy (12) nigstised), while
BiCuOSe exhibits facilen-situ crystallization by PLD in vacuum at 400 °C. The
distinct physical differences that exist betweeG@BDCh and LaCuOCh stem from the
disparate electronic configurations of the trivaleations Bf* (= [Xe]4f**5d'% <6 ")
and Lit* ( = [Xe]4f’5d%6<”) (14). The & configuration of Bi* has the potential to
form hybrid bands with the Gdiand Chp orbitals that compose the VBM. The large,
spherically symmetric$orbitals would increase the dispersive charadténeVBM
and provide a more conducive hole transport patiis contrasts with LaCuOCh,
which affords no possibility of orbital mixing due to the closed shell electronic
configuration of L&". Thus we expect the hole transport properti®&i@GuOCh to be
quite different than in LaCuOCh, but this is nosetved experimentally. The hole

conduction properties of BICUOCh and LaCuOCh aseoled to be quite similar,
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Fig. 8 The total and partial DOS calculated fo€BDSe using the LAPW method.
The Bi 6 states near -11 eV are far removed from the VBB @&mnot hybridize with
Cud and Chp near the VBM. In the CB, Bifbstates lie near the CBM, effecting a
much lower band gap energy in BiCuOCh than LaCuOCh.
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and on this basis the Bs@ontribution to the VBM is expected to be sma#l)(1

The total and PDOS for BiCuOSe is shown in Fign8 shows that the Bistates lie
approximately 11 eV away from the VBM and thus dbmake any significant
contribution at the VBM. Thus, the VBM structurktibe Bi-based and La-based
materials are similar (both consist of admixeddGnd Chp states) and hence the
difference in the energy gaps of the materials khbe attributed to differences in the
CBM. Indeed, our calculations show that the CBMamprised mainly of Bi
states, a result completely different from LaCuOif@hyhich the CBM is made up of
Cusand Lad states (14). These Bp6&tates lie low in the CB and effect a much
lower band gap of BiCuOCh compared to LaCuOCh. fabethat Bi 6 does not
hybridize with Chp at the VBM can be explained using results of edriefetveld
refinements (14), which show that the Bi—O bondssagnificantly shorter than the
Bi—Ch bonds, indicating stronger orbital overl&tronger covalent bonding (i.e.
shorter bond distances) of the Bi—O bond comparéde Bi—Ch bond result in Bs
and O 2 hybridization deep below the VBM rather than Bi@h p hybrid orbitals at
the VBM. The Bi &0 2 mixing deep in the VB is clearly seen in the PD@S

Fig. 8.

Conclusion

In summary, we have prepared stronglgxis oriented thin films of p-type
semiconductor BiCuOSe:Ga-situ on MgO (100) and SrTi§X100) single crystal
substrates at moderate substrate temperature GIC16Q pulsed laser deposition.

Undoped gc-axis oriented thin films on MgO exhilit= 9 S/cmn = 1.4 x 16° cm®,
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andp = 4 cnf/Vs, while Ca-doped films on SrTi&how increased conductivity
and carrier density of 176 S/cm and 6.8 £10n°, with a mobility of 1.7 crfiVs,
indicating that Ca substitution of Bi is an effeetimethod of acceptor doping in
BiCuOSe. Single phase polycrystalline films carplepared on vitreous SO
substrates at 400 °C and shpw 2 cm/Vs andy = 10 S/cm. The facilm-situ thin
film preparation and dopability characteristicBi€uOSe may be useful for
applications which require the use of p++ layerhwigh conductivity and moderate
hole mobility. In the optical range, BiCuOSe thims are dark-colored and
reflective with an onset of transmission in the NIRn index of refraction of 4.79 at
1 um was calculated from a BiCuOSe thin film. Filmiegared on SrTi@show
strongerc-axis growth orientation than films prepared on M@® show by x-ray

rocking curve measurements.
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Abstract

The structural, optical, and electronic propertigthin films of a family of wide band
gap Eg > 2.3 eV) cubig-type semiconductors GliaQ, (Q = S or Se) are presented.
Thin films prepared by pulsed laser depositionevbmic CyTaQ, targets an@x-situ
annealing of the as-deposited films in chalcogemaj®or exhibit mixed
polycrystalline/[100]-directed growth on amorph&i€, substrates and strong (100)
preferential orientation on single-crystal yttriafsilized zirconia substrates. CTS
films prepared by an alternate synthesis technidumeetallic precursor sulfurization
are polycrystalline. GTaS (Eg = 2.75 eV) thin films are transparent over thebkes
spectrum while CsTaSe (Eg = 2.35 eV) thin films show some absorption in bihee.
Thin film solid solutions of CgTaSeq.,Sc and CyTaSe.«Te, can be prepared by
annealing CglfaSe films in a mixed chalcogenide vapor. Powders thia films of

CuTa$§, exhibit visible photoluminescence when illuminabgdUV light.
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Introduction

Work done at Oregon State University on thegTaCh, (Ch = S, Se, Te)
hereafter “CTCh”) system has shown that these maédezxhibit several favorable
optoelectronic properties including p-type conduttj large optical band gap energy,
and tunable visible photoemission (1, 2). Alseythrystallize in the cubic sulvanite
(CwVSy) structure (space group-43mno. 215) (3-6) and therefore are expected to
show isotropic optical and electrical propertiés isotropic structure can be
advantageous for process integration as specattogme growth conditions needed
to prepare epitaxial or preferred orientations lvaravoided. The cubic crystal
structure of CgiraCh, makes it unique among Cu(l)-based, wide bandpgype
semiconductors. The better-known delafossites CuWD= Al, Sc, Cr) (7-9) or the
oxide and chalcogenide fluorides (10-12) LaCuOGih BaCuChF crystallize in
hexagonal or tetragonal crystal structures, respdgt The non-isotropic crystal
structure of these materials requires that thmdilvith optimized electronic and
optical properties be epitaxially grown using htgimperatures and/or single crystal
substrates (13). Extensive research on the dslédesand layered oxychalcogenides
has been carried out over the past decade reveahng properties and applications
of technological significance including degeneatype conductivity and room
temperature excitonic emission (14-16). By cortith® optoelectronic merit of the
CTCh system has never been investigated, and shéggresented here are the first
ever reported thin film preparation of any membmrhe sulvanite class of materials

we are aware of, despite a long history of power @agystal synthesis (3-6). An image
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Fig. 1 Structure of GiTaS, consisting of edge and corner shared Qettahedra
(blue and black) and Ta$etrahedra (red and black). Ta is pentavalentfeud
coordinate, which is quite rare. The lattice pagters in A are CTS: 5.5036,
CTSe: 5.6535, CTTe: 5.930.
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of the sulvanite structure is shown in Fig. 1, dstirsg of edge and corner sharing
CuCh, and TaChtetrahedra. In binary Ta chalcogenides, Ta ravatent, while in
the CTCh structure Ta is pentavalent and four éoldrdinate, which is an usual
combination (17).

The large optical band gap energy of the sulftele<2.75 eV) renders
CwTaS (CTS) transparent to most visible light. Consexiye CTS thin films could
be used in transparent electronics as p-type layexstive devices including p-n
junctions, transistor channel layers, and photaicdt CyTaSeq (CTSe) thin films,
with a smaller band gajcf = 2.35 eV), may be useful in other application®weh
complete visible transparency is not required sagp-type absorber layers in multi-
junction solar cells (18). Additionally, heterotgxial growth of CTCh on Si may be
realized as the lattice constant match for thedriind selenide is quite good at
1.34% and 4.10%, respectively. Also, the visilletpluminescence (PL) properties
of CTS indicate that light-emitting devices basedQI'S may be realized. In
particular, CTS powder exhibits intense green Pihweak intensity at 543 nm when
illuminated under a UV lamp, while the selenideibib a PL peak at 623 nm under
N, laser excitation (1, 19). For both compoundswhegelength of the PL can be
modulated by doping W onto the Ta site, or by preeCT(S,Se) solid solutions.
W-doped CTS powder develops an additional PL pedke red; this simultaneous
red and green emission is observed as intense®fRing Increased W-doping
suppresses the green PL peak such that only a.rpddk is observed. Thus, intense

green, orange, and red PL can be observed fromsidior W-doped CTS (1). For
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the selenide, the PL is also redshifted, but ar ¢lea-peak structure is not observed
(19).

LAPW electronic structure calculations (20, 21)wsttbat the top of the
valence band in CTCh is a hybridization of GLa®d Ch  atomic orbitals, which
will provide a more favorable hole transport patmpared to materials in which Cu
3d and O p states comprise the valence band maximum (VBMh s1$ the
delafossites (22). The calculations also indieasténdirect band gap for both sulfide
and selenide compounds. In this chapter we desthndpreparation of CTS, CTSe,
CT(S,Se) and CT(Se,Te) thin films and their assediatructural, optical, and
electrical properties. We also report optical nneasents of CTS single crystals

prepared by chemical vapor transport.

