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ABSTRACT: Combinatorial substrate epitaxy (CSE) is used to
investigate polymorph competition between metastable scrutinyite (-
PbO,) structured (s-) and stable rutile structured (r-) SnO, during local
epitaxial growth across orientation space on polycrystalline columbite
(c-) CoNb,Oy substrates. Growth occurs in a grain-over-grain fashion,
where individual grains of ¢-CoNb,Og¢ support the growth of individual
grains of SnO,. Both metastable s-SnO, and stable r-SnO, crystals are
observed, each growing on specific ranges of substrate orientations and
each having a single specific orientation relationship (OR) with substrate
grains on which it grew. s-SnO, adopts the unit-cell over unit-cell OR

r-Sn0O,
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that can be expressed as the alignment of primary eutactic planes:

(100),:[001]+|(100).+[001] .+ (where the * indicates the use of Pcnb setting). s-SnO, grains grow on a slight majority of
orientations and specifically on orientations inclined from the (010) pole of c*-CoNb,Og. -SnO, adopts an OR that can be
expressed as the alignment of a secondary set of eutactic planes: (101),[010],||(010),+[001] «. r-SnO, grows only on orientations
close to the (010) pole of c*CoNb,O4 The collected set of observations is discussed and rationalized with respect to the
combination of misfit strain energies and cation packing interfacial energy penalties. We conclude that CSE should allow for the
rational and computationally guided development of new materials adopting scrutinyite, rutile, and related structures.

1. INTRODUCTION

Directed synthesis methods that access specific crystalline
polymorphs are of great interest in crystal growth and materials
design because polymorphs of identical compositions often
exhibit remarkably different properties.'™ The experimentally
observed polymorph is a function of temperature, pressure,
particle size, and reaction pathway.'”*°~® Most polymorph-
specific synthesis methods have been found by trial and error
(along with chemical intuition).” Recently, computational
models of polymorph stability have found success in matching
transformation conditions as a function of pressure””~"* or
versus particles size."*™"” Such results are encouraging for the
development of computationally guided synthesis. However, not
all polymorphs can be stabilized by pressure or particle size; thus,
other directed synthesis methods are needed.

Epitaxial stabilization is the directed growth of a specific
polymorph for a film (of a given composition) owing to the
interaction between the nucleating film and supporting
substrate.””~>* It has been used extensively for the synthesis of
metastable polymorphs, including some which have not been
observed using other synthesis methods.”*~** Recent work
indicates that computational guidance to epitaxial stabilization
could be as effective as it has been for pressure and size
effects.””** Ultimately, epitaxial stabilization is constrained by
(1) the relative energetic differences between polymorphs, which
are often unknown; and (2) the abilities of available substrates to
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direct polymorph specific growth, which are often determined in
a trial-by-error fashion using a limited set of commercially
available substrates. Herein, we address the constraints to
epitaxial stabilization of scrutinyite (the mineral name of a-
PbO,) polymorphs,*” describing the competitive growth of rutile
(r-) and scrutinyite (s-) SnO, on polycrystalline columbite (c-)
substrates (CoNb,Oy), for surfaces across all of orientation
space.

Tin dioxide, SnO,, has many uses, including as a transparent
conductor, catalyst, and gas sensor.”**"*® SnO, adopts a rutile
structure for the most stable polymorph at ambient pressures, but
other polymorphs, including a scrutinyite-structured one, are
known to form at high pressures,” >'**”* in nanostruc-
tures,””*" or as thin films."' ~** When compared to the r-SnO,
phase, s-SnO, has a decreased electrical resistivity,**> an
increased sensitivity to CO,* and applications in capacitors
when combined with other phases.”” From a stability point of
view, s-SnO, is ~6 kJ /mol less stable than r-SnO,,”’ indicating it
is a prime candidate to explore using epitaxial stabilization. In
fact, s-SnO, has been stabilized as epitaxial thin films on yttrium-
stabilized zirconia (YSZ) single crystals.*”***>*° The orientation
and phase of those SnO, films are strong functions of
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temperature and orientation of the fluorite substrate, which is not
structurally well-matched to either polymorph.

Crystals that are isostructural to the target polymorph, with
similar lattice parameters, are the preferred substrates for
epitaxial stabilization, but these are not commercially available
for scrutinyite structured materials. This absence limits the range
of metastability that can be surmounted in epitaxial stabilization,
especially for similarly structured polymorphs like rutile and
scrutinyite. For example, 7-RuO, is ~13 kJ/mol*’ more stable
than s-RuO,, and the latter has never been observed.*” Xu and
Kitchin®® compared the computational activity of scrutinyite
(therien called columbite) and rutile dioxides (BO,, B = Ru, Rh,
Pt, Ir) and asserted that the scrutinyite IrO, polymorph should
have one of the lowest overpotentials for the oxygen evolution
reaction amongst known materials. s-IrO, is >20 kJ/mol less
stable than r-IrO,”° and has never been observed. While we have
approximated 20 kJ/mol®’ as a ballpark value that can be
overcome in epitaxy, this number involves several approxima-
tions for the energetic terms associated with interactions
between specific film—substrate pairs. The question of interest
therefore is what substrate would be the most robust for the
stabilization of scrutinyite polymorphs? Using SnO, as a prime
example of phase competition between rutile and scrutinyite
polymorphs, since it is known to exist and has only a 6 kJ/mol
energetic difference, we explore this question herein.

A brief consideration of the structures of the relevant
polymorphs (details are given in the Supporting Information
(SI), §S1—S3) is necessary to understand the challenge of
identifying a robust polymorph differentiating substrate. Rutile
and scrutinyite are often described as having hexagonally stacked
(100) planes of nearly close packed oxide ions (i.e., eutactic
stacking,*” even though the planes are heavily distorted).”® Thus,
from the anion packing perspective, there is little differentiation
between these structures, and anion packing will not impact
substrate choice (unlike for the rutile and cubic close packed
anatase phase competition on ABO, compoundszg). In rutile and
scrutinyite, the cations occupy 1/2 of the octahedral interstices in
the eutactic network. In between the (100), eutactic planes of
rutile, the cations occupy fully every other [011], row (see Figure
Sla; we call this the c;/,- pattern). In between the (100).
eutactic planes of scrutinyite* (the notation * denotes the use of
the Pcnb setting) the cations alternate occupation in every row,
resulting in zigzag patterns running along the [010]« (see Figure
S2a; we call this the c; /,-; pattern). Stacking the (100), eutactic
plane epitaxially on the (100). eutactic plane of a substrate, a
potential low-energy epitaxial orientation relationship (OR), will
result in energetic penalties from disturbances in the cation
packing at the interface. Thus, a substrate that can differentiate
between scrutinyite and rutile during epitaxial nucleation, and
continued growth, must differ in the interfacial energies from
either different cation ordering or the volumetric strain energies
in coherent growth. To minimize the first penalty for scrutinyite,
cation packing in the ideal substrate should be similar to that in
scrutinyite and dissimilar to that in rutile (as much as that is
possible). Epitaxial misfit strains (see §S5) are related to the
epitaxial OR and the lattice parameters, and these should be
minimized in the ideal substrate to stabilize scrutinyite. More
detailed descriptions of crystallography, cation packing, eutactic
planes, potential epitaxial ORs, and epitaxial cationic packing
disturbances and epitaxial strains are given in the SI (§51-S5).

Columbite (c-) is a derivative of the scrutinyite structure that
forms readily for many compounds of stoichiometry
B'B,04,°" 7>* where the B’ cation is ordered into every third
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(100),« plane in the scrutinyite structure. Several phases,
including c¢*-CoNb,O4 (c*- indicates columbite in a Pcnb
setting) have reasonably similar lattice parameters to those of
s%-Sn0,.°">> Though single crystals are not available, c-
CoNb,0O¢ can be readily made as large grained dense
polycrystals, appropriate for use as substrates in the high-
throughput epitaxial synthesis approach we call combinatorial
substrate epitaxy (CSE).**°~°" In CSE, locally epitaxial films are
deposited on the surfaces of large-grained polished polycrystals
and are characterized for their local growth using electron
backscatter diffraction (EBSD) in a scanning electron micro-
scope (SEM). While columbite structured substrates seem like
ideal substrates for growth of s-SnO, (and other scrutinyite
structured materials), we still do not know the answers to two
basic questions. (1) How do r-SnO, and s-SnO, grow epitaxially
upon columbite? (2) Is 7-SnO, sufficiently destabilized to allow
for s-SnO, growth on columbite? The purpose of this article is to
answer these questions for ¢-CoNb,O4 surfaces across all
orientation space and to shed light on the energetic nature of
the cation packing penalties and epitaxial strains for each
polymorph. This work contributes to directed synthesis of
materials by epitaxy.

