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ARTICLE INFO ABSTRACT

Keywords: Entropy stabilization has garnered significant attention as a new approach to designing novel materials. Much of
Em“'OPY the work in this area has focused on bulk ceramic processing, leaving entropy-stabilized thin films relatively
Oxide under-explored. Following an extensive multi-variable investigation of  polycrystalline
Ei?:;ical Conductivity (Mgo.2Cog 2Nig 2Cug 2Zng 2)O thin films deposited via pulsed laser deposition (PLD), it is shown here that sub-
Thin film strate temperature and deposition pressure have strong and repeatable effects on film texture and lattice

parameter. Further analysis shows that films deposited at lower temperatures and under lower oxygen chamber
pressure are ~40x less electrically resistive than otherwise identical films grown at higher temperature and
pressure. Annealing these films in an oxygen-rich environment increases their electrical resistivity to match that
of the films grown at higher temperatures and pressures. Because of this, the electric conductivity is hypothesized
to be the result of polaron hopping mediated by transition metal valence changes which compensate for oxygen

off-stoichiometry.

1. Introduction

High entropy alloys are a well-established field of work with appli-
cations in metallic property optimization [1-3]. In 2015, entropy sta-
bilization was first applied to ceramic oxides [4,5], and a five cation
material system, (Mg 2C0¢2Nip2Cup2Zng2)0O, was found to crystallize
reversibly into a uniform rock salt structure when heated to a suffi-
ciently high temperature (>875°C for the equimolar composition);
when quenched to room temperature, the material system retains the
rock salt structure. Cation distribution within the entropy stabilized rock
salt structure has been shown to be truly random and homogeneous over
long range, with some local distortions in the oxygen anion sublattice in
order to accommodate the different cation sizes [6] in addition to
Jahn-Teller distortions [7-10] (Fig. 1). This entropy stabilized oxide has
been the focus of many studies, and versions of it have been reported to
work well as a Li-ion conductor [11] and anode for Li-ion batteries [12,
13], and redox material for thermochemical water splitting [14].
Extremely high dielectric constants have also been reported [15]. Other
high entropy ceramics have been found to work well as wear resistant
coatings and thermal protection [16], as high performance thermo-
electrics and ultrahigh temperature coatings [17,13]. It has also been
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established that high entropy ceramics, in contrast to high entropy al-
loys, are typically semicondutors or insulators with a band gap, making
them interesting as functional materials. The world of high entropy
ceramics extends beyond rock salt oxides and covers a broad structural
spectrum, including rock salt, perovskite, fluorite, spinel, zinc blende,
and half-Heusler structures [18]. This investigation is focused on the
original high entropy ceramic oxide (Mgg 2C0 2Nig 2Cug 2Zng2)O in the
rock salt structure. The majority of the prior rock salt
(Mgo.2C0o0.2Nig 2Cug 2Zng 2)O studies have been carried out on samples
processed as bulk ceramics [19,4,15,9,17,13]; thin film studies are less
common. The seminal work on these oxides [5] showed an inverse
relationship between both pO, and substrate temperature on
out-of-plane tetragonal lattice parameter in epitaxial thin films of
(Mgo.2C0o0 2Nig 2Cug 2Zng 2)O. Another thin film study used pulsed laser
deposition (PLD) to show that entropy stabilized thin films of
(Mgo.25(1—x)CoxNig.251—x) Cg.25(1-x)ZNg 25(1—x))O can be tailored to en-
gineer long range magnetic order and show promise for enhanced ex-
change coupling [20]. PLD has also been used to explore structural
stability of the (MgyNi,Co,Cu,Zn,Sc,)O (x ~ 0.167) system as a func-
tion of growth parameters [21]. Depositing films using high-energy
methods like PLD provides access to much higher effective
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Fig. 1. The films in this study exhibit a rock salt crystal structure in which all
five cations are randomly distributed on the cation sublattice with oxygen ions
filling the anion sublattice.