Experiment

Two methods for CTCh thin film synthesis were depeld and are presented
below. Both methods involve two distinct stepssisting of thin film deposition and
post-depositiorex-situtreatment. The first method involves the use @fT@Ch,
ceramic targets and was the preferred route fqrgoneg high quality films. The
second method involves the fabrication of Cu-Taam@iultilayer thin films and rapid
sulfurization in flowing HS(g) to form CdTaS,. The characterization results reported
in this chapter, unless otherwise noted, are derfireem samples prepared using the

former, higher quality synthesis using ceramicésg
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CTCh Thin Films from Ceramic CTCh Targets

CTCh thin films were prepared using a two-step dghogrocess involving
pulsed laser deposition (PLD) of gJlaCh, ceramic targets arek-situannealing of
the as-deposited films in chalcogenide vapor (Cstfglcogenide vapor anneal).
In-situ preparation of CTCh thin films using PLD was net&essful due to phase
separation of the as-deposited films into binarya@d Ta chalcogenides and/or the
formation of amorphous CTCh. The phase separabaid have been caused or
exacerbated by the use of a chalcogen-deficiegétawhich is generated in the
course of pellet densification at high temperaturélsin films were deposited in a
UHV chamber (base pressure 1 x°16rr) onto heated GE 124 amorphous SiO
(a-SiQ) or single-crystal (100) yttria-stabilized zircar(lY SZ) substrates using a KrF
excimer laserX = 248 nmy = 25 ns) set to 10 Hz and 0.25-1 Jcriihe substrate
temperature was maintained at ~300 °C to prevergssie chalcogenide
volatilization at higher substrate temperaturestarstabilize the film phase. The as-
deposited films were reflective and dark-coloreghareless of deposition parameters
(see Fig. 9). The films were then annealed in eated fused quartz tubes containing
powder of the desired phase for 1-2 h at 500-750”@icture and schematic
drawing of theex-situannealing process are shown in Fig. 2. The CUfAdfiwere
optically transparent in the case of CTS or ligltityored but transmissive in the case
of CTSe, consistent with their respective band gafsay diffraction of the annealed
films revealed majority phase CTCh with mixed poysgtalline/[100]-oriented growth

for samples prepared on a-3i@nhd strong [100] growth orientation for samples
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sLaraed coupler
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Film
glass crimp CTQ powder ——»

Fig. 2 Experimental and schematic images ofethsitutube sealing process. On the
left, is a customized ultra-torr fitting is usedadoccommodate manufacturer tube
diameter inconsistencies. A viton gasket in thettorr fitting mates the metal and
glass. This fitting is mated to a fully custom [6efguard vacuum chamber, which
creates low pressure region on the outside ofdéhkteereby reducing the pressure
differential between the inside and outside oftti®e in the region of the seal. Hence,
as the seal is rotated and the glass heated uattcla, any leaks which may occur
when the seal is rotated are exposed only to glessure, “guarded” region, rather
than atmospheric pressure. Since the pressuereitial is small, air leaks have little
driving force to move into the tube. A ball begret inside the Teflon housing
minimizes the amount of actual movement at thesgl@®n interface, and most of the
torqueing occurs at the ball bearings until thegldegins to melt and torques on
itself.
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prepared on YSZ.

CwsTaS, Thin Films from Diffused Cu-Ta Multilayer Precurso

CuTa$ thin films were prepared using a two-step processisting of the
fabrication of thin stacked multilayers of metalic and Ta by pulsed laser
deposition an@x-siturapid sulfurization of the bimetal thin film intabe furnace
under flowing HS and excess S powder. Films were prepared usstechnique
because at the time a high-density, fully suledi£TS ceramic target could not be
prepared. The process is depicted in Fig. 3. i@éveports exist on the effectiveness
of Ta thin films as Cu diffusion barriers for mietectronic devices (23, 24). Hence,
precursor films must be prepared such that theetis€Cu and Ta layers diffuse to
form a uniformly mixed, quasi-alloy thin film. Tachieve sufficient mixing, ultra thin
metal layers were deposited and moderate subsieateng was used. For films
prepared at 250 °C, low angle x-ray reflectivityaserements showed no superlattice
periodicity, confirming that discrete layers werd present. This was not the case for
films prepared at room temperature, which exhibteslattice structure and could not
be successfully sulfurized by rapid thermal proressThe precursor Cu-Ta
multilayer thin films were deposited in a high vaouchamber (base pressure 2 %10
torr) onto heated a-Sp®r single-crystal (100) Si substrates using a &€&imer laser
(A = 248 nmy = 25 ns) at 10 Hz and 6-10 JfcnThe large energy density values are
consistent with the high ablation threshold of H¥e(a5). A simple program was used

to raster each target into the path of the beara &t number of pulses to create
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Fig. 3 Schematic of CTS thin film preparation fr@u-Ta precursor film. A stacked
Cu-Ta multilayer film is prepared by PLD. With ehiheating during the deposition
process, the thin Cu and Ta layers interdiffuske d@iffused metal precursor is then
reacted in a tube furnace under flowingSHo form CTS.
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multilayer stacks, with pulse counts and repeatswtiosen on the basis of
approximate metal deposition rates and desireddiiichiometry (25). A
background pressure of 1.5 mtorr Ar or 0.6-5.0 m@rwas used during each
deposition. Films deposited in inert atmospheg@eaped brown and shiny, while
films deposited in oxygen ambient were resistiveé addish color. In the case of the
oxygen-deposited films, the goal was to prepargl@g, Oy films, which should
exhibit a lager band gap than the pure sulfidethBo- and Q-deposited samples
could be successfully reacted to form CTS with RiF8cessing, but £deposited
samples showed no evidence of a larger band ghp.slbstrate was mounted 60 mm
from the targets and heated to temperatures rafiging250-375 °C and so that the
discrete Cu (=5 nm) and Ta (~1 nm) layers might ditierse. The Cu-Ta multilayer
unit was repeated such that the multilayer total thickness was 100-150 nm as
shown by cross-sectional SEM. A best-case x-rHyadtion pattern of a CTS film
produced by this method is shown in Fig. 4, indigathat films prepared by this
method exhibit statistical, not preferential, cajiéte orientation. In general, CTS
films formed by this technique were hard to repiedue to difficulty in controlling
the metal precursor stoichiometry. An alloyed ighhdensity pressed metal powder
target with proper starting stoichiometry wouldébmore reliable method. Attempts
were made on a pressed metal powder target withliomked success. CTSe films

were not prepared by this method aSelgas could not be procured.
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Fig. 4 The XRD patterns for a CTS film prepareashira Cu-Ta multilayer precursor
and CTS powder. This synthesis method producegtpdtalline films, in contrast to
films produce from ceramic targets, which exhilgngicant (100) orientation even

on non-crystalline substrates.
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For films deposited from ceramic targets, éxesituannealing process
allowed for preparation of CT(S,Se) and CT(Se, bdjisolution thin films by
annealing as-deposited CTSe films in evacuatedifgaartz tubes containing 50 mg
powder mixtures of CTS and CTSe or CTSe and CTimehe case of the CT(S,Se)
solid solutions, films were heated to 625 °C fdr id tubes containing sulfur to
selenium molar ratios of 3:1, 1:1, and 1:3. Fok& Te) films, annealing was
performed at 525 °C for 2 h with 3:1, 1:1 and 1:@anratios of Se:Te. CTS single
crystals were grown by chemical vapor transpom. e&acuated fused quartz ampoule
containing Cu, Ta, S, andflux was heated in a two zone furnace to 780 1Q@#bh
and then cooled to room temperature, upon whicheimperature gradient was
reversed. The ampoule was reheated to 700 °Czfarand then cooled to room
temperature at 10 °C/h. The ~ 1 x 1 x 0.1 mm clystare collected and washed
with deionized water to remove excess halides. &3ifgle crystals of similar
dimensions could not be prepared.

Thin film x-ray (CuK,) spectra (XRD) were taken using a Rigaku Miniflex
tabletop diffractometer. Optical absorption speatrthe UV-visible range were
measured using a double-monochromator grating iseeter with W light source
and a Si photodiode detector. The film thickneéssid refractive inder were
obtained by numerical fitting of modeled opticakirierence patterns to those
measured. For CT8)e optical measurement resultsadd) were verified using a
Metricon prism coupler to find the wavelengths oidied modes. The absorption
coefficienta was calculated from the transmittied,s and reflected intensitly.s using

the relationTl = (1—R)e‘“d whereT = lyandline IS the transmission coefficient,
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R = lierl/linc is the reflection coefficient, ariglc is the incident light intensity.
Photoluminescence measurements were performed 8th@ilfilms at room
temperature using a nitrogen laser excitation ore 337 nm;t = 3.5 ns) and a

CCD detector.