2. EXPERIMENTAL SECTION

¢-CoNb,O4 was made using stoichiometric amounts of Nb,O4
(AlfaAesar, 99.9%) and Co;0, (Aldrich, 99.5%). The powders were
combined in ethanol, ball milled (with YSZ grinding media) wet for ~12
h, dried, and uniaxially pressed (in a stainless steel die) into pellets of ~1
cm diameter and between 1 and 2 mm in thickness. The pellets were
reacted at 900 °C for 8 h in air, cooled, reground, and ball milled dry for
~24 h. The powders were uniaxially pressed (with a few drops of
polyvinyl alcohol as a binder) into pellets of 1 cm. The pellets were
annealed in a three stage process, with heating and cooling rates of ~10
°C/min: 1 h at 750 °C (to ensure all binder was removed), 3 h at 1150
°C (to sinter the pellets), and 40 h at 1240 °C (to allow for grain
growth). The grain sizes ranged from S to 70 ym, which are appropriate
for EBSD characterization used in CSE. Sintered substrates were
polished to a mirror finish, with sequential steps from 180 grit SiC to
0.01 ym ALO;, and annealed for 2 h at 800 °C (to heal polishing
damage; little thermal grooving or roughening was observed). It should
be noted that grain pullout during polishing was common and that the
surfaces had a significant number of missing grains, which may impact
the thermal distribution at the surface. Prior to growth, substrates were
ultrasonically cleaned in methanol and then acetone, dried with
compressed air, and attached to the substrate heater with silver paint.
SnO, films were fabricated by pulsed laser deposition, using a system
applied extensively for CSE growth.>***™>® A KrF laser (4 = 248 nm)
was pulsed between 1 and 3 Hz and focused to areal laser energy
densities between 0.5 to 2 J/cm? Films were deposited at 700 °C in an
oxygen pressure of ~50 mTorr with a target to substrate distance of ~6
cm. The growth rate, measured using X-ray reflectivity (of films grown
on commercial single crystals), ranged from 0.03 A/pulse (called the low
growth rate, or lgr) to 0.6 A/pulse (called the high growth rate, or hgr).
Substrates and films were characterized for their local structure using
EBSD in an SEM.>>*¢7°8 Experiments were carried out using a Quanta
200 SEM (FEI Company) with an accelerating voltage of 15.0 kV, a spot
size of 4—S5, a working distance of 11.6 mm, and a tilt angle of 70° from
horizontal. Experiments were done in a high vacuum (~3.36 X 107
Torr). To avoid charging, graphite paint was applied along the edges of
the sample to create a connection to the back contact of the mount.
Other parameters, such as contrast and brightness, were adjusted
manually during each experiment to yield quality patterns.
Background subtracted patterns were automatically indexed using the
TSL software, and the structural information is given in the SI for ¢*-
CoNb,Og¢ and s*-Sn0O, in the nonstandard Pcnb settings, and -SnO, in
the standard P4,/mnm setting. The data was processed with one
iteration of a grain dilation algorithm (with a minimum grain size of 5
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pixels and a grain tolerance angle of 5°) and subsequently by assigning a
single average orientation to each grain (averaging the orientation of all
points within the identified grain). The ORs between film/substrate
pairs were determined using methods described elsewhere.®” Because
the structures of s-SnO, and r-SnO, are so similar, and some grains could
be indexed in both systems, we also indexed the EBSD patterns of select
areas using in-house programs that compare experimental and simulated
EBSD patterns directly. Simulations and indexing were done in a fashion
similar to that reported elsewhere,éz_64 and using parameters given in
the SI (§S8).

Transmission electron microscopy (TEM) was carried out on select
grains to confirm the successful fabrication of s-SnO,. TEM samples
were prepared using a focused ion beam (FIB) lift-out approach in a
Nova 600 (FEL Oregon) dual-beam SEM. Samples were prepared on
specific grains to expose specific zone axes identified with EBSD in the
same Nova 600 SEM (see SI, Figure S10). The preparation method is
described elsewhere.”® Selected-area electron diffraction (SAED)
patterns and bright field images were recorded using an FEI Tecnai
F20 field emission gun microscope operated at 200 kV, whereas the
corresponding high-resolution (HR) TEM images were recorded using
an image-aberration corrected 300 kV FEI TITAN G2 80-300
microscope.

3. RESULTS

3A. Grain-over-Grain Growth. Figure lab gives inverse
pole figure (IPF) maps (at 0.12 um resolution) of (a) a c*-

b

a) 010 )
001 100
d)
110
6-r :
001 100

Figure 1. Processed IPF maps (with a pixel spacing of 0.12 ym) from (a)
the substrate, indexed as c*-CoNb,Og, and (b) the overlaying film,
indexed as the best match for both s*-SnO, and r-SnO,. The color keys
are given in (c) for c*-CoNb,Og and s*-SnO, and in (d) for 7-SnO,. The
area and aspect ratio of (a) is slightly different from (b), and the region
of grain 6 in (a) is an inset. Six grains common to both are marked in (a)

and (b), with the phase of each film grain also marked in (b).

CoNb,Oy substrate and (b) the Igr SnO, film (~20 nm thick)
grown upon the same region. Note there is a slight rotation and
change in aspect ratio between (a) and (b), so the regions do not
overlap perfectly. In Figure 1b, the film grains were indexed using
both s*-SnO, and r-SnO, structures, and the phase of each grain
is noted.

The results in Figure 1 demonstrate that growth proceeds in a
grain-over-grain fashion. Each grain in the substrate has a single
overlaying grain in the film, with the same shape and boundaries.
This is readily observed for grain 3 and by the locations of
boundaries between all grains. This is not an artifact of
processing; most points in the IPF map were well indexed, as
indicated by the unprocessed IPF maps shown in Figure SS5. In
general, the EBSD patterns were strong for both the substrate
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and film, with the former being sharper and more intense.
Processing the raw data simply removes poorly indexed points,
which are a small fraction of the overall data. Image quality (IQ)
maps from this region are shown in Figure S6, where one can see
grain boundaries and residual scratches. Dark regions in the IQ_
maps correlate with the poorly indexed regions in the IPF maps.
These observations indicate that the processed IPF maps are a
strong indicator of local epitaxial growth and can be used to
further characterize growth across orientation space.

3B. Positive Phase Identification. The results in Figure 1
also demonstrate that both s-SnO, and r-SnO, are observed in
the film. In Figure 1, grains 1, 2, and 4 (3, S, and 6) were indexed
best in the s-SnO, (-Sn0O,) structure. As described previously,
the scrutinyite and rutile structures are quite similar. Never-
theless, the commercial software consistently indexed some
grains better as one phase than the other (see also IPF maps in
Figures 2,3, and S8). The commercial software uses a Hough

Figure 2. IPF maps (with a pixel spacing of 0.4 ym) indexed using in-
house methods in (a) s*-SnO, and (b) rSnO, structures. The
horizontal (vertical) distance is 52.8 (58) um, and the color keys are
given in Figure 1c,d. The better matched phase is given in (c), with blue
(red) indicating s-SnO, (r-SnO,). (d) The experimental pattern (central
column) and best matched simulated pattern for s*-SnO, (left column)
and r-SnO, (right column), for grains 1, 2, and 3 (top, middle, and
bottom row, respectively).