temperatures (on the order of 30,000 K) than bulk processing allows.
Note that the term “effective temperature” is used here to describe the
estimated temperatures of the plasma generated by laser ablation and
not as a measure of cation disorder [22], as cations are presumably fully
disordered in this material system. In the current study, PLD is used to
fabricate non-epitaxial chemically uniform single phase rock salt thin
films of (Mgp 2Co¢.2Nip 2Cug 2Zng 2)O on non-lattice matched substrates.
Changing substrate temperature and chamber oxygen pressure enables
tailoring of film texture, lattice parameter, and morphology as well as
resulting through-thickness electrical resistivity. Varying deposition
temperatures and pressures affects the growth of the deposited thin film,
favoring (111) or (002) texture depending on these parameters, as well
as compressing the lattice constant and changing morphology at lower
deposition temperature. Electrical current density measurements
through the thicknesses of the films indicate that a reduction in lattice
constant is correlated with significantly lower electrical resistivity.
Annealing these more conductive films in an oxygen rich environment
causes the lattice constant to increase and the electrical resistivity to be
increased by a factor of 20.
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2. Experimental details
2.1. Targets

Stoichiometric (Mg 2Cop2Nig2Cug2Zng2)O targets were fabricated
by mixing equimolar amounts of MgO [Alfa Aesar, 99.99%], CoO [Alfa
Aesar, 99.7%], NiO [Sigma Aldrich, 99.995%], CuO [Alfa Aesar,
99.995%], and ZnO [Alfa Aesar, 99.99%]. These were roller milled with
Y-stabilized ZrO, milling media for 6 hours. The powder mix was
pressed in a 1” die to 80 MPa using a Carver hydraulic press without
binder. Resulting pellets were sintered in air using the following profile:
5°C/min ramp to 900 °C, hold 6 h, 10 °C/min ramp to 1100 °C, hold 8 h.
After the 8 hour hold, each pellet was removed from the 1100 °C furnace
and air quenched to room temperature. This sintering profile resulted in
sufficiently dense (~87%) and uniform targets that were confirmed by x-
ray diffraction to be polycrystalline single phase rock salt without
preferential orientation (Fig. 2) [23]. A CuO target was fabricated by
pressing and sintering 99.995% pure powder purchased from Alfa Aesar
in a 1” die to 80 MPa using a Carver hydraulic press without binder. The
resulting pellet was sintered in air at 900°C for 6 h with a ramp rate of
5°C per minute. The resulting CuO target was approximately 88%
dense. A PLD target of ZnO (99.9%) was purchased from Plasma
Materials.

2.2. Pulsed laser deposition

Single phase films were deposited using a KrF (248 nm) excimer laser
with pulse rates between 10 and 30 Hz and laser energies ranging from
100 to 350 mJ. Film structure was found to be rather insensitive to laser
parameters, so a pulse rate of 20 Hz and laser energy of 200 mJ were
selected as standard for continued study. Both Zn and Cu from the
(Mgo.2C00.2Nig 2Cug 2Zng 2)O target ablated in slightly lower concen-
trations than the other cations in the target (Zn approximately 1 at%
lower, Cu approximately 6 at% lower), so separate CuO and ZnO targets
were used to supplement depositions and grow stoichiometric films.
Substrate temperature and chamber (oxygen) pressure combinations of
200, 300, or 450 °C and 50 or 100 mT were explored. The rest of this
report focuses on samples deposited with a substrate temperature of 200
or 450 °C and oxygen pressure set to 50 or 100 mT; trends reported here
are consistent across the rest of the deposition space. Substrates used in
this study were borosilicate [Eagle2000] glass (EXG) and Pilkington
NSG TEC 15 Glass with approximately 340 nm of fluorinated tin oxide
coating (FTO, 13-15 Q/sq).
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Fig. 2. XRD data with a Rietveld refinement confirms the polycrystalline cubic rock salt structure of the (Mgp2Co¢2Nip2Cup2Zng2)O PLD target with a lattice
constant of 4.24 A. In the above figure, “obs” is the observed data, “calc” is the calculated fit from the refinement, and “diff” shows the difference between observed
and calculated data. The five precursor oxide reference patterns [24-28] are also shown to confirm that no residual precursor phases are observed.
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Table 1