Results and Discussion
Structural Characterization of CTCh Thin Films

The8-20 XRD pattern for a CTS thin film prepared on a-g&dd CTS
powder are shown in Fig. 5. The presence of se(ad8) reflections and the
suppression of most noh@0) diffraction peaks indicate that the sample is
preferentially oriented along [100] but still shos@me polycrystalline character,
which is manifest by weak (111) and (012) diffrantpeaks. The sample also shows
the presence of minority phase crystalline impesithear 31.0° and 43.98.2In
general, CTCh films prepared on a-gS@mmonly exhibit a significant degree of
[100] preferential growth with a smaller amounipotycrystalline growth. This is a
significant attribute since the electronic propestof preferentially oriented films are
often better than their polycrystalline counterpar€TCh films prepared on YSZ €
5.12 A) exhibit very strong [100] preferential gritwwith no or very little evidence of
polycrystalline orientation despite a 7% (10%)it&ttmismatch for the sulfide
(selenide). In Fig. 6 the x-ray diffraction pattérom a (100) preferentially oriented
CTS film on a single crystal YSZ (100) substratd arcalculated CTS powder pattern

are shown. ThehQO0) reflections are labeled and substrate diffoacgieaks are
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Cu TaS
3 4

oriented
film

Fig. 5 TheB—26 XRD pattern from a CTS film deposited on a-5&dd annealed at
625 °C for 1h. The film patterns is plotted orog scale and the powder pattern
plotted on a linear scale. The presence of seyad@a) diffraction peaks and
suppression of most polycrystalline peaks indicttasthe film is preferentially
oriented along [100].
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Fig. 6 TheB—20 x-ray diffraction pattern from a CTS film prepared YSZ (upper
pane) and a calculated CTS powder pattern (lowee)alhe presence of multiple
(h00) diffraction peaks and the suppression of pgistalline peaks of typenkl)
indicate that the film is preferentially orientddrag [100]. Substrate peaks are
indicated by an asterisk. The film and substratelst significant diffracting power
as even low intensity Cugdmpurity radiation is diffracted. The film pattesits on a
large background intensity, which may result froetedtor saturation/re-
normalization problems due to the extreme high tmiensities generated by the
bulk single crystal substrate and oriented thim fil
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indicated by an asterisk. The diffracting powettd bulk single crystal substrate is
large, and even low intensity Cy Kadiation is diffracted by the substrate. A Gu K
reflection near 15°@can also be observed from the film (100) peakicatthg the

film also has strong diffracting power and high aeggof orientation. The broad peak
near 29° B is ascribed to T®s, which can form if the base pressure during tihe tu
sealing process is too high. The sensitivity effihms to residual oxygen in the tube
upon heating was the impetus for the developmeatgfarded, high vacuum tube
sealing method (see Fig. 2). Prior to the devekurof this method only poor quality
samples could be prepared and high temperaturéd moube used due to the higher

tube background pressure.

CuwTaChyChy' Solid Solution Thin films

Theex-situannealing process allowed for preparation of C3¢pand
CT(Se,Te) solid solution thin films by annealingdeposited CTSe films in evacuated
fused quartz tubes containing powder mixtures o5@hd CTSe or CTSe and CTTe.
To verify incorporation of the substituted chalcoigie atom, the position of the (100)
reflection in the thin film XRD pattern was moniéol and elemental concentrations
were measured using electron probe microanaly$id). The low angle (100)
peak (15-16° ) was chosen rather than higher angle peaks betaadgbited the
highest intensity and best peak shape, which falil accurate peak position

determination. Moreover, peaks present at higimeré accurate) angle in one film
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Normalized (100) intensity

Fig. 7 The normalized (100) XRD peaks from thim8 of (L to R) CT(Se,Te),
CTSe, CT(S,Se), and CTS. The calculated (100) pesitions for pure CTTe, CTSe,
and CTS are shown as lines. A pure phase CTTenasinot attempted.
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were not necessarily present in a different filfin ftee (200) reflection of CTSe is
strongly suppressed, yet strong in CTS). Fig.ofshthe position of the normalized
(100) XRD peaks for thin films of CTS, CT(S,Se), & and CT(Se,Teyhich show
good agreement with the angular positions predibtedegard's law on the basis of
the measured chalcogenide ratios (Fig. 8 and TBbl®&reparation of a single phase
CTTe film was not attempted although majority phpserder synthesis was achieved.
Also shown as lines are the positions of the (3@&@&ks for CTS, CTSe, and CTTe
calculated from single crystal refinement data2@), In the case of the CT(S,Se)
film, movement of the (100) peak to highér2lative to pure CTSe is indicative of a
contraction of the lattice due to substitution eft& the smaller S, thus indicating that
a CT(S,Se) solid solution thin film has been pregarAnalogous peak movement to
lower 28 was observed in the case of the CT(Se,Te) filmrevkiee larger Te
substitutes for Se. These results indicate thabsmmodulation of the optical and
electronic properties within the CTCh family of cpaunds may be realized with
chalcogenide solid solutions. Previous work has ahown optical band gap
modulation among metal solid solutions of thel@u,M'xCh, (M = Ta, Nb, V)
family of compounds, making the sulvanite classaterials potentially quite
versatile (1). Also, EPMA and XRD indicated thatdeposited CTSe films could be
completely sulfurized by annealing the CTSe filnpime CTS vapor such that a
CTSSe with x ~ 0.0 could be prepared from an as-deposited Cilie f

As verification of the lattice parameter changesdcted by Vegard’s Law,

thed-spacing [for the (100) pland,= ajatice] Of several CglaCh,«Ch'y solid solution
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Fig. 8 The lattice parameters of severa}TaCh,.,Ch'x solid solution thin films

plotted as a function of the molar chalcogenideceotrationx, as measured by
EPMA (open circles). The solid connecting lingsresent the lattice constants
predicted by Vegard’s Law.

Table 1 The molar chalcogenide concentratiam CusTaCh, «Chy for solid state
solution powders and thin films. EPMA was usedétermine the filnx, and the
d-spacing calculated on the basis of Vegard’s Ldeasuredd-spacings are
determined from the position of the (100) peakia film x-ray diffraction pattern.
The calculatedl-spacing of the pure compounds are single cryatité refinements.

film xin

film xin

pOWderX CTS4_XS & dmeas(A) dcalc (A) CTSQ-XTGX dmeas(A) dcalc (A)

0 -- 5.4999 5.5036(4) -- 5.6622 5.6535(7

1 0.41 5.5186 5.5190 1.03 5.72771 5.72471
2 1.46 5.5564 5.5583 -- -- --

3 2.09 5.5877 5.5819 2.95 (calg) 5.8572 5.8572
4 - 5.6622 | 5.6535(7)-- - 5.930(2)
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thin films are plotted as a function of the chaleoigle molar concentratior,

which was measured using EPMA (Fig. 8, open cijcl@he solid lines represent the
predicted value of the lattice parameter based egexti’s law (27). For the= 0 and

x = 4 endpoints, the single crystal lattice paramseteere used. The film lattice
parameters are in are close agreement with thedatarameters predicted by
Vegard's Law. The data from Fig. 8 is summarizedable 1. Note that the
chalcogenide molar ratios of the powder mixturesduer annealing the CT(S,Se)
films differ from the measured film ratios. Foraemple, a 3:1 S:Se powder mixture
yields a thin film with a S:Se ratio of 3.59:0.4d4dlicating that at these annealing
temperatures S is the favored chalcogen. Howéwethe CT(Se,Te) system, powder
and film chalcogenide ratios are in closer agreenparhaps due to closer vapor

pressures of CTSe and CTTe.

Optical Properties

The spectral dependence of the transmisar@hreflection coefficients for the
CTS film of Fig. 4 = 200 nm) is shown in Fig. 9. Intensity modulaton theT and
R spectra as a function of wavelength are due tofirtence of reflections at the air-
film and film-substrate interfaces. The wavelendépendent index of refraction is
plotted in the inset. From 477 nm to 852 nivaries from 2.45 to 2.19. These
observations are consistent with a refractive indexX2.30 measured at 632.8 nm
using a prism coupler. The transmission coefficadrihe CTS film averaged over the

visible spectrum is 55% and the reflection coediintiis 21%. This value dfis not
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Fig. 9 The spectral dependence of the transmigsanmd reflectiorR coefficients for

a 200 nm CTS film on a-SiO Also plotted isT/(1-R) = €™, from which the
absorption coefficient may be obtained. The isbetwvs the wavelength-dependent
refractive index for this film. Below, images afystalline CTS and CTSe films on
glass and YSZ after CVA and a piece of blank gfasseference. Also shown are the
as-deposited films, which are dark and amorphous.
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very large, but thinner films of ~100 nm show largansmission coefficients of
65-70% rawT over the visible range. The reflection-corredrathismission spectrum
T/(1-R)= € provides a measure of the absorption coefficidifte rapid absorption
change near 360 nm signals the band gap, whiletbenediate absorption over 450-
700 nm (indicated by vertical bars) may be relatetthe PL absorption. CT$&n
films exhibit similar spectra but show a delayhe bnset of transmission compared to
CTS due to the lower band gap energy. The largjees of refraction, which also
extend into the near IR, may make CTCh a usefuhetd of a dielectric mirror. Also
in shown Fig. 9 are images of as-deposited and @&ated CTCh films. The as-
deposited films are very dark and amorphous, whieannealed films are crystalline
and transparent. A blank pieces of glass is sHowa reference.