transformation of the diffraction pattern and a ranking method
based on user-supplied data about expected diffraction bands. To
ensure that the EBSD processing could indeed differentiate
between these two derivatives of hexagonally packed eutactic
structures, we used an independent in-house indexing method
that involves EBSD simulations and whole-pattern comparisons
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Figure 3. Large area IPF (pixel size 1.5 ym) maps from (a) the substrate
¢*-CoNb,O; and (b) the overlaying film, indexed as the best match for
both s*-SnO, and r-SnO,. The same information as (b) is shown (c) and
(d), with s*-SnO, orientations in (c) and r-SnO, orientations in (d).
Color keys are shown to the left of panel (a) for ¢*-CoNb,Og and s*-
SnO, (upper) and rutile (lower). The area and aspect ratio of (a) is
slightly different from the others. Some locations in each are marked
with different symbols or numbers, as described in the text.

of experimental fatterns to simulated patterns of all potential
orientations.”””*" High-resolution small area unprocessed IPF
maps of the Igr SnO, film are given in Figure 2, generated using
the in-house method on a different area of the film. In Figure 2,
the film was indexed as (a) s*-SnO, and (b) r-SnO, structures.
The best fit phase for each EBSD pattern is shown in Figure 2c,
where blue (red) indicates s-SnO, (r-SnO,). The shape of the
film grains are consistent with grain-over-grain growth, with a
single orientation per grain, and with some grains being s-SnO,
and some being r-SnO,.

For most grains in Figure 2a,b, patterns could be indexed as
either phase. For some grains, e.g,, 1 and 2, one can comment on
the quality of the indexing by the number of poorly indexed
points. For other grains, e.g.,, 3 and 4, the entire grains are well
indexed in both phases. The experimental patterns from grains 1,
2, and 3 are given in Figure 2d as the central column of the lower
panel. These can be compared to the simulated patterns of the
best fit orientations of the s-SnO, (-SnO,) phase, given in the
left (right) column of the lower panel of Figure 2d. Visual
inspection of the patterns from grains 1 and 2 allows one to make
arelatively easy assignment to the better fit, which agrees with the
observations that the patterns are similar, but differentiable.
However, differentiation by visual inspection is more difficult for
grain 3, but differences are observable. This is reinforced by the
results of the whole pattern comparison algorithms, which
consistently lead to a better fit for s-SnO,. This supports the idea
that the two phases are clearly differentiable using EBSD alone,
and supports the fabrication of s-SnO, on entire, but specific,
grains of ¢-CoNb,Oy.

3C. Epitaxial Orientation Relationships (ORS). To
determine the preferred epitaxial OR for both phases, many
more observations are needed than those given in Figures 1 and
2. Figure 3a,b gives large area IPF maps (pixel size 1.5 ym) of (a)
a c*-CoNb,Og¢ substrate and (b) the Igr SnO, film grown upon it.
In Figure 3b, film grains were indexed using both s*-SnO, and r-
SnO, structures. (The unprocessed IPF maps at this resolution
are shown in Figure S7.) These images are representative of all
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large-area IPF maps observed. (A similarly processed IPF map
from the hgr film is given in Figure S8.) For the substrate, the
grain sizes and shapes vary, with characteristic lengths on the
order of several ones to several tens of microns and shapes from
equiaxed to acicular. In all IPF maps, black pixels indicate
unindexed pixels; these generally correspond to empty space left
by pores or grain pullout. Grains 1—4 in Figure 3 are the same as
those in Figure 1. Fifteen other locations are marked in Figure 3
with symbols to assist in locating similar regions and in describing
the results. These IPF maps reinforce the grain-over-grain and
mixed phase growth observed in Figures 1 and 2.

In Figures 1 and 2, the colors of s*-SnO, grains appear to be
the same as the ¢*CoNb,O4 grains on which they grew,
consistent with the expected unit-cell over unit-cell epitaxial OR.
However, the colors of the r-SnO, grains differ from those of the
underlying ¢*-CoNb,Og grains. Figure 3 further emphasizes that
the film has more than one OR between the film and substrate.
While the substrate IPF map has no preferential orientation, the
film IPF map has a clear preference for near (001) orientations
indicated by red/orange colored grains, with some (100) (green)
grains also appearing. Figure 3c,d presents the film IPF maps
broken into (c) the s*-SnO, grains and (d) the r-SnO, grains.
The s*-SnO, grains are colored red to green, while -SnO, grains
are red-toned. The preference for specific orientations in the film
may come from multiple ORs across orientation space or
preferred growth in different regions of orientation space. We
address the first cause here.

A total of 135 substrate—film grain pairs were identified from
various regions of the film, selected to be spread across substrate
orientation space, with 66 (69) film grains indexed as s*-SnO, (-
Sn0,). The epitaxial ORs were determined using in-house
programs that determine the angles between crystallographic
vectors in the films and substrates based on the orientations
determined from EBSD. For eutactic structures such as rutile,
scrutinyite, and columbite, we expect one low-energy OR to be
the alignment of the eutactic networks between the structures.”®
As described previously, there are several types of nearly eutactic
planes in these structures, so there are possibly degenerate ORs,
even for eutaxial growth (epitaxial growth exhibiting a eutactic
OR).

In Figure 4a, we plot the angles between the normal to the
primary (100) eutactic planes (out-of-plane), for 66 s*-SnO,
grains, and the inset is the angle between similar [001] directions
in the eutactic planes (in-plane). Sixty-five of 66 grains are
aligned similarly with the substrate (we did not further
investigate the outlier). We call this epitaxial OR the primary
eutaxial OR: (100),[001],+||(100).+[001] . This is equivalent to
a unit-cell over unit-cell epitaxial OR. The 65 s*-SnO, grains have
an average misorientation of 5.6° and 6.2° for the out-of-plane
and in-plane directions, respectively. In Figure 4b, we plot the
angles between the normal to a secondary set (see §S1—S3) of
eutactic planes (out-of-plane), for the 69 -SnO, grains, and the
inset is the angle between similar directions in the secondary
eutactic planes (in-plane). Sixty-four of 69 r-SnO, grains are
aligned similarly with the substrate (we did not further
investigate the outliers), adopting a secondary eutaxial OR:
{101},(010),/|(010) +[001].+. The 64 r-SnO, grains have an
average misorientation of 7.5° and 7.5° for the out-of-plane and
in-plane directions, respectively. The spread in angular
orientation is likely due to specific relaxations of interfacial
mismatches for different orientations. These observations
indicate that each phase adopts a single OR, regardless of its
orientation; the observed ORs are eutaxial ORs, and the film
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Figure 4. Angle between: (a) the normals to the (100),: /. primary
eutactic planes, ie.,, [100]:/ and (inset) the in-plane [001]. /.
directions for the s*-SnO, grains and ¢*-CoNb,Og substrates; (b) the
normals to the secondary eutactic planes {101}, and (010)., ie.,
~(102), and [010]. and (inset) the in-plane (010), and [001].+
directions for the r-SnO, grains and ¢*-CoNb,Oj substrates.

aligns one of its eutactic planes with one of the substrate’s; while
orientation does not impact the epitaxial OR of either phase, it
influences local relaxation mechanisms.

3D. Orientation-Dependent Phase Selection. The data
in Figures 1—3 indicate that certain orientations stabilize epitaxial
5-Sn0O, grains, while other orientations support epitaxial -SnO,
growth. The s*-SnO, film grains lack (010): orientations (blue).
Instead, there is a preponderance of (001) and (100). poles
(green to red). For the r-SnO, grains, the orientations indicate a
clear preference for (001) (red and orange). In Figure 3, five
grains that have substrate orientations in the red to orange, green
to yellow, and magenta to blue color ranges are denoted,
respectively, with diamonds, triangles, and circles. For the
diamond and triangle (circle) grains, the film grains index as s*-
Sn0, (r-Sn0,).

For the 135 grains whose ORs were presented in Figure 4, the
phase that each grain adopted is plotted versus the orientation of
the underlying substrate grain on a stereographic projection in
Figure Sa. These results clearly demonstrate that ¢*-CoNb,Oq
grains between (001)_.and (100),« support s-SnO, growth, while
grains near (010). support r-SnO, growth. Slightly more of
orientation space favors s-SnO, growth than -SnO,. The line of
demarcation is approximately connecting the (012).and (110).
orientations. Only near the demarcation line are both phases
observed for similar substrate orientations.””