Average cation concentration from 44 points across each sample per XRF.
Sample type Co (at%) Ni (at%) Cu (at%) Zn (at%) Mg (at%)
HTLP 26+0.4 25+0.4 23+0.4 25+0.4 -
HTHP 26+0.5 24+0.5 23+0.5 26+0.5 -
LTLP 25+0.4 25+0.5 23+0.5 26+0.4 -

2.3. Sample characterization

Samples were characterized using a variety of methods to validate
their structure and composition before analyzing properties. Each thin
film was measured in 44 different locations in order to confirm consis-
tency of the film across the 2" x 2" substrate. Crystal structure and phase
purity of both PLD targets and the resulting films were confirmed using a
Bruker D8 Discover with Cu-k, radiation. XRD data for several films
were also collected at the Stanford Linear Accelerator on Beamline 1-5
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(measurements were calibrated with a LaBg standard, however BL 1-5
does not correct for tilt of sample. Data presented here are measured to
be approximately 0.08 Q low). Composition and thickness are confirmed
using a Fischer XUV X-ray fluorescence tool (XRF); thickness varies
radially from the plume center to the edges, which are 12% thinner.
Compositional variance for each measured cation is less than 0.5 at% but
is not associated with plume position, as substrates were rotated during
deposition. In addition, energy dispersive spectroscopy (EDS) data were
collected using an FEI Talos F200X transmission electron microscope
(TEM), which was also used for bright field and high angle annular dark
field imaging. Top electrical contacts with an area of 0.007 cm? were
deposited through a shadow mask using a Temescal FC2000 e-beam
tool, with 10 nm of Ti and 50 nm of Pt. Current density measurements
were collected using a Keithley 2400 source meter under electric fields
from 0 to +£67,000 or +30,000 V/cm. Multiple measurements across the
entire 2” x 2" sample were performed using a tungsten probe with a
diameter of 0.4 mm to map the entire sample, as controlled by LabView.
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Fig. 3. Top: High resolution XRD data collected at SLAC on BL 1-5 show the (111)-textured polycrystalline growth of a cubic rock salt with moderate (111)
crystallographic texture on a borosilicate glass substrate. Bottom: Integrated counts across approximately 4 degrees through the center of the measured Chi

emphasize the (111) texture of the sample.
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Fig. 4. Crystallographic texturing was found to change as a result of deposition
temperature and partial pressure of oxygen. Overall, samples grown at 450 °C
have a tendency to grow with an (002) texture when grown on either EXG or
FTO substrates and at both 50 and 100 mT pO,. Samples grown at 300 °C show
(111) texturing at both 50 and 100 mT and on either EXG or FTO substrates.
Samples grown at 200 °C with 50 or 100 mT all show (111) texturing along with
peaks at higher 20, indicating a shorter lattice constant for these films. Samples
grown on EXG glass versus FTO-coated glass are designated by “EXG”
and “FTO”.
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Measurements were performed multiple times in series to verify
repeatability and consistency, all using DC applied voltages. Plane view
images of film microstructure were taken with an FEI Nova 630 SEM,
while the cross sections were imaged using a Hitachi 4800 SEM. Several
samples were annealed for 1 h at 300 °C under 520 torr of flowing ox-
ygen in order to understand the effects of oxygen incorporation. The
open-source COMBIgor package for commercial Igor Pro [29] was used
for data analysis and visualization.