Electronic structure calculations show that mateiwd the group CaraChy
have indirect band gaps (20, 21). Formally, thedogap energy for an indirect-gap

material is found by plotting the prodyctE)*?

vs. Eand extrapolating the linear
portion of this curve to the energy axis. The lesithis analysis for a CTS thin film
is shown in Fig. 10 in which the extrapolated bgag energy is ~2.7 eV, in good
agreement with the spectral position of the fundamaieonset of absorption for a CTS
single crystal located at 2.72 eV. The broad sadigap absorption in the Cliln
absorption spectrum of Fig. 10 may be caused lgctistates in the band gap, which
could also account for the observed PL. The posiif this feature is roughly

consistent with the PL peak at 543 nm measured €di@powder and a thin film,

shown in Fig. 11. The PL from CTS powder is ineeaad easily visible to the
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Fig. 10 (aE)*?vs. Eindirect band gap analysis for a CTS film on a-SiThe
extrapolated film band gap of 2.7 eV agrees welhwhe position of the fundamental
optical absorption at 2.72 eV for a CTS single talysAn image of a CTS single
crystal is shown at right. When viewed in transius, the crystal appears light
yellow.
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Fig. 11 CTS powder and thin film photoluminescespectra. The film spectrum
was obtained from a film with no apparent photoluesicence when viewed under a
UV lamp. Some films were brightly luminescent () depending on the annealing
conditions. Preliminary indications are that btegHuminescence correlated with
lower tube sealing pressures afforded by the gdamanifold of Fig. 2.
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eye, while the CTS film PL is much weaker. Thimfhad no apparent PL when
viewed under UV light, although some films emitgrly, as show in Fig. 11. A
preliminary explanation correlates increased PgHiriess with lower tube sealing
pressures, possibly due to fewer impurities. Cp&eder shows a PL peak at 623
nm, but a simple UV lamp is not a sufficient exti@a source so a nitrogen laser was
used.

Previous measurements have shown that a dire@labon exists between the
Cu vacancy concentratioNd,) of CTS and the PL intensity (1). Cu-deficient
CuwxTaS (x = 0.0-0.1) powder revealed heightened PL internrsiigtive to
stoichiometric CTS powder, indicating that ¥Mg, concentration plays a key role in
the PL mechanism. In Cu(l) containing compounkis laCuOSeY, states are
acceptor states, usually located just above the VBMcitation spectra of CTS
powder revealed no detectable PL uBtil.i=> Eg, indicating that the emission of light
requires band gap absorption. These data in cotiqunwith band gap measurements
of single crystals can be combined to form a simnpbelel of the PL mechanism in
CTS in which band gap absorption is followed byajeto aVc, state (Fig. 12). As
such, the model indicates that g, level (the acceptor level) is over 0.4 eV above
the VBM and out of room temperature energy rangence, CTS should be an
electronic insulator at room temperature. Howetlex,model does not consider non-
radiative/infrared emission which may take placafithe CBM to some other state in
the band gap, followed by radiative decay. Thisidave the effect of reducing the

energy of thé/c, state. Nonetheless, this provides a reasonatseofder
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Fig. 12 Possible PL mechanism for CTS based oerraxpntal data for the band gap
and PL emission energy. This model assumes thatdebay occurs from the
conduction band minimum, thereby placing thg level at 0.44 eV
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explanation for the insulating nature of these conmgls. Fig. 12 also shows a
possible PL mechanism for W-doped CTS, in which ddNor state is created just
below the conduction band. Donor state dopingjeted from W' substitution of

Ta>". This model accounts for the redshifted PL obsgfvom CTS:W.

Electronic Properties

Seebeck coefficients measured at room temperaturedintered pellets of
CTS and CTSe indicate p-type conductivity in batmpounds, with values of
+27 pVIK for the sulfide and +24V/K for the selenide. Modulation of the
conductivity in CTCh pellets was achieved by dopfngincreased) or W
(decreased) into CTCh (1). However, all pure/majority phaS€Ch thin films
prepared by the two-step PLD/CVA process were etatly insulating following the
CVA, as shown by a simple ohmmeter test of therexealed films. But, if the films
or crystals were directly heated in air on a hatght 150-200 °C for 0.5-2 min both
became conducting no matter how they were contdceedyold paste or stainless
steel). Preliminary evidence suggests that theded conductivity may correlate with
the formation of an impurity phase, detectable WRD from films on a-Si@ but
more work is needed for an authoritative conclusiGiven this, we measured the
Hall effect from the (00 aligned CTS film in Fig. 6 and found unambigugutype
conduction with mobility of 0.8 cfiVs, hole density 2.9 x ®cm?®, and resistivity of
27 mOhm cm (= 37 S/cm) with no detectable XRD inifguafter the hot plate anneal.

Note, however, that the high intensity substrattkeound makes impurity detection



95

difficult, unlike films on vitreous substrates. @hanomalous conduction properties
of the film system may be related to the knownaaunduction properties of closely
related CgVS, (sulvanite) in which Cu+ ions are very mobile (2&)so, its likely
that the sintering of the pellets caused signifi¢dass of one or more elements (most
likely the lower vapor pressure chalcogenide), gitreeir dark grey, semi-lustrous
appearance. This could have influenced the condlyobf the specimens. Powders
synthesized in a sealed tube showed color indieativa wide band gap (i.e. beige
CTS and true brown CTSe) and should not be chaledgedeficient.

For films prepared on a-SjQoptical and electron microscopy revealed the
presence of extensive microcracking on the filnfesg after CVA, which may be due
to significant differences in the thermal expanstoefficients of the CTS film and the
a-SiQ, substrate (Fig. 13). Films prepared on YSZ ang&ers did not show
obvious microcracking following CVA. It is uncledithe observed top-down
microcracking extends downward to the film-substiaterface, possibly increasing
the resistance, but cross sectional SEM imagerdatideveal clear evidence of such
behavior (Fig. 13). However, the cross sectioiel1loes indicate that the film is
highly dense. Interestingly, even microcrackeghdilcould be made conducting with a
hot plate anneal, but their Hall effect propertsese unreliable. Top-down images of
CTS films prepared on a-Sj@re shown in Fig. 13 in which the microcracking is

clearly observable.
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o
800 nm

Fig. 13 Optical and electron micrographs of CTSe®iQ exhibiting microcracks.
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Zr-doped CyTaSs,

In order to test the apparent insulating naturefCTCh film system, two
methods of doping were attempted. Previous workinotered CTCh pellets indicated
that substituting Z¥ on the T&" site is a suitable method of hole doping (1)thi
first method CVA doping was attempted by heatindaped, as-deposited CTS films
with CTS:Zr powder. If successful, annealing tim fat 625 °C in the presence of
CTS:Zr powder would create a partial pressure d8Zi(g) or a binary Zr-S(g)
compound which could be incorporated into the filAowever, both undoped and
purportedly Zr-doped films (we say purportedly hessawe do not know if doping by
CVA actually transports dopant atoms) were elealigansulating despite majority
phase XRD patterns. In the second method, filme weepared using a
CusTap oZro.1Ss Sintered pellet as the ablation source angl@bhsZrosS, CVA powder
(10% doped powder was not available). This filmséd a majority phase XRD
pattern, but was also electrically insulating.both doping methods, EPMA should be
used to determine if Zr was transported into thredi If successful, dopant transport
by CVA would be a significant result. CVA dopin@svalso attempted with other,
more volatile elements including P and In but thegles remained insulating.
However, in these cases it is unclear if the malatile element was even
incorporated into the powder as a dopant. More&kwsneeded to clarify the thin film
dopability of these systems and cation and anioA @ding should be further

investigated.
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CwTaCh, Electronic Structure

The electronic structure of @laCh, (Ch = S, Se, Te) materials was calculated
using Wien 2k (20). The total DOS for CTS is shawifrig. 14, and a zoomed-in
view of the total DOS near the band edges fota#lé compounds is shown in the
inset. Note that the band gap energies follow CIT&Se < CTS, in agreement with
experiment. The calculated gaps are significagrthaller than the experimental
values, this being a well-known shortcoming of tAPW method. The PDOS
results also indicate that the VBM is composed tgaohCu 3 and S
states. The CBM is formed primarily from Td &nd S P states, with almost no Cu
4s contribution near the CBM, in contrast to similade gap, Cu(l) compounds like
LaCuOSe in which Cudlorbital are a significant constituent of the CBR®). The
selenide and telluride compounds exhibit nearlytidal features, but with the
appropriate contraction of the band gap energye @dnd structure of CTSe is shown
in Fig. 15. The band gap is indirect, with VBMRaand the CBM at X. The band
structures of CTS and CTTe are similar, but exhitmteased or decreased band

curvature relative to the selenide depending orsite of the chalcogen.
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Fig. 14 Total density of states for CTS. The ghlted gap is 1.81 eV. The inset
shows a zoomed-in view of the total DOS for thdide] selenide, and telluride
showing the observed trend in band gap energy.
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Conclusions