The orientation of the s*-SnO, grains are shown in Figure Sb,
and they exhibit nearly an identical distribution to the substrate
grains on which they grew. The diamond and triangle grains in
Figure 3 (and grains 1, 2, and 4 in Figure 1) are examples of such
grains having the primary eutaxial OR. The orientation of the -
SnO, grains are shown in Figure Sc, and these are clustered near
the r-(001) orientation, indicating a significant orientation
change from the substrate grains on which they grew. The circle
grains in Figure 3 (and grains 3, 5, and 6 in Figure 1) are examples
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001

100

Figure S. Orientations of 135 grain pairs that were used to determine the
epitaxial ORs, plotted using standard stereographic projections of the
domain of unique orientations. Blue circles (red squares) indicate s*-
SnO, (r-SnO,) film grains. The location of points indicates the
orientation of (a) the c*-CoNb,Og substrate grain on which the phase
grew, (b) s*-SnO, grains, and (c) r-SnO, grains.

of such grains having the secondary eutaxial OR. The color
legends for both orientation spaces are given as insets. The
substrate and film grain orientations in Figures 1 and 3 can be
understood based on the orientation-dependent phase selectivity
in combination with the specific primary epitaxial OR observed
for each phase.

Figure S8 shows a similar comparison of large area low-
resolution IPF maps for the hgr film, and Figure S9 shows the
epitaxial ORs for select film/substrate grain pairs from the hgr
film. Those results are consistent with the results from the Igr
film: grain-over-grain growth of a two-phase film, with c*
CoNb, Oy orientations between (001) and (100) stabilizing s*-
SnO, grains with the primary eutaxial OR and with ¢*-CoNb,Oy
orientations near (010) stabilizing 7-SnO, grains with the
secondary eutaxial OR. These four observations were not strong
functions of growth rate, but the quality of the EBSD patterns
and overall number of grains that were well indexed were
consistent with local epitaxial growth being frustrated at higher
growth rates. Moreover, there were consistently fewer s-SnO,
grains in the hgr films and more of the s-SnO, had (100)
orientations, suggesting that this orientation of c*-CoNb,Oy is
the most robust for stabilizing s-SnO,. Thus, the growth rate
appears to impact the relative area and line of demarcation of
phase stability in orientation space (Figure 5), but we did not
investigate this further.
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3E. Transmission Electron Microscopy. To corroborate
the EBSD characterization of s-SnO, growth, we prepared TEM
specimens of film grains having nearly (100),, surface planes for
both the Igr and hgr films. IPF maps of the samples taken prior to
FIB specimen preparation are shown in Figure S10, with the
specific specimen grains indicated. The in-plane orientation data
was used to orient the sample near a (001) zone axis for FIB
sample preparation. Unfortunately, the sample milling process
damaged the outer portions of the films, on the order of 10—15
nm near the film surface. For the 20 nm Igr film, this lead to only a
small portion of the film/substrate interfacial region remaining at
the surface (see Figure S11). For the 100 nm hgr film, only the
topmost portion of the surface was damaged, and the vast
majority of the film was unaffected (see Figure 6). We focus on

Figure 6. (a) Low-resolution TEM image of the hgr 100 nm thick film.
(b) A high-resolution TEM image of the interfacial region: the substrate
is on the bottom and columnar grain on the top, with the interface
between them. The inset shows the SAED image, indicating the (001)
zone with only one apparent set of spots observable. Fast Fourier
transforms of (c) the film and (d) the substrate support the phase
assignments.

the hgr film here because it demonstrates both the successful
growth of s-SnO, and the robustness of growth through the
thickness of the film even at high growth rates. Similar Igr results
are given in Figure S11.

A low-resolution bright field TEM image of the hgr film—
substrate interface region is shown in Figure 6a. The substrate,
substrate—film interface, film, damaged surface region, and Pt
overlayer are marked. The damaged surface region is quite
extensive and may either be connected to poor growth at this
thickness or specimen preparation issues. Certainly the latter is
involved, as sample preparation led to damage in the Igr film too,
leaving only a few nanometers near the interface (see Figure
S11). The bulk film exhibits columnar epitaxial growth across the
entire substrate surface. The substrate—film interface is easily
found at low resolution, and there does not appear to be any
lateral variation across the film. Further, the film contrast is
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relatively uniform through the thickness, when considering all
regions. The film exhibits columnar contrast through the
thickness, and dark/bright patches in the grains seem to be
distributed uniformly, more likely from thickness or local strain
effects than from different polymorphs.

A high-resolution image from the interfacial region is shown in
Figure 6b. The substrate is on the bottom and columnar bulk on
the top, with the interface between them. The interface normal is
not in the plane of the image (i.e., the zone axis is not in the
interface plane), and this leads to the interface spreading in the
HR-TEM image. Nevertheless, there is good atom registry across
the entire space. The columnar structure shows up as vertical
contrast in the film region of the high-resolution TEM image.
These vertical lines are narrowly spaced, much less than the
specimen thickness; thus, they are likely distributed through the
thickness.

The inset gives the SAED pattern from this interfacial region.
There is only one set of spots, corresponding to the substrate
(001) zone axis. It should be noted that the film repeat periods
for the primary eutaxial OR of s-SnO, along this zone axis are 0.0
and —0.5% different from c-CoNb,Og and that peak overlap is
expected. The absence of other peaks supports the growth of s-
SnO, having the primary eutaxial OR on this grain. Figure 6¢,d
gives the fast Fourier transform of the image for the film region
(c) and substrate region (d). The substrate patterns have a
tripling along [100], as expected for c-CoNb,Og, while the film
patterns do not, as expected for s-SnO,.

These observations support the assertion that s-SnO, grows on
(100) ¢-CoNb,Og¢ and has the primary eutaxial OR. The
observations from the lgr film (Figure S11) are also consistent
with this observation (except for columnar growth). They also
indicate that the growth of s-SnQ, is relatively stable with respect
to large changes in the growth rate on the (001) c-CoNb,Og
grains. In other words, the growth of s-SnO, on some
orientations of c-CoNb, Oy is quite robust.

4. DISCUSSION

Using CSE, we generated several important findings for
understanding polymorph competition during epitaxial nuclea-
tion and growth of metastable scrutinyite and stable rutile
structured SnO, films on polycrystalline c-CoNb,Oy. Essentially,
both metastable s-SnO, and stable r-SnO, crystals are observed
to grow, but each grows on specific ranges of substrate
orientations, and each has a single specific orientation relation-
ship (OR) with the substrate grain on which it grew. We discuss
these observations further here.

Grain-over-grain epitaxial growth occurs for both s-SnO, and
r-Sn0O, for all -CoNb, Oy orientations. This means that surfaces
of individual substrate grains (crystals) support the growth of a
film having a very specific phase and orientation. Thus, each grain
behaves as an independent crystal that supports epitaxial growth.
In the late 1990s, Goyal et al. demonstrated that local epitaxial
growth occurs for oxides on polycrystalline metals and oxides on
polycrystalline oxides to engineer the grain boundaries in
superconducting tapes.*>%® Similarly, grain boundary magneto-
resistance was investigated in locally epitaxial Sr,FeMoOg double
perovskites on polycrystalline SrTiO,.”” We have made similar
observations in CSE growth of anatase and rutile TiO, on
BaTiO,*° and BiFeO,"’ Fe,0; on SrTiO;°* BiFeO, on
LaAlO;,*® and Ca,MnO, on Sr,TiO,*”*° RE,Ti,O, films on
Sr,Nb,0,,”* and Sr,FeMoOg4 on SrzMgwoé.69 Of course, such
observations depend on the growth conditions and quality of the
crystal surface. When EBSD patterns of the substrate are of good
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quality, the condition of good local surface quality is %enerally
satisfied for c-CoNb,O4 (and other substrates”~**"%). The
observation of grain-over-grain growth at relatively high growth
rates reinforces this assertion. It is possible to further engineer
the surfaces to obtain atomically flat surfaces on polycrystals,
using standard methods carried out for single crystal surface
engineering.”' Of course, kinetic parameters are expected to
affect growth in similar fashion to that on single crystal substrates,
especially those with high step densities, which is to say in
complex manners depending on the substrate—film pairs.