3. Results and discussion
3.1. Crystal structure

Arrays of XRF measurements (Table 1) confirm that cations are ho-
mogeneously distributed in these thin films, at least on a mesoscopic
scale. On average, samples are all slightly lower in Cu than other
measurable cations; Mg could not be measured using XRF because its
atomic mass is too low for the instrument to identify. The slightly lower
amounts of Cu do not alter the structure and are consistent across all
depositions, so it does not appear to be the cause for the property trends
reported here. XRD confirms that the rock salt structure of the films
matches that of the desired rock salt ESO (Mg 2Co¢2Nig2Cug2Zng2)0
(Fig. 3), similar to the target (Fig. 2), and suggests that all constituent
cations are most likely randomly and homogeneously dispersed
throughout the cation FCC sublattice [6,5]. Films grown on EXG at
200°C under 50 mT pO, exhibit moderate levels of texturing in the
(111) growth direction (Fig. 3) where the cubic lattice constant a is
4.23 A. Tt is interesting to note the difference in the thin film lattice
constant with that of the (Mg 2C0¢ 2Nig2Cug2Zng )0 target (4.24 A),
indicating that the thin film growth on an amorphous substrate exhibits
some lattice compression in all directions compared to the target
material.

Fig. 4 shows changes in film texture with substrate temperature and
chamber pressure of oxygen. Note that all of the lattice constants for
samples shown here are smaller than that of the bulk ESO target lattice
constant (4.24 A, Fig. 2). The samples in this study do not show the
specific out of plane lattice compression identified in previous work on
this material system [5] because the films here are not epitaxially con-
strained by the substrates and they are polycrystalline. They all show
cubic compression where both the a and c lattice constants are slightly
compressed relative to the bulk ceramic in equal amounts.

Three distinct growth types have been identified based on texture
and lattice constant and will be the focus for the remainder of this paper.

Fig. 5. Two dimensional XRD data collected using a Bruker D8
Discover show the lattice shift in the ESO rock salt peaks
relative to the FTO peaks for Lower Temperature Lower Pres-
sure (LTLP), Higher Temperature Higher Pressure (HTHP), and

Higher Temperature Lower Pressure (HTLP). ESO peaks are
identified by black lines and FTO peaks by grey lines. The LTLP
as deposited samples show a shift to higher 20 for ESO peaks,
verifying a smaller lattice constant, while the LTLP post-anneal
samples show a shift back to slightly lower 26, indicating lat-
tice expansion in the anneal process.
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Table 2
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Summary of growth conditions and characteristics for all samples grown on FTO substrates and compared to previous works. *Note: LF and microstructure information

for previous works have been approximated based on data provided in articles.

Sample type Pressure (mT Temperature Crystal Lattice constant Lotgering Average lattice Microstructure ~ Resistance
PO,) “Q texture A) factor compression (%) (kQ cm)
HTLP 100 450 (002) 4.23 31% 0.31 +0.07 Columnar 3400 +175
HTHP 50 450 (111) 4.23 42% 0.20£0.03 Columnar 1200 + 50
LTLP 50 200 (111) 4.19 55% 1.37 £ 0.02 Random 51 +0.65
LTLP annealed 520k — 300 - annealed (111) 4.21 56% 0.71 1037 £50
annealed
Bulk Polyxtal - 1000 N/A 4.24 0% 1.86 Random 5000
[15]
Nanoparticles - 1000 N/A a=4.17; c=4.2 0% 2.33 Random -
[12]
MgO(001) epi 50 300 (002) 4.15 100% 3.49 Epitaxial -
[20]
TF on Al,O3 [5] 50 500 N/A 4.25 0% 1.16 Random —

Fig. 6. HTLP and HTHP samples were imaged on bare glass substrates, LTLP were imaged on FTO-coated glass substrates. (a—c) SEM shows different surface
morphologies for each of the three crystallographic orientations. (d-f) Cross-sectional SEM shows that the HTLP and HTHP samples have a fairly columnar grain
structure, while the LTLP textured samples have overlapping grains and less uniformity across the film thickness. The additional layer in f shows the FTO layer
beneath the ESO film. *Note: LTLP films were grown with 30% more laser pulses, making them thicker, as seen above in f.