CuwTaCh, and CyTa(Ch,Ch’) solid solution thin films have been using a two-
step growth procedure involving PLD aex-situannealing in chalcogenide vapor.
An alternate polycrystalline CTS film synthesis heat involving the fabrication of
stacked Cu-Ta multilayers and rapid heating in flg\H,S(g) has also been
presented. Films prepared on a-S&0d YSZ exhibit (100) preferential orientation
and are transparent over the visible spectrum v@tes S and lightly colored when
Ch = Se. Optical absorption measurements of Cii@escrystals reveal a band gap
energy of 2.72 eV, while diffuse reflectance measents of CTSe powder show a
band gap of 2.35 eV. Solid state solution thim&lshowd-spacing changes in good
agreement with Vegard’s Law. CTS powder exhibmitense, visible
photoluminescence\fax = 543 nm) when illuminated by a UV lamp, while the
selenide shows a weaker, red shifted PL peak an623CTCh films are electrically
insulating unless they are heated on a hot plaaér ifor 0.5-2 min at 150-200 °C. For
a (00)-aligned CTS film on YSZ, the electronic propestraeasured after air heating
are hole mobility of 0.8 cfiVs, hole density of 2.9 x ¥bcm®, and resistivity of
27 mOhm cm (=37 S/cm). After CVA, CTCh films ors&, exhibit surface
microcracking, while films on YSZ do not. Undopeellets exhibit p-type conduction
and conductivity modulation capability from Zr awéidoping. Electronic structure
calculations show that the VBM is composed of @wafd Ch  states while the
CBM is primarily Ta 8 and Ch P states. The calculated band gap indicates tkat th

transition is indirect. The optoelectronic propstCTCh compounds and their
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isotropic crystal structure indicate that theseanals could be applied in a variety

of transparent electronic and photovoltaic appioces.
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Abstract

Thin films of BaBiQ and Ba.xK«BiO3 have been prepared on vitreous Sa0d

single crystal MgO (001) substrates using pulsedrlablation of ceramic

Ba; «K«BiO3 (x =0, 0.1, 0.4) targets. Measurements of the édmmposition reveal
that BaBiQ:K films are K-deficient with respect to the targ@minal K concentration
by as much as half. Films deposited onto glassteties show polycrystalline
orientation, while films on MgO (100) exhibit stgfil00]-directed growth. Seebeck
coefficient and resistivity measurements of a seddBaBiQ pellet reveal p-type
conduction (+46V/K) andp = 2.2 kOhm cm, respectively. Undoped and K-doped
films with xqm = 0.06-0.07 were electrically insulating, whilélen with x =0.17
showed 15 Ohm cm. UV-vis transmission spectraBDBiIIms exhibit a broad onset
of transmission near 650 nm (=1.91 eV) ascribetiedundamental bad gap and a
peak near 420 nm (=2.95 eV) ascribed to intervaibatge transfer, imparting a
violet-blue appearance when viewed in transmissi@ocasional microcracking of the
BaBiO; film surface was observed for films on Si@hd MgO, which could be due to

oxidative shrinkage.
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Introduction

The discovery of high temperature superconductivitBaPh.Bi O3 by
Sleight in 1975 and began a vigorous and contintesgarch effort into the family of
compounds based on the distorted perovskite Ba@B80O) (1). Later, more interest
was generated when it was found that samples winich heavily K doped, viz.
Ba; «K«BiO3 (BKBO), also showed superconductivity with maximiig= 30 K at
x=0.4 (2). Excitement over these materials stechfram the fact that these
compounds were the first non-cuprates to exhilwhdugh transition temperatures
and might provide clues to elucidate the mechamftsuperconductivity. More
recently, BBO has generated interest as a stroagppatalytic material which
oxidizes organic compounds in the presence of kdight (3, 4). From a more
fundamental vantage point, the parent compound B&©been studied as the
foremost example of Bi charge disproportionation6)5 In BBO the formal valence
of Bi is +4, and on this basis BBO is predictedéometallic due to its half-filledsb
band (6). However, this is not observed experiagntand BBO is found to be a
semiconductor witleg ~ 2 eV. Rather than containing a single tetravabethe
compound can be expressed asEBHBI°*Og in which the Bi atoms have
disproportionated into their preferred 3+ and 5lenee states giving rise to an
ordered array of charge fluctuation, a so-calleatgé density wave. Structurally, this
is manifested as two distinctly different Bi—O distes which result in alternately
expanded and contracted BiGctahedra (5, 7). This can be envisioned aszzffro
breathing-mode type displacement of the BoGtahedra. The band gap is opened up

between filled Bi* valence band states and empty'Bonduction band states. Thus
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the VB configuration in BBO should be Biand a good starting point for the

development of p-type transparent conducting okId&0) since holes created in the
stype VB should have high mobility (8). This preses that the Bi$level lie above
the O D level in the VB. This is not the case in®@4 (O 2p lies above Bi §) and for
BBO this has been a point of controversy and ccifig results, which photoemission
experiments and DFT calculations have tried tolves(®, 9). Our interest in BBO
began from the possibility of the*type VB, even though the band gap is too small
for use as a TCO. Nonetheless, the gap might geeered in such a way as to
preserve the VB character and increase the visidhsparency. In particular, Ce-
doping of Bi has revealed the possibility of bamag gvidening with a trade off with
increased resistivity (10). Thus one may envisigntype TCO evolving from hole-
doped BaxKBi1.,Cg0s. In this chapter we present our results of tihim f
preparation and characterization of BBO and K-ddpB® (BKBO). Our results
show that BBO remains electronically insulating wieconcentration is low and
becomes conducting whemn- 0.2. Also, we present the results of thin filkec&ron
microprobe measurements which show that a larg@opasf K is lost during the
deposition and/or the target sintering procesdrids. 1 and 2 we present our results
of x-ray diffraction measurements of BBO films atreous and crystalline substrates.
We also outline a method to produce high qualityB8Kfilms using oriented template
and passivation layers. Finally, in Fig. 5, anagtmicrograph of a severely
microcracked BBO film on MgO is shown and discussedhe basis of oxidation-

induced cracking.
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Experiment

Thin films of BaBiQ were deposited onto heated amorphous SiO
(a-Si%) and single crystal MgO (001) substrates usingguilaser ablation of
ceramic BaBiQ@ and Ba.xK«BiO3 targets in a high vacuum chamber. For target
preparation, powders were first synthesized usinghsometric quantities of BaGO
and BpOs3, thoroughly mixed and heated in air at 900 °C2éh. This was followed
by cold pressing at 1.5 tons and air sinterings& 8. The resulting target was
brown and 85% dense. K-doped targets were prepateeé same manner, with
K2CGOs; and reaction and sintering temperatures of 808rfeC750 °C, respectively.
Volatilization of K during pellet sintering was fiected based on the appearance of
the targets, which were darker than the undopegtavith a glossy finish around the
edges. The density was not quite as high as ttlepad target (60-70%), and the K-
doped targets were moderately or strongly hydrasabgpending on the doping level.
Films were deposited in 100 mtorr of grade 4,u6ing a Lambda Physik Compex
201 excimer laseA(= 248 nm1 = 25 ns) set to 10 Hz and 1.5-2 Jfcrithe targets
ablated easily due to the high absorbance of tigeta The preparation of BKBO
films on MgO consisted of two sequential stapsitu beginning with ) deposition
of a thin, undoped BBO template layer at high terapge andi{) deposition of K-
doped film at lower temperature to avoid exceskiwmlatilization. The target was
positioned 50 mm from the substrate, which wasdtetd 375-450 °C. Room
temperature depositions were also performed, bzit 8ims were optically

transparent and insulating, most likely consisbhgmorphous binary oxides of Ba
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and Bi. Films were cooled in the deposition ambienannealed at deposition
temperature in 760 torrQor 1 h.