The high throughput method used to generate these
observations hinges on the ability of automated indexing
algorithms to properly assign orientations based on Kikuchi
patterns. Standard commercial software was developed primarily
for indexing the relatively simple structure of metals and alloys.
Using CSE, we have demonstrated that this software can be
properly deployed (by modifying input selectors) to map
complex materials grown as thin films. However, subtle
differences in structure should always cause concern for accurate
orientation assignment. To verify the automated indexing with
commercial software, we used an in-house program that
simulates EBSD patterns of all orientations to generate a
dictionary of patterns. Experimental patterns are then compared
to the dictionary, and the one with the strongest correlation is
accepted as the phase and orientation. This comparison does not
require any user bias to the selection process and compares
whole EBSD patterns, such that no information is ignored in the
indexing process. Using this method, as shown in Figure 2, the
dictionary method and the commercial software led to similar
results. The dictionary approach offers several advantages,
especially the lack of user-bias and the ability to compare
experimental and best-fit simulation patterns. Further develop-
ment is needed to use it routinely for the discrimination of
patterns from similar structures.

Only one low-energy OR was found for either s*-SnO, or r-
SnO, with respect to the ¢*CoNb,Og substrate grains,
independent of the surface orientation. Having a small number
of epitaxial ORs for any phase regardless of substrate orientation
is a common observation in CSE experiments of epitaxial oxide
growth®>?¢7%%767 and is also usually true on low-index single
crystals. For the metastable s*-SnO, grains, this can be described
as the unit-cell over unit-cell growth. This OR aligns the primary
eutactic planes: (100)[001]+]/(100).+[001] .+, though any
alignment of identical planes and directions would be an equally
valid description of epitaxy. Considering the similarities of
various orientations in the columbite and scrutinyite structures, it
is at first surprising that a single OR is found. One could envision,
when considering geometry alone, degenerate ORs of different
eutactic planes. We discuss the origin of a single OR further with
respect to phase selection, later.

For the stable -SnO, grains, alignment of secondary pairs (see
SI) of eutactic planes describes the OR: {101},
(010,}]|(010),+[001]... Of course, one could write the OR
using other planar alignments. For example, an equivalent
description would be the alignment of the primary eutactic
planes with an ~60° rotation about the plane normals from
alignment of the [001] directions: or
{100},(011),]|(010) «[001]+. The question is, which description
is preferred. In the geology literature, it has been shown that
epitaxial nanolayers form at rutile {101} twin boundaries”*~"*
and that the scrutinyite structured TiO, (or TiO,—II) adopted
the same epitaxial relation with rutile as found here for rutile
SnO, and columbite CoNb,Oy. It was recognized that the (101),
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and (010), planes are similar and that rutile {101} twins had
scrutinyite structural character.”*”"* To illustrate this, schematics
of the (010)y s-SnO, and (101), -SnO, planes are given in
Figure 7a,b and 7¢,d, respectively. These two planes are strikingly
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Figure 7. (a,b) The (010)i plane of s-SnO,. The a/c axes are
horizontal/vertical in (a), and the a/b axes are horizontal (vertical) in
(b). (c,d) The (101), plane of r-SnO,. The b axis/[101], direction are
horizontal/vertical in (c), and b axis/ [101] direction are horizontal/
vertical in (d). Red (purple) spheres are O>~ anions (Sn** cations) and
bonds are gray cylinders.*’

similar to each other in both perspective views. Thus, describing
epitaxy using this OR helps one understand the structural origin
for its appearance and its stability near the (010).+ pole.

A slight majority of ¢*-CoNb,Oy4 orientations support the
growth of the metastable s¥-SnO, polymorph, as observed in
Figure S. Similar observations were made for polymorph
competition of anatase and rutile TiO, on perovskite surfaces
using CSE*””* (in agreement with experiments on single crystals,
as discussed in ref 29). The most likely origin of how a low
number of ORs form, and how polymorph stability is a function
of substrate orientation, is that surfaces of similar orientations are
similar to one another. This is expected if the surfaces can be
described using the terrace—ledge—kink (TLK) model,”*~"’
where the surface of any orientation can be broken into three
low-energy bounding surfaces of different areas. The terrace has
the largest area, the ledge (or step) has the second largest area,
and the kink has the least area of the bounding low-index
surface.”®””? Then, orientation space can be subdivided into
regions bounded by different low energy TLK surfaces.””"’
Within a specific region, the relative areas of TLKs vary smoothly.
Because of this, surfaces across orientation space can be
considered as being dominated by nucleation and growth events
on low-index orientations, which is convenient in descrlbmg the
energetics of epitaxial growth across orientation space.””

Using a first-principles model that considered three energetic
terms, bulk volumetric, bulk strain, and film/substrate interfacial,
Xu et al.” were able to reproduce the relative order of phase
stability between anatase and rutile TiO, on perovskite surfaces.
We describe the qualitative terms of interest for s-SnO, growth
here. Mehta et al.”® computed the bulk volumetric energy
difference to be ~6 kJ/mol between s-SnO, and r-SnO,,*’ well
within the observed range for epitaxial stabilization (approxi-
mated therein as 20 kJ/mol, but which is very much dependent
on film—substrate pairs).

The volumetric strain energies are related to the misfit epitaxial
strains, which are straightforward to compute given crystal
structures and low energy ORs. We have already demonstrated
that two eutaxial ORs dominate for SnO, growth on columbite.
In Table 1 (and Table S2), the misfit epitaxial strain terms are
given for nine planar epitaxial ORs, for both s*-SnO, and r-SnO,
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Table 1. Cation Stacking” and Epitaxial Strains”“ for the
(Nearly) Eutaxial Planes of s*-Sn0,” and r-SnO, on c*-
CoNb,0O;°

Substrate Film
c*-CoNb.Os §*-Sn0,
{100} {010} {012},
[010]./[001] [100]./[001] [100]./[ 021].
{100} Crt / Cvent avcur / vt avcun / Cunt
[o10]-/[001]~ -3.4/-0.5 +6.9/-0.5 +6.9/-4.2
{010} Cuient / @it aucyt/ aucya avcyn / @ucua
[100]-/[001]~ -9.6 /-0.5 0.0/-0.5 0.0/-4.2
{012} Cuar / @ucun aycur / @ucun avicyn / @ucuin
[100]c/[ 021]. -9.6 / +1.1 0.0/ +1.1 0.0/-2.7
c*-CoNb.Os r-Sn0-
{100}, {010}, {101},
[010]./[001], [100],/[001], [o10]. /[101],
{100} Cus1/ Csr Cis1/ Car avicyi1/ Cunt
[010]/[001]. +6.3/-10.6 +6.3/-10.6 +6.3/-0.2
{010}, Cur/ @ucur Cum1/ @ucur avcy1/ aucyt
[100]-/[001]. -0.5/-10.6 -0.5/-10.6 -0.5/-0.2
{012} e/ @ucyn e/ @ucun eyt / aucyn
[100]-/[ 021]- -0.5/-9.2 -0.5/-9.2 -0.5/+1.4

“Written as film/substrate pairs using notation described in §S1—S3.
bSee Tables S1 for values. “All units are in % determined by (dgwbs —
i)/ g X 100. ds*-SnOz is described using a Pcnb scrutinyite unit
cell. °c*-CoNb,Oy is given for a scrutinyite unit cell, with no tripling.

on ¢*-CoNb,Oy4 (and r-SnO, on s*-SnO, to model persistent
nucleation), as well as (Table S2) for the expected OR for the
noneutaxial bounding plane (001). Distances used in these
calculations are given in the SI (Table S1). Epitaxial strain values
less than 4% are highlighted.