These are shown in Fig. 5. Each of these three types of films is grown on
FTO substrates and will be referred to as “HTHP” (Higher Temperature,
Higher Pressure), “LTLP” (Lower Temperature, Lower Pressure), and
“HTLP” (Higher Temperature, Lower Pressure) and are defined as fol-
lows: HTHP and HTLP both have a lattice constant of 4.23 A while LTLP
samples have a lattice constant of 4.19 A. LTLP samples were also
annealed in an oxygen-rich atmosphere, which resulted in an increase in
their lattice constant to 4.21 A. The Lotgering Factor [30,31] is used
here to quantify the degree of crystallographic texturing; LF = 0% is
purely random, LF =100% is perfectly textured. All LF values in this
paper were calculated from an integration across 4 degrees of Chi from a
2D detector. Films designated as “HTHP” show a (111) texture with an
LF = 42% and are grown at 100 mT pO, and 450 °C; “HTLP” films show
(002) texture with an LF = 31% and are grown at 50 mT pO, and 450 °C;
“LTLP as-deposited” films show (111) texturing as well, but have an
LF =55% and are grown at 50 mT pO, and 200 °C; “LTLP post-anneal”
films retain (111) texture with an LF = 56% and are annealed at 300 °C

2621

under 520 torr of flowing oxygen. This information is summarized in
Table 2.

The definition for lattice strain [32] is w

, where c¢ is the

out-of-plane lattice constant and ¢y is the bulk lattice constant asso-
ciated with strain-free polycrystalline growth (here we use the lattice
constant from the ESO target of 4.24 A as the bulk value). We can apply
this model to ESO data as a way to quantify the degree of compression
happening in these films relative to bulk samples. The comparative
lattice constant for individual thin film samples is calculated for a cubic
crystal lattice and derived from individual XRD scans using the 20 po-
sitions of the center of at least two peaks from different crystal plane
families ((111) and (002)). The lattice shrinkage for LTLP samples in-
dicates some fundamental difference in these samples from the HTHP
and HTLP samples. All LTLP samples grown on FTO have an isotropic
compression greater than 1.3%, while HTLP and HTHP samples have an
isotropic compression no greater than 0.3%. Annealed LTLP samples
have an isotropic lattice compression of 0.71%.
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200nm = LTLP

Fig. 7. Film microstructure as shown in HAADF images is consistent with columnar grains seen in SEM. (a) Samples with an HTLP texture show a higher degree of
surface roughness in addition to a lower degree of collimation than in the HTHP samples but a higher degree of collimation than the LTLP samples. (b) HTHP samples
show a high degree of collimation in grain structure, (¢) LTLP samples show grains to be less ordered than in the HTHP and HTLP samples. (d-f) Cation distributions
for all three types of crystallographic texturing are uniform and homogeneous as shown by EDS mapping.

3.2. Microstructure

SEM images revealed notably different microstructures among these
three growth types. The HTLP textured samples, grown at 450°C and
50 mT O, have almost circular grains growing in a largely columnar
fashion, as seen in Fig. 6a,d. HTHP samples, grown at 450 °C and 100 mT
0,, also show columnar grains, however these grains exhibit a triangular
shape at the surface consistent with the cube corners of a (111)-textured
rock salt, shown in Fig. 6b and e. LTLP samples, grown at 200 °C and
50mT Oz, do not exhibit columnar growth, and grains show no
consistent morphology, seen in Fig. 6¢ and f. It is not unusual for films
grown at higher temperatures to exhibit more regular columnar growth
as the higher substrate temperature provides additional mobility for
atoms to settle into a somewhat lower energy configuration before being
fully “quenched” [33]. The HTHP films are grown under a higher partial
pressure of oxygen and higher substrate temperature. Higher pressure
leads to more oxidizing conditions during growth, while the higher
temperature leads to more reducing conditions according to the ideal
gas law [34], but also may give the material the kinetic energy needed to
incorporate oxygen into the lattice [5]. The kinetic limitations of the
lower substrate temperature coupled with a lower growth pO, suggest
that oxygen incorporation into the lattice may be different in such
samples, leading to different oxygen off-stoichiometry.