Films were characterized by fixed incidence 8r80 x-ray diffraction (XRD),
electrical conductivity, variable field Hall effethnsport measurements,
UV-vis transmission and reflection, and by elecfpoobe microanalysis (EPMA).
Fixed incident angle XRD spectra (By) were measured using a Rigaku Rapid
R-axis diffractometer while a Rigaku Miniflex tabd@ diffractometer was used to
acquireb—20 patterns. For measurements using the Rapid Rd#kiactometer a
two-dimensional area detection screen allowedctflies from a range oftRandy
angles to be acquired simultaneously. Electrioaldeictivity from pellets and thin
films was measured at room temperature in the eafPduw configuration on a
Lakeshore 7504 Hall measurement system. For measmts of pellet electrical
properties, Ag contacts were deposited using PLId@h temperature in 100 mtorr of
N,. Optical transmission and reflection spectrahm WV-visible range were
measured using a double grating spectrometer cotpla Xe light source and a Si
diode detector. Seebeck measurements were peda@atmeom temperature on an in-
house designed system consisting of a Keithley 1@§#aal multimeter and a
Tektronix DM 5120 digital multimeter. EPMA was pammed using a Cameca SX50

electron microprobe using multivoltage thin filmadysis.
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Results and Discussion
Structural Characterization of BaBj@hin Films

The XRD patterns from undoped BBO powder and afihimare shown in
Fig 1. The film deposited in 100 mtore On vitreous Si@at 400 °C is pure phase
and exhibits statistical orientation, which is gasbted from the close match in peak
intensity ratios from the powder and film. The XRBtterns from polycrystalline
BKBO films appear identical to undoped films, wélslight peak shift to higher angle
(smallerd-spacing) on account of the lattice contractioruset by potassium
substitution. Th®&-20 XRD pattern from a (d) preferentially oriented
BBO/BBOK/BBO film on MgO (100) is shown in Fig. ZLhe (00) peaks are labeled
and the substrate peaks are indicated by an &sténthe lower pane, the pattern is
plotted on a linear scale, and only high intenf)-type peaks are observed. In the
upper pane, the same pattern is plotted on a klg,send many additional
polycrystalline peaks can be observed, includirgniost intense powder peak near
29° 0. However, the intensities of the (DPeaks are greatly enhanced relative to
their statistical distributions, and the [Ppeaks exhibit 2-4 orders of magnitude
higher intensity than the polycrystalline peaksli¢ating strong [100]-directed
growth. This film was prepared by first depositanthin (~10 nm), undoped BBO
template layer at 550 °C on the MgO (100) surfdoee to the high temperature
growth, this layer should be strongly crystallireegen preferentially oriented,
providing an oriented growth template and neargu¢iattice match for the K-doped

middle layer (~400 nm), which was deposited fromxke0.4 target at lower
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Fig. 2 620 XRD pattern from a (A preferentially oriented BKBO film on MgO
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temperature (350 °C) to prevent excessive volatilin of K at high substrate
temperatures. Finally, a thin layer of undoped BB6 nm) was deposited to passify
the hydroscopic K-doped middle layer. The formaid an oriented, undoped

template layer has been known to improve the olvguallity of BKBO films (11).

Optical Properties

When viewed in reflection, as-deposited crystalfims of BBO appear
brown and shiny. However, when viewed in transiarsghe color of the films is
violet-blue. This interesting feature is manifeisie the UV—-vis transmission
spectrum of BKBO film X = 0.06) on a-Si@as a broad 5-20% transmission hump
located at 415-425 nm (Fig. 3). The origin of tleigture is most likely related to
intervalent charge transfer betweeri'Bind BF* (12). K doping attenuates this effect,
and the transmission hump intensity is decreasexhlmyrder of magnitude for a film
with x ~ 0.17. The reflectanc®) of the film over the UV-vis averages 19%, while
no transmissionT() of light over this region (aside from the feataesar 430 nm) can
be measured untl ~ 650 nm (=1.91 eV), at which point a broad on$et o
transmission begins. The weak onset makes assigrohthe band gap energy
difficult, but literature values suggest about 2 @Vreasonable agreement with the

observed transmission onset in the films (13).
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Fig. 3 The UV-visible transmission (lower panedl aeflection (upper pane) from a
BKBO film with X;m ~ 0.06. The films appear brown when viewed ine@fbn and
violet blue when viewed in transmission. The featoear 430 nm in the transmission
scan is ascribed to intervalent charge transfevést Bf* and Bi®* and gives the

films their blue appearance. The sharp linesgtt imavelength are atomic Xe peaks.
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Electronic Properties

The majority carrier type in BBO at room temperatwas determined to be
positive holes by thermovoltage measurements oftared BBO pellet with PLD Ag
contacts in which an increasingly positive therntage is measured as the thermal
gradient across the sample increases (Fig. 4). SEBebeck coefficient extracted from
the linear fit to the data is 41{B//K. In all cases, undoped pellets showed room
temperature conductivity with a simple ohmmetet, tehile the undoped films were
insulating. This could be due to variable oxygentent in the films or a
microcracked film surface. Films could be madedtaing only with significant K
incorporation, and a film witk ~ 0.17 showed a resistivity of 15 Ohm cm. Hall
effect measurements on this sample were incon@dusixhibiting mixed carrier sign.
For this film, Ohmic contacts were prepared usiodpadal Au with gentle heating in
air (60 °C, 10 min). For the bulk phase, the rademperature resistivity measured
from a sintered BBO pellet is 2.2 kOhm cm, in gagdeement with the literature
value of 2 kOhm cm (14). In general, ohmic IV as\vo BBO or BKBO films or
pellets could not be obtained unless laser dembsigeor colloidal Au was used, as
both colloidal Ag and soldered or pressed In migtiédd to give linear IV curves.
This is shown in Fig. 4 by the IV curves of a BB&llet with various contacting

schemes.
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Film Composition

Quantitative measurement of the elemental composdf undoped and K-
doped BBO films were performed using EPMA. Thailissare summarized in Table
1. Films prepared from (pre-sinteredy 0.1 andk = 0.4 targets exhibit significantly
less K than the target, with,, values just over halikm = 0.06-0.07) of the pre-
sintered value fox = 0.1 and well under halk{, = 0.17) for 40%. This indicates that
the sintered targets contain far less K than exge@Es discussed in the experimental
section), or that K is lost during film depositiamith both processes being likely.
However, the sintered pellet K concentration isnown, so it is difficult to determine
when the K loss is occurring. The K loss is alsitected in the (Ba+K/Bi) cation
ratio, with all value less than then theoreticdliesof 1. We note also that substrate
heating can exacerbate the K loss, with greatersk from films deposited at higher
temperature. The problem of K volatilization haeib observed and is ameliorated by
overdoping of K by as much as 100%. Films depdst#o Si wafers with only a
native oxide layer allow quantitative determinatafrthe film oxygen content, while
bulk oxide substrates like Si@nd MgO make film oxygen quantification less
reliable. For sample 14 the cation:anion ratieeisy close to the theoretical value of
0.66, indicating that this sample is just slighdkygen deficient (or cation rich, but
this scenario is unlikely). Also, this sample dits a cation ratio (Ba+K/Bi) closest

to theory.
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Table 1 Film composition data obtained from seiviBea K«BiO3 films using
EPMA. For K-doped films, the pre-sinterggq« and the measureg, are notably
different, suggesting that K is volatized in thedaplume or the target sintering. Both

processes are likely. Samples 13 and 14 showdati&n:anion ratios closest to the
theoretical value of 0.66.

sample no| Xarget (pre-sinter) Xim | (Ba+K)/Bi | (Ba+K+Bi)/O | substrate
7 0 -- 0.947 0.832 a-Sio
9 0.1 0.06 0.871 1.524 a-Sip
10 0.1 0.07/ 0.891 0.739 a-Sip
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
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Film Morphology

Occasionally, BBO films deposited on a-2i&hd MgO exhibit severe
microcracking of the film surface. An image ofglphenomenon is shown in Fig. 5,
an optical micrograph of a BBO film on MgO. Accorg to (15), this effect is
attributed to variable oxygen content of the filmidiat is, following the deposition of
a nominally oxygen deficient film at a given temgaeire in oxygen ambient, the film
will take up oxygen on cooling from the growth tesmgture and cause shrinkage of
the lattice and induce cracking. Hence, duringwging film oxygen deficiency should
be minimized to avoid surface microcracking. Lowemnperature growth should
favor reduced oxygen deficiency of the films bull @ecrease the crystal orientation
of the films. An alternative approach is to growhen, oriented nucleation layer at
high temperature, then reduce the temperatureravty of the main film layer, as
discussed in the experimental section. This mettibdllow for the growth of

oxygenated films at lower temperature.
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Fig. 5 Optical micrograph of a BBO film surface @m MgO substrate exhibiting
severe microcracking.
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Conclusion

In summary, we have prepared polycrystalline amdegpentially oriented films
of Ba«K«BiO3 on vitreous Si@and MgO (100) substrates. The undoped films and
BKBO films (x = 0.05-0.07) are electronically insulating white@iented film with
X~ 0.17 on MgO showed 15 Ohm cm. The resistivitg sintered BBO pellet is
2.2 kOhm cm, in agreement with literature valuel.(IThe room temperature
Seebeck coefficient was determined to be 4VEK. Quantitative elemental analysis
of the films reveals that BKBO films are K-defictdsy as much as half of the target
nominal K concentration. Severe overdoping of Ikeeded to solve this problem.
BBO films are strongly absorbing in the UV-visiltenge and show peaks attributed
to Bi** < Bi°* charge transfer. The band gap energy of BBO (920 low for
transparent applications, but the VB electroniactire may provide a high mobility

hole transport path as a starting point for ban@egagineering.
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CHAPTER 7

Conclusion
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In summary, we have presented here our resultsrofitm growth and
characterization of several wide—gap chalcogenndiecxide materials which may be
applied in transparent electronics. The methoplutsed laser deposition was described
in terms of its key advantages and disadvantagesng which are the faithful
reproduction of the target cation stoichiometryhia film under most conditions, highly
energetic ablated species, and experimental siitypdind flexibility. The most
significant limitations of PLD include the genematiof micron-sized particles from the
target and the difficulty in preparing uniformlyick coatings over large area. All the
samples investigated in this research were prepgaré&lD.