For s*-Sn0O,, the unit-cell over unit-cell ORs (the diagonal
terms in Table 1 and the lowest left in Table S2), all have a low
strain energy. However, so does the alignment of the {010}
planes of s*-SnO, with the {012} planes in ¢*-CoNb,Oy; in fact,
these strain terms are second lowest in Table 1 for s*-SnO,, but
this OR is not observed. For »-SnO,, the observed OR has the
lowest strain energy, but an OR that aligns the {101}, and {012}
is also relatively low in strain energy. If the observation of single
ORs is explained by only attaining the lowest strain energy terms,
the alignment of {010} planes for s*-SnO, and c*-CoNb,Og
leads to a potential epitaxial OR. Unfortunately, rutile SnO,
dominates growth on the {010} surface. Also, on the {012}
surface, one expects strain to prefer the {010} OR alignment,
but this is not observed. This is either a result of the {012}
surface having little influence in the TLK surface, which is not
known (see §S4 for low energy surface planes), or interfacial
energy terms being important.

The interfacial energy penalties are associated with the cation
packing differences within given low index planes. In Table 1, the
cation packing pairs for specific ORs are also given (notation is
described in §S1—S3). Whenever the cation packing is identical,
the cell is highlighted in Table 1 (i.e., ¢, /,.11/¢; /5.y for alignment of
{100} planes in s*-SnO, and c*-CoNb,Og). When considering
the cation packing differences, which result in interfacial energy
penalties similar to stacking fault or twin boundary penalties, the
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observed ORs are immediately distinguishable from the low
strain energy competitors that were not observed. In fact, the
observed ORs are those that minimize strain energy and have
identical cation packing to minimize interfacial terms. Of course,
when both s-SnO, and r-SnO, are similarly competitive in the
strain and interface terms, as on {010}: c-CoNb,Qy, rutile wins
the competition owing to its bulk stability. However, in regions of
orientation space where the {010} becomes unimportant in the
TLK surface structure, the combination of large strains and
interfacial cation packing mismatch destabilizes the rutile
polymorph and allows for the appearance of epitaxial growth
of metastable s-SnQO,.

Collectively, the observations made for polymorph competi-
tion during CSE growth of SnO, on ¢-CoNb,Oy4 are very
promising to develop new materials by epitaxy. Because the few
ORs observed for each phase were readily described qualitatively
using bulk, strain, and interface terms, growth competitions of
rutile and scrutinyite structured oxides should be nearly ideal to
explore computationally guided synthesis using first principles.””
Combining computational predictions of properties, such as
improved catalytic performance of scrutinyite structured IrO,,**
with an ability to predict synthesis pathways™ could greatly
accelerate new materials fabrication. Of most interest is how the
cation packing penalties vary as a function of cation. This could
be used to tune substrates and will ultimately bound which
materials can be stabilized and which cannot.

5. CONCLUSIONS

We used combinatorial substrate epitaxy (CSE) to investigate
polymorph competition between metastable scrutinyite (a-
PbO,) structured and stable rutile structured SnO, during
epitaxial growth on polycrystalline ¢-CoNb,O4 substrates.
Growth occurs in a grain-over-grain fashion, where each grain
of the substrate supports the growth of a grain in the film with a
single OR. Both metastable s-SnO, and stable r-SnO, crystals are
observed, but each grows on specific ranges of substrate
orientations and each has a single OR with the substrate grain
on which it grew. The collected set of observations is discussed
and rationalized with respect to the combination of misfit strain
energies and cation packing interfacial energy penalties. We
conclude that CSE should allow for the rational and computa-
tionally guided development of new materials adopting
scutinyite, rutile, and related structures.
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Competitive Growth of Scrutinyite (a-PbO,) and Rutile Polymorphs
of SnO; on All Orientations of Columbite CoNb,Os Substrates
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ABSTRACT: This document provides supporting information to the main text. The sections are as follows. Descriptions of the rutile (§S1)
and scrutinyite (§S2), or a-PbO,, polymorphs and depictions of the idealized structures of important planes (Figure S1, S2, and S3). §S3. A
description of the columbite structure as related to scrutinyite. §S4. A description of the important crystallographic planes relative to struc-
ture, energy, and symmetry. §SS. A discussion of the standard stereographic projections (Figure S4) for tetragonal rutile and orthorhombic
scrutinyite, and the relationships between them. §S6. A description of potential epitaxial orientation relationships (ORs) along with important
periodic repeats (Table S1) and potential interfacial stacking faults and misfit strains (Table S2) that are not given in Table 1 of the main text.
§S7. High resolution raw IPF maps (Figure S5) and image quality IQ maps (Figure S6) from the low growth rate (Igr) sample; the cleaned
IPF maps are given in Figure 1 in the main text. §S8. A description of parameters used in simulations and dictionary indexing of EBSD pat-
terns (shown in Figure 2 of the main text). §S9. Raw large area IPF maps (Figure S7) from the lgr sample; the cleaned IPF maps are shown in
Figure 3 of the main text. §S10. Cleaned large-area IPF maps, Figure S8, from the high-growth rate (hgr) sample; only TEM images from the
hgr sample are given in the main text (Figure 6). §S11. Demonstration of the epitaxial ORs in the hgr samples (Figure S9). §S12. IPF maps
from the grains used for TEM specimen preparation (Figure S10). §S13. TEM results from the lgr sample (Figure S11); TEM from the hgr
sample are given in Figure 6 of the main text.

S1.RUTILE STRUCTURE

The rutile (r) crystal structure of SnOs is tetragonal, has the space group P4,/mnm (No. 136), and has lattice parameters a = 4.737 and c:
=3.186 A.' The fractional positions of the oxide ion (O>) are 0.306, 0.306, 0 and of the tetravalent tin (Sn**) are 0, 0, 0.' The oxide anions can
be considered as a eutactic network (nearly close-packed) with (100), as the primary eutactic plane and stacking along [ 100], being hexagonal
close-packed (hcp).” In other words, they stack in so-called ... ABAB... fashion (the upper case letters denote anion positions). Figure S1(a)
shows one eutactic (100), plane of oxygen and tin ions in r-SnO.. It should be noted that the eutactic planes are significantly distorted in ru-
tile,” with atom displacements in and out of the eutactic plane, resulting in the observed tetragonal symmetry. Rutile stacking can also be de-
scribed as tetragonal stacking,” a variant of hcp related to these distortions. The result of the tetragonal stacking is that the crystal becomes
tetragonal and that the (010), planes, 90 ° away from the (100),, are crystallographically equivalent primary eutactic planes.
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Figure S1. (a) The (100), plane of rutile (r) SnO,. The b (c) axis is horizontal (vertical). (b) The (101), plane of 7-SnO2. The b axis ([101], direc-
tion) is horizontal (vertical). Red (blue) spheres are O* anions (Sn** cations) and bonds are white cylinders.®

The tin cations occupy octahedral interstices in the eutactic network. The octahedral sites can be written as ¢ in the stacking sequence
...AcBcAcB... There is 1 octahedral interstice (c) per oxide ion in the eutactic network, but only %5 of them are filled by tin cations owing to



the formula SnO.. In the (100); eutactic plane of r-SnO,, the tin cations fill every other row of interstices running along [001], (vertically in
Figure S1(a)). This pattern we call c:s1 (which is equivalent to the XY-I nomenclature by Morris**). In the tetragonal packing description, the
filled octahedral sites are the (relatively) undistorted octahedral sites. Note that the cations are slightly displaced away from the c-column of
the true hcp stacking, away from one anion and towards the center between the other two anions in the plane below. Ultimately, we can write
the structure as ... Acu-Bey-1 Acu-iB...

A further consequence of the distorted hcp (or tetragonal packing) is that the anions in the {101}, planes have a similar structure to the eu-
tactic {100}: planes, but are more distorted from an apparent hexagonal net. Figure S1(b) shows an (101), plane of oxygen and tin ions in r-
SnO.. The significant distortions away from a true eutactic hexagonal plane are immediately evident in this plane, and there are severe dis-
placement out of the plane too. Despite these severe distortions, one can use close-packed terms to describe the structure, and we do so for
simplicity and comparison sake to scrutinyite. We can again describe the structure along this direction as ... ABAB... stacking, with the signifi-
cant distortions noted.