Uniformity of the cation distributions is shown with an EDS map
across a HAADF image in Fig. 7. The microstructures and z-contrast seen
in Fig. 7 are consistent throughout the thickness of each film. A TEM and
atom probe tomography study on bulk samples of the same composition
[35] showed that annealing could lead to Cu segregation, but no evi-
dence of such segregation is observed here.

It has been established [5] that phase decomposition of bulk samples
begins in an annealing process around 600 °C, which may suggest some
likelihood of phase segregation for film samples grown at higher tem-
peratures. Such segregation is accompanied by XRD peak broadening
[9]. Films in this study exhibit consistent full width half maximum
values for XRD peaks across all deposition temperatures (Fig. 8). Thus,
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Fig. 8. None of the three sample types show a shift in XRD data FWHM cal-
culations, indicating that cation segregation at higher temperatures is unlikely
to be the underlying cause of the observed differences in resistance.

neither XRD nor TEM (imaging and EDS) show any evidence of cation
segregation in these films.

3.3. Electrical properties

Films of approximately 1 pm thickness were grown on FTO coated
borosilicate glass to enable through-thickness current density measure-
ments. Measuring the resistivity of these films as a function of applied
voltage reveals different electrical behavior for the LTLP samples from
the other two types of films. Annealing the LTLP films in oxygen changed
their resistive properties to be more closely matched with those of the
HTHP and HTLP samples. Measurements collected on HTLP samples
reveal a nonlinear resistivity on the order of 3.42 4 0.175 MQ cm. HTHP
samples show a nonlinear resistivity on the order of 1.2 £+ 0.05 MQ cm.
LTLP samples are much less resistive, with an average measured re-
sistivity of 51 + 0.65kQ cm. Annealed LTLP samples have a measured
resistivity of 1.04 MQ cm. The comparison of this data can be seen in
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Fig. 9. The resistance of HTLP and HTHP samples is much higher than in the
LTLP textured samples. Reported values are an average of at least 30 mea-
surements for each sample type. LTLP samples that have been annealed under
oxygen exhibit more resistive behavior, on the same order as the HTHP and
HTLP samples, indicating that oxygen added to the system combined with a low
temperature anneal results in higher resistivity. Inset: Schematic of measure-
ment configuration.

Fig. 9.

The nonlinearity was initially hypothesized to be a result of self-
heating of the sample during the measurement. In order to rule this
out, a series of experiments was run to determine the effects of repeated
measurements on the same sample and therefore the effects of self-
heating. One measurement was collected with current flowing through
the sample for approximately 200 seconds, and another set of twenty
rapidly repeated measurements was run with one immediately following
the other. The first and last measurements were compared with each
other and with the 200 second measurement. Neither of these mea-
surements was appreciably different from one another, nor did they
differ from the single measurements collected and presented here. Based
on this series of repeated current density measurements over a range of
different frequencies and duration, it is unlikely that self-heating is the
cause of the nonlinearity because the measurements proved consistent
across all acquisition timing parameters. It should be noted that the
electrical contacts in our measurement stack are likely imperfectly
ohmic contacts, which may explain some of the nonlinearity in the data.