In chapter 3 we presented our findings on W-dope@4land the remarkable
result of a 3.2-fold increase in the electron mgbdompared to 1505:Sn. In particular,
we have prepared IWO thin films which exhipit 112 cni/Vs,n = 1.67 x 18° cm?,
andp = 3.37 x 10 Ohm cm at room temperature on an amorphous stistdso, we
have summarized the unexpected mechanism of ti@msitetal magnetic exchange
interactions which account for the anomalously mgbbility measured from W, Mo, and
Zr-doped InOs. In particular, the exchange interactions imparh distinguishability to
the Wih""O;"]" charge generating defects, such that free cammssonly “see” (that is,
scatter from) a defect of the same spin. The resuhis is an effective two-fold
reduction in the number of scattering centers.ufeuvork on this system may include
investigations on the upper limit of the mobilitythese compounds. Also, the
conductivity of InO3:Sn remains significantly higher than@y:W due a larger carrier
density. Future research may be undertaken teaserthe carrier density of IWO while

maintaining the high mobility of carriers.
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In chapter 4 we presented out results on the oxgobanide BiCuOSe. In
particular, we have demonstrated facile, high dqu#hin film preparations on a-Sy@&nd
single crystalline MgO and SrTig3ubstrates. BiCuOSe is a black p-type semiconduct
which exhibits high hole mobility of 4 citv's and a conductivity of up to 176 S/cm when
Ca is substituted for Bi. Electronic structureccédtions reveal that the disparate
electronic configurations of the Biand L&" ions account for the distinct chemical and
physical differences of BiCuOSe (low band gap, temperaturén-situ preparation) and
LaCuOSe (high band gap, high temperatxesitupreparation).

In chapter 5 we presented novel research on tis fof two members of the
sulvanite class of materials, wide—gapTaCh, (Ch = S, Se). Using a two-step growth
method consisting of PLD arek-situchalcogenide vapor annealing (CVA) we have
prepared (100)-aligned films on both amorphousaysitalline substrates. The band gap
energies were measured to be 2.72 eV for the sudfindl 2.35 eV for the selenide. The
materials are p-type, and an oriented CTS film aé&cka mobility of 0.8 cAfVs,

p =2.86 x 18 cm®, andp = 27 mOhm cm (=37 S/cm). Also, we described gm
method to prepare thin film solid solutions of;Ca(ChCH),. Future work on this
system should include the fabrication of very higiality, highly dense ablation targets.
This would improve film morphology greatly and papls maken-situ growth possible.
Also, cation and anion doping by CVA should be exg@dl more fully in conjunction with
EPMA.

Chapter 6 described the preparation of the chargered compound BaBiO
(BBO). This material undergoes charge dispropoation of Bi via 2Bf* — Bi** + Bi®*

and an energy gap is opened up between the filifd/Blence band and the empty Bi
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conduction band. Thesbvalence band configuration should provide a higtbitity

hole transport path, and band gap engineering @&tlalloying widens the 2 eV optical
gap making this material a possible parent compdond p-type transparent conductor.
However, undoped thin films of BBO are electricafigulating, and only high levels of
K doping would impart conductivity in the films. délitionally, significant loss of K
during the deposition and/or the target sintergygesent non-trivial challenges to

overcome.
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Introduction

The purpose of this appendix is to describe the ®8D facilities and our
role in their design, implementation, and developmen particular we show the
results of hardware development and post-instalatnprovements necessary for
film deposition and system reliability. The OSUPkEystems consist of a single UV
laser and two independent vacuum chambers—a custdhthamber from
Thermionics (“Tli”), and a much smaller “turn-keghamber by Neocera. For the Tl
chamber we describe the purpose of the major poeddition to descriptions of
pressure gauging, substrate heating, and othesmifar treatment of the Neocera
system is presented. Also we show many imagdseofystem components such as
shadow masks, target holders, beam apertureslestigned and fabricated to improve

system performance.

PLD at Oregon State University

The OSU PLD facility consists of a Lambda Physikipex 201 KrF excimer
laser p = 248 nm; = 25 ns) coupled to two independent vacuum chasabarlarge
volume, load-locked (LL), fully custom system budit Thermionics laboratory Inc.,
and a much smaller, “turn-key” system built by Neac(Fig. 1). The laser output is
directed into a given chamber using two sets ofarsrand lenses, all of which are
high grade UV silica. The middle mirror is mountadan X,y) micrometer stage to
either move the mirror into the beam path for tledera chamber, or remove it from

the beam path for direction into the Tli chambag(RE). The key differences in the
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Fig. 1 The Tate Lab PLD facility at OSU. Pulsediation from a KrF excimer laser
is directed into one of two chambers using a mohkeeidirror in the middle of the
optical tower. External lenses focus the lasepwaiuthrough a UV-grade flange on the
chamber body and onto a target inside the chamber.

two PLD chambers are their respective base pres¢line 10’ torr Neocera vs. 1 x
10° torr Tli), materials usage (chalcogenide mateiialEli. vs. oxides and nitrides in
Neocera), and systems control (Tli. is fully manwdiile Neocera includes software
integration). In this section, we describe eadiey in detail with attention to the
primary components like substrate and target méaatiges, pumping and gauging
systems, and gas systems. We also show imageteandptions of various custom
designed and fabricated hardware including shadagks) target holders, beam

apertures, etc. developed to improve system funality.
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substrate
manipulator

LL-main ch

i
N
mariual VAT
gate vajve

Fig. 2 Backside view of the Thermionics PLD systeey components are labeled.
The white tubing circulates cooling water from asdd cycle chiller to the main
chamber body, target and substrate manipulatodstreenmain TMP.

Thermionics PLD System

An image of the Tli system is shown in Fig. 2. Hystem consists of two
gate-valve coupled chambers, the smaller of theomvthe right in Fig. 2 is the
sample load lock chamber. Each chamber is pummiddually by TMPs backed by
rotary vane mechanical pumps. In the event ofvegp@utage, mechanical pump-to-
TMP isolation valves close, safeguarding the chasfsem atmosphere and oil
backstreaming. The LL chamber is designed to tearigms in an out of the main
chamber under vacuum using a magnetic rotary femaigin. Only one substrate and

one target may be transferred at a time. The egfamber volume is drastically
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larger. During maintenance, the main chamber medethrough the LL chamber.
The targets are transferred to a 6-target cardweddér, which has a manual stepper
drive to move any single target into the path efldser beam. Note that since this
system is fully manual, controlled switching of tiaegets is not possible, making
multilayer film preparation difficult. The targhblder has Z-positional movement
over ~10 in. The substrate holder hgg,) displacement capability, with high
resolution aX,y) micrometer and lower resoluti@positioning. Thez-positional

movement is ~ 6in.

Chamber Body and Ports

The body of the chamber consists of ports rangomgnfl” to 10” in diameter, some of
which are unused at present. The primary porisdac

- 10" main TMP coupled to a manual VAT gate valve

- Vacuum gauging (nude ion, dual capacitance materne

- Dual 4.3 laser entrance and laser energy measurement ports.

- 8" target manipulator (TM)

- Deposition viewports with shutters”(&.75', and 4.3)

- 8” Substrate manipulator (SM)

- 4.5" gas admittance port with variable leak valve

The chassis of the chamber body is water cooladtit®nal unused ports include
orthogonal RHEED gun and screen ports anthatu substrate laser annealing port,

which requires additional external optics to dirdet beam toward the substrate.
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Target Manipulator (TM)

The TM (Fig. 3) consists of a 6-target carousehwpitotective covering to
shield the other five targets during depositiotne TM has only-displacement
capability. The ablated target is rotated durlmgdeposition, but not rastered, thus
forming annular features on the target surfacenecshaped target holders are
designed to fit 1x 0.2 cylindrical targets, but with proper engineeriragious
dimensions can be accommodated. In practicegattaith the stated dimensions
requires of order 15 grams of powder, which catirbe consuming to prepare. This
is especially true for novel materials, which cano® obtained commercially. Thus
the author proposes a using much smaller targf% X3L/8’ thick) in a modified
target holder. This procedure has been demondtfs¢e “Zr-doped CTS” in Chapter

5).