Describing the cations in the secondary eutactic (101), plane using the eutactic description is more tenuous. The cations above an A (B)
plane occupy ¥ of the c and a sites (c and b sites), in a stacking we call ... AaucuBbycyr... While in true hep these would be octahedral and
tetrahedral sites, respectively, in the distorted (101), planes they are all octahedrally coordinated (there are more octahedral sites in tetragonal
packing than in hcp®). That they are octahedral is evident in that each cation is bonded to three anions below their plane. That they are dis-
torted from hcp is evident from the cations being severely moved away from the center point above those three anions (they tend to be locat-
ed directly above the line between two cations, but remember the planes are severely buckled). Considering the bond connectivity of cations
above an A plane, tin cations fill %2 of every other ¢ and a rows running along the [101], (vertical in Figure S1(b)), while the other rows are

empty, forming zig-zag chains running along [101].

S2. SCRUTINYITE (a-PbO, ) STRUCTURE

The scrutinyite(s), or a-PbO,, crystal structure of SnO; is orthorhombic, adopts the space group Pbcn (No. 60), and has lattice parameters
a,=4.714 A, b.= 5.727, and c. = 5.214 A The fractional positions of the oxide ion (O*) are approximately (based on computations®) 0.277,
0.388, 0.418 and of the tetravalent tin (Sn**) are 0, 0.165, 0.25 (with computed lattice parameters of a.= 4.707 A, b, = 5.710, and c. = 5.246").
The relationship between the scrutinyite and rutile lattice parameters are as follows: a; = a,, b; = 2¢,, and ¢; = b..

For simplicity of comparison between the structures, we use the non-standard Pcnb setting of space group No. 60 for s-SnOs. In this setting,
which is effectively a 90 ° rotation about a, the lattice parameters are a- = 4.714 A, b = 5.214, and ¢« = 5.727 A (where the * denotes the non-
standard crystallographic setting) and a« = a,, be = b,, and ¢ = 2c,. (The fractional positions of the oxide ion O* are 0.277, 0.418, 0.388 and of
the tetravalent tin Sn*" are 0, 0.25, 0.165.) The comparable distances in rutile are : a, = 4.738, b, = 4.738, 2¢, = 6.374 A. Note that the b. axis is
significantly (10 %) larger than by, and c- is significantly (10 %) smaller than 2c..

Using the Penb setting, the (100). and (010)« planes are structurally similar to the (100), planes. These both can be considered eutactic
planes and stacking along them is hexagonal close-packed (hcp), as in rutile. These planes are shown respectively in Figure S2(a) and (b).
Cation stacking in the primary (100)« plane differs from that in rutile, with % of every c row running along [001]: being filled along the ¢ axis,
leading to zig-zag chains running along the [010].- in the (100).. This pattern we call cx-i (which is equivalent to the XY-II nomenclature by
Morris**).

| ® 0‘\0 \b \Q
\\ \\ N
(a)

Figure S2. (a) The (100). plane of scrutinyite (s*) SnO.. The b (c) axis is horizontal (vertical). (b) The (010). plane of s*-SnO.. The a (c) axis is
horizontal (vertical). Red (blue) spheres are O* anions (Sn** cations) and bonds are white cylinders.
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Figure $3. The (012) plane of scrutinyite (s*) SnO2. The a axis is horizontal and the [021].+ direction is vertical. Red (blue) spheres are O* anions
(Sn* cations) and bonds are white cylinders.®



The change in cation packing pattern in the primary (100). eutactic plane renders the (010). plane inequivalent to it (unlike rutile) and
leads to orthorhombic symmetry. The resultant cation packing for the for this (now secondary) eutactic (010). plane is similar to the
.. AgyicyBbycya... observed for the (101).. Considering the bond connectivity of cations above an A plane, tin cations fill % of every other ¢
and a sites in rows running along the [001]. (vertical in Figure S2(b)), while the other rows are empty, forming zig-zag chains running along
[001]c. The (010)« is more distorted than the (100)s in s-SnO.. It is important to note the distinct similarity between the (101), plane of
rutile (Figure S1(b)) and the (010). plane of scrutinyite (Figure S2(b)).

The (012). and (102). in Pcnb s*-SnO: are the geometric equivalents to the (101), of »-SnO: (according to the lattice parameter relation-
ships). The (012). is shown in Figure S3, as it retains the geometric similarity in the oxygen packing to the (101).. Again, we use eutactic
packing terms to describe this plane. (The (102)s is so severely distorted that it no longer shares such atom stacking similarities, and is thus
not shown). The cation stacking for the tertiary (012). eutactic plane is different than the other planes, and we call it acy-.u. Above an A anion
plane, the tin cations fill Y2 of every a and ¢ row running along the [021], as in aucu, forming zig-zag chains that alternate every two tin cati-
ons in avcyn stacking rather than every one in awcu stacking. Using these descriptions, of cation stacking in eutactic planes, allows one to
describe cation packing errors (cation stacking faults) in otherwise ABAB eutactic packing of distorted hexagonal (or tetragonally packed)
anion nets.

$3. COLUMBITE STRUCTURE

The columbite (c) structure is an ordered superstructure of the scrutinyite structure that forms for some materials of the stoichiometry
B’B.0¢.”"" The B’ cation is ordered into every third (100); cation plane of the scrutinyite structure, resulting in a tripled a. axis and generation
of two distinct cationic sites and three distinct oxide ion sites. The space group remains Pbcn. The relationship between the columbite and
scrutinyite lattice parameters are as follows: a. = 3a,, b. = b,, and c. = c..

For simplicity of comparison to rutile, we also use the non-standard Penb setting for columbite (c*), where ar = 3as, be = by, and ¢ = c.-.
For ¢*-CoNb,Os, ar = 14.12, b = 5.036, and ¢ = 5.701." "* In this work, the tripled axis is not of major importance and, to facilitate direct
comparisons to rutile and scrutinyite, we consider the following distances : %aa =4.707,b- = 5.036, and ¢+ = 5.701. (The local cation to cation
distances along a- are = 4.55, 4.79, and 4.79 A, illustrating that there are local deviations from the average). If we ignore the order between Co
and Nb cations, the cation structure can be considered simply as that of scrutinyite. Hence, columbite should support the growth of scruti-
nyite from both geometric and bonding perspectives. In the rest of the document, we use the c*~CoNb,Os structure for indexation and the
scutinyite approximation to determine misfit strains and epitaxial ORs.

S4. RELEVANT CRYSTALLOGRAPHIC PLANES

Epitaxial orientation relationships (ORs) are usually written by stating a pair of parallel planes between the film and substrate, normally
with respect to the substrate’s surface plane, along with a direction in each plane that are aligned with one another. In combinatorial substrate
epitaxy (CSE),"*"° using the substrate’s surface plane is not practical since each polycrystal has a different surface. Instead, we consider the
relationship between important structural planes, such as the eutactic planes described above, or low-energy planes that exist on the Wulff
shape of the crystal, or low-index planes that bound orientation space.

The eutactic planes have already been described: for rutile they are (100), and (101),. Some low-energy planes are, in order increasing en-
ergy for SnO2:"** (110),, (100),, (101)., (201),, and (001),. For TiO, the (201), is not on the Wulff shape, while the (001) is only a point on
it.** The bounding planes in orientation space are (100),, (001),, and (110),** As such, there are S planes of interest: (110),, (100),, (101),,
(201),, and (001)..

If we were to use an orthorhombic cell for rutile that had the size of the cell for Pcnb scrutinyite (a doubled c axis), there would be 8 planes
of interest based on the above descriptions: (110).,, (100)«, (010).,(012), (102)., (101), (011)., and (001 ). This is useful because there is
much less known about the scrutinyite polymorph than there is of rutile. Based on the little we know of scrutinyite SnO,, described in the next
paragraph, these 8 planes are the primary planes of interest.

The eutactic planes in scrutinyite (and its approximation for columbite) are (100).-, (010), and (012).-. (Again, the (102)- is too distorted
to be considered eutactic.) The energy of only four planes have been calculated for scrutinyite structured TiO: (or TiO»-II);** in order in-
creasing energy they are: (100)., (010)., (101)., and (001).-. Similar expectations are likely in the SnO> system, but not all of the equivalent
rutile planes have been considered in the literature for the scrutinyite structure. Finally, the bounding planes in orientation space are (100).,
(010), and (110)..