Samples deposited at the lowest substrate temperature (200 °C) and
lowest oxygen pressure (50 mT) were the least electrically resistive.
Because these films were grown at the lowest substrate temperature,
they are the most kinetically limited sample set [5]. EDX data collected
and shown in Fig. 7 confirm a homogeneous distribution of cations,
supporting the hypothesis that the variation in electrical response be-
tween these three types of samples arises from something other than
cation segregation. It was hypothesized that these films were
oxygen-deficient, which could be compensated for by a change in
average cation valence, consistent with the increased conductivity. In
order to explore this idea further, LTLP samples were annealed in an
oxygen-rich atmosphere and characterized again using XRD and current
density measurements in order to understand the effects of adding ox-
ygen to the LTLP system. This data shows that a short, low temperature
anneal in an oxygen-rich environment is sufficient to cause an increase
in electrical resistivity by a factor of 20, approaching the resistivity of
the HTHP and HTLP samples (Fig. 9). Annealed LTLP samples also
showed an increase in the lattice constant to 4.21 A as seen in Fig. 5.

In this case, the most likely mechanism of electrical conductivity is
polaron hopping; the hopping distance is shorter for polarons in the
compressed lattice, making the hop more likely to occur and decreasing
electrical resistivity [36,37]. Previous studies have also found that low
temperature depositions tend to shift Co?* to Co3* and cause lattice
contraction [10]. These results are consistent with the XRD and
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electrical data presented here and allude to the likelihood of cation
valence as a major contributor to conduction mechanisms. There is also
a clear correlation between lower electrical resistivity (Fig. 9) and
non-columnar microstructure (Fig. 6), but the exact origin of this cor-
relation is not clear. The results presented here are consistent with
previously published data as represented by Table 2. One publication
has reported electrical resistivity [15] in bulk samples to be 5 MQ cm,
which is consistent with the more resistive measurements in the present
study. Presumably, the bulk samples from this previous publication [15]
also have a random microstructure similar to that of the LTLP samples,
but the improved density of a thin film over a bulk processed sample
would decrease electrical resistivity and explain the lower resistance
values measured in our thin film samples. Other publications do not
present resistivity data, however they do show a consistent lattice con-
stant across non-epitaxial samples. The epitaxial samples grown on
MgOoo1) substrates are reported to have a much smaller lattice constant
(4.15 A). Nanopowder samples show some tetragonal distortion not seen
in other bulk studies.

4. Conclusions

Single phase rock salt (Mg 2C002Nig2Cug 2Zng2)O samples can be
deposited efficiently using PLD, and temperature and partial pressure of
oxygen can be used to control crystallographic texturing. Thin film
samples grown on FTO with a lattice constant of 4.23 A and either (111)
or (002) texturing (HTHP or HTLP, respectively) demonstrate a
nonlinear electrical resistance between 1 and 3.4 MQ c¢cm, while (111)
textured films with a lattice constant of 4.19 A (LTLP) are significantly
more conductive, with resistivity values on the order of 50 kQ cm. When
these LTLP samples are annealed in an oxygen rich environment, their
lattice constant increases to 4.21 A and their resistivity increases to
match that of the HTHP and HTLP samples. The increased resistivity of
oxygen-annealed LTLP samples indicates that an oxygen deficiency is
the likely cause of the lower resistivity in the as-deposited LTLP samples.
The primary difference in microstructure for resistive versus conductive
films is that the conductive films have a more random grain structure
with nucleation occurring throughout the films, and the resistive films
show columnar grains with nucleation occurring primarily at the sub-
strate. The smaller lattice constant also indicates a shorter hopping
distance for any induced charge in the material system. This, coupled
with a likely oxygen off-stoichiometry during growth, makes polaron
hopping a likely candidate for the conduction mechanism. Ultimately,
this work indicates that thin film samples grown on FTO at 50mT pO-
and a substrate temperature of 200 °C are less electrically resistive than
samples grown at higher substrate temperatures with a more organized
microstructure by a factor of forty, likely as a result of an oxygen defi-
ciency. The data presented here are consistent with previous reports on
this material.
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