Fig. 3 The Tli target manipulator. The TM housestargets. A motor drives the
gears which rotate (but not raster) the targetndutihe deposition. Target switching is
performed manually. Water cooling lines are alsovwm.
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Substrate Manipulator (SM)

The SM houses two 500 W max bulbs which providearadsubstrate heating
(Fig. 4). K-type thermcouple, lamp power, wateolatg, and gas feedthroughs are
located at the crown. Amx,{) micrometer stage provides high resolution plageamné
the substrate above the ablation plume for maximaoiformity or off-axis deposition.
This feature allows the user to place the film cliseover the plume, thus maximizing
thickness uniformity, or placing the sample offsatar specialty depositions. Z-
displacement of the substrate allows for a rangargkt to substrate distances raging
from ~1" to ~6'. The gas feedthrough is routed down to the satestthus forming a

shower ring of gas.

Fig. 4 The Tli Substrate manipulator. At leftetbubstrate holder is affixed to the
manipulator, and removed at right, exposing thd dubbs that provide radiant
heating of metal to which the substrate is mouniBge gas shower ring can also be
seen.
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Pumping System

The pumping system for the main chamber consisés3¢iko1000 L/s (N
magnetic levitation TMP (35k rpm normal rotatioreed) backed by a BOC Edwards
rotary vane pump. The backing pump is lubricat&fl wrytox oil, which permits the
use of corrosive deposition gases likeSH To date, however, no such gas has been
used (only Ar/H, Ar, and Q) have been used. The base pressure of this system
1 x 10° torr. Isolation and vent valves are affixed te backing pump foreline, as
well as an oil mist trap. A manually operated V@date valve is used to throttle the
TMP when the deposition pressures are high (>tbér). For corrosive gas such as
O,, and HS, an N mass flow controller (MFC) couples to a purge morthe TMP
and provides inert gas purging to protect the Tkéimfcorrosive damage. For

oxygen this is not as critical to use.

Gauging

Vacuum gauging is performed using three indepentamometers. A nude
ion gauge is used to from base pressure totdf, while a low pressure capacitance
manometer (CM) is used in the range fronT-l0? torr. Another CM is used at
higher pressures (fo10° torr). The gauges are affixed to elbowed portsicty
preclude film deposition onto the filament or diegdgm. This is particularly
important in the case of the CM, where depositiotodhe diaphragm is the most
common cause of failure or spurious readings. Als® CM ports include high
vacuum valves. The valves are closed before vgiie chamber to keep high

vacuum on the diaphragms as exposure to atmospgressure can offset the zero
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calibration. The IG emission current must be édroff when using oxygen gas,

which will combust the filament.

Gas System

Deposition background gas is delivered using aabéeileak valve coupled to
a 4.9 feedthrough. Gas can be routed in two ways—thr@ugas shower ring
around the substrate, or straight through the feedgh. The position of a valve
dictates which way the gas will be routed. Theaeaysfeatures additional
pneumatically actuated valves. The first is lodada the gas shower ring line. An
electronic switch controls the pneumatic actuatibthis valve. In the event of a
power failure during deposition, the switch opend the valve closes. This is to
prevent unsafe pressure from building up in théesgsavhen a power outage trips the

pump power circuit.

Neocera System

An image of the Neocera system is shown in FigASnajor difference from
the Tli system is that this chamber does not irelad.L and thus must be fully vented
after each run. As a result this chamber has artayeer working base pressure
(1 x 107 torr) and is used for the growth of air-insensitimaterials like oxides,
metals, and nitrides. The system will pump dow8 $010° torr with the gas
manifold fully closed, requiring more than 24 ho Bbmponent of this system is
water cooled, adding another layer of simplici®ll of the as-installed viton rubber

gaskets were replaced with Cu gaskets upon arsuéktantially improving system
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base pressure. The system is computer contreliedh permits the fabrication of

complex multilayer structures with precise layerargl thickness control.

Fig. 5 The Neocera PLD chamber. The substratepukator flange is in the
foreground. The focusing lens is located in a@usplastic housing.
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Neocera Pumping

System vacuum is provided by a Pfiffer TMU 261P #8(N,) TMP backed
by a Pfiffer MVP 055-3 3.8 fith diaphragm pump. A Npurge valve allows short,
repeated pump/purge cycles to be performed aftér eanting, if desired. Thus the

system can pump quite quickly.

Substrate Manipulator

The SM consists of a’2liameter inconel block with four tapped holes veher
substrate clips are applied. The substrate ispahdirectly to the block and optical
interference fringes indicate sufficient thermahtaxt to the block. The SM has no
rotational control, so accurate plume-substragmatient is important. However, the
SM does offer a range of fixe,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 t& 16rr, a Pfiffer PKR 251 cold cathode gauge
is used. In the higher pressure regime, a cormegfauge is used from 0.1 torr-
atmosphere. The convectron gauge is calibrateNfoand uses no gas correction
factor for air, Q, or N, from 0.1 torr to 760 torr. For Ar, gas correctfactors must

be used over the entire pressure range.
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Target Manipulator

The Neocera TM holds six’targets or three"2argets. Motors on the TM
allow for computer controlled target rotation aadtering, affording near 100% target
surface usage. This perhaps the most significhrdraage of this system compared to
the Tli system. Rotational velocity and rasteregspeontrol are also available.
Custom target holders were fabricated to hold éingetts, two of which are spring
loaded, and the others are C-clamp type (FigT®us, an epoxy-based bonding
method is avoided, allowing for easy target swibct- For multilayer growth, simple

programs may be written using the software GUI.
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Fig. 6 Upper Left: a modified adjustable parallséd to clamp down a square
substrate for scoring and cleaving. The wedgebeamoved along the edge and
serves as a straight edge to score the glass. Anfimeters of vertical clearance was
built in so the straight edge never touches time &lirface. Also shown in upper left
are clips made from 10 gauge wire and spot welded2-34 washer. These are used
to clamp down the substrate to the heater bloakiging firm pressure. At upper
right, a BaBiQ target clamped to the target holder using a custesmgned mini
c-clamp allowing for easy target switch-out. A setew allows a range of target
heights to be accommodated. At lower left, seveifédrent style shadow masks. In
the lower left image, the bottom far left piecaisubstrate chuck for a 10 x 15 mm
substrate. The chuck includes locating holes fmiaak that fits over the substrate,
giving perfect alignment. All of the other masklwsmall locating holes in their
corners are used with this chuck. Some of the magke laser-cut, but the chuck and
the cross (upper right) were custom designed amrictted at OSU.
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Fig. 7 (Upper image) Custom plexiglass housinglierfocusing lens for the Neocera
system. The housing prevents dust accumulatiorabsadrbs diffuse UV scattering
when the beam is incident on the surfaces. Foedddfety, this lens has a double
side 248 nm antireflection coating. (Below) Custoliasstic covering for the entrance
port window with inert gas purge.
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Fig. 8 (upper L image, from L to R) Depositionestdf masks used to deposit
electrical contacts onto films patterned with tlal mask, an arbitrary four-point in-
line pattern, and contacts on the surface of &pelhe holes are countersunk to
reduce shadowing. At above right, the reverse aidiee masks. The square shaped
mask was fabricated with a slight depression orfilimeside. In this way, the mask
only touches the film at the site of the contacis does not scrape the film center.
This is important because film integrity is impartéor good electrical measurements.
The bottom image is a BaBi@ilm with gold PLD contacts deposited with this sha
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Fig. 9 An assembly used to protect the Neoceex kastrance port from becoming
coated from the ablation plume. The assemblyhisusing for a one side, 248 nm
antireflection (AR) coated sacrificial window. Theage at left is the side which
faces the ablation plume. The circular holes &ngllpumping ports. At right is the
laser incident AR coated side. The beam travdtsesectangular cut out on its way
to the target. After some time, the sacrifical @ow will become dirty from the
plume and require cleaning (this can be seen iinthge). But since we have
deposited only on the sacrificial window and na kaser entrance port, all we must
do is rotate the window to a new position. Thueséhtrance port never “sees” the
plume and must never be cleaned. In this wayex slaluble side AR coated entrance
port may be used and will never be scratched frig@aning. The assembly fits inside
the laser entrance port. Talk about a slick sotuti
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Fig. 10 Custom graphite “bunk bed” crucibles fabted for annealing Cu-Ta metal
layers in a less tharf Inner diameter tube furnace under flowingSHyas. Each
“bunk bed” fits several ~ 0.5 cm films. The bunks then staked on each other with
pegs. The furnace used for these anneals hasificsigt longitudinal temperature
gradient, and this method afforded more uniformtihgasince there is no thermal
gradient in the-direction.