S5. STANDARD STEREOGRAPHIC PROJECTIONS

The standard plotting of orientation data uses stereographic projections, and all of orientation space is condensed into the standard triangle
needed to cover all unique orientations.”* The standard stereographic triangles are shown in Figure S4 for tetragonal r-SnO. (left) and ortho-
rhombic s*-SnO; (right), with the approximate location of the planes described above marked thereon. The angular space along the straight
edges of the triangle are 90 °. The angular space along the curved edges are 45 ° for rutile and 90 ° for scrutinyite (s*). The angular distance
between (001), / (102), and (100). / (101), for r-SnO: are 36.6 ° and 33.9 °, respectively (values were computed using CrystalMaker®). The
angular distance between (001). / (102). and (100). / (101). for s*-SnO are 31.3 ° and 39.5 °, respectively, while the angular distance be-
tween (001). / (012)« and (010)« / (011).- for s*-SnO; are 28.8 ° and 42.3 °, respectively. Finally, the angular distance between the (100). /
(110)« for s*-SnO2 is 42.1 °. Keep in mind that the c* axis lattice parameter is doubled in the s*-SnO; structure compared to the rutile struc-
ture, which results in similar planes having different indexations. Several such triangles have been presented in the main text. When the struc-
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tures are described as above, the rutile triangle can be reflected across the (001).-(110): edge to generate the larger triangle of scrutinyite (s*).
Thus, the similarities are easily described.

tetragonalrutile 010¢p orthorhon.ibi? Pcnb
scrutinyite (s*)
110
011
012¢p
001 101¢p 201 100¢P 001 102" 101 100¢P

Figure S4. Standard stereographic triangles for rutile and scrutinyite (in the Pcnb setting) structured SnO.. Important planes are overlaid on the
diagrams, as discussed in the text.

S6. EPITAXIAL ORIENTATION RELATIONSHIPS (ORs)

Because most epitaxy is described using planar matching, owing to the preponderance of work done using low-index single crystals as sub-
strates, it is helpful to describe the expected planar matching. In our work using polycrystalline substrates in CSE, we have found that usually
one or two planar ORs are sufficient to describe epitaxy over all of orientations space. In general, we have found that, for eutactic crystal struc-
tures, the alignment of the eutactic planes and directions is a simple descriptor for the experimentally observed ORs.'*'®?* As described in the
main text, this remains true for growth of 7-SnO, and s-SnO, on ¢-CoNb,Os substrates. Thus, we consider the planar matches of all the pseu-
do-eutactic planes described previously (Figure S1, S2, and S3) for their expected epitaxial misfit strains. In other words, we focus on the
strains arising from aligning (100),, (101),, (100)., (010)., and (012).. To complete the stereographic triangle, we include also the strains
from alignment of the (001), and (001). (but do not include cation stacking for these non-eutactic planes). For simplicity sake, we use the
Pcnb scrutinyite (s*) unit cell for comparison. For the three structures, repeat periods along directions of interest are given in Table S1.

Table S1: Comparable repeat periods for materials®

r*-Sn0> s*-Sn0- ¢*-CoNb,Os
<100> 4.738 4.714 4.713
<010> 4.738 5.214 5.037
<001> 6.374 5.727 5.701
15<021>¢ 5.710¢ 5.949 5.788

* All structures are described using a Pcnb scrutinyite (s*) unit cell.

® All units are in A

¢ The <001>,is ¥ of this value: 3.187 A

4 This is the <101>,length

We consider the epitaxial ORs for s*-SnO2and r-SnO; on c*-CoNb,O¢ (Table 1 and Table S2), which occur on initial nucleation, and for r-

Sn0O: on s*-SnO, (Table S2), which could occur during growth on relaxed s*-SnO: films. In Tables 1 and S2, the type of cation stacking pre-
sent for all eutactic ORs is given, as are the percentage misfit strains along specific orthogonal directions within the plane. Highlighted in light
grey are the epitaxial interfaces that have identical cation stacking, which are expected to be of lower energy as they avoid interfacial energy
penalties from near-neighbor bonding (no cation packing disorder), and epitaxial misfit strains below 4 %, which minimize volumetric strain
energy.



Table S2: Cation stacking® and epitaxial strains"* for the (nearly) eutaxial planes of r-SnO: on s*-Sn0:" and for the non-eutaxial
{001} planes of s*- and r-SnO: on ¢*-CoNb,O¢° and s*-SnO:.

Substrate Film
r-Sn0,
{100}, {010}, {101},
§*-Sn0, [010]. /[001], [100]. /[001], [o10], /[101],
{100}, cu1/ Cunt cu1/ €yt @ycur/ Cun
[o10],/[001], +10.0 /-10.2 +10.0 /-10.2 +10.0 / +0.3
{010}, Cur [ @ucur Cur [ @ucur AvCur | AuCu
[100],/[001], -0.5/-10.2 -0.5/-10.2 -0.5/+0.3
{012}, Cuot / AviCunt Cur / AviCuint @y / @ucCun
[100]./[ 021]. -0.5/-6.7 -0.5/-6.7 -0.5/-4.2
{oo1}...f
5*-Sn0, [100].., /[010]... r-Sn0;
c*-CoNb,Os 0.0/-3.4 -0.5/+6.3
5*-Sn0, 0.0/0.0 -0.5/+10.0

* Written as film / substrate pairs using notation in §S1-S3

b See Tables S1 for values

¢ All units are in % determined by: (dsus- dfitm)/ djinn*100

4 scrutinyite (s*) is described using a Pcnb unit cell.

4 ¢*-CoNb,Os is described using a Pcnb scrutinyite (s*) unit cell (no tripling).
fSince this is not a eutactic plane, cation packing is not listed

S7.RAW HIGH-RESOLUTION IPF AND IQ MAPS FROM THE LGR SAMPLE

The unprocessed high-resolution inverse pole figure(IPF) map of (a) the substrate and (b) the Igr (low growth rate) 20 nm thick SnO: film
is given in Figure SS. The grain shapes and boundaries are easily identified in the raw images. Poorly indexed pixels show up as “randomly” (or
rainbow) colored pixels in an otherwise uniform region of coloration. Large collections of rainbow pixels are from pores, grain pullout, or
scratches on the substrate surface. The vast majority of pixels are associated with the well indexed points, though more poorly indexed pixels
are observed in the film, which generally has lower quality EBSD patterns.

001 100

d)
110
' 001 100

Figure 5. High resolution, small area, unprocessed IPF maps from (a) the substrate, indexed as c*-CoNb2Os (Pcnb setting), and (b) the overlaying
film, indexed as the best match for both s*-SnO, (Pcnb setting) and r-SnO,. The color keys are given in (c) for the c*-CoNb2Os and s*-SnO;, and in
(d) for the rutile -SnOs. 6 grains common to both are marked in (a) and (b), with the phase of each film grain also marked in (b). The area and as-
pect ratio of (a) is slightly different from (b), so the region between grain 6 and 4 are pasted as an inset in (a).

The image quality (IQ) is a metric that describes the relative sharpness of the EBSD pattern. Regions of different phase formation do not
necessarily have worse image qualities, but regions of surface morphology, surface damage, overlapping local patterns, etc. do show up as low-
er IQs. The IQ maps are given in Figure S6 for the substrate and film from the same region as shown in Figure SS. The majority of regions of
low IQ is similar in the film and substrate, though more regions of low IQ exist in the film. The low IQ is almost always associated with the
randomly colored pixels in the IPF maps, including those in film grains above well-indexed substrate grains.

With respect to understanding growth and phase stability, these poorly indexed, low IQ points can be ignored. Processing the data using
grain dilation and orientation averaging provides an average description of what occurs on each crystal (grain) surface, similar to standard X-
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ray diffractograms on single crystals, which integrate over the entire area. Regions of low-IQ and unindexable points in an X-ray pattern would
not be identifiable. Processing the data in Figure S5 result in the maps in Figure 1, which allow for straightforward discussion of competitive

polymorph growth.

Figure $6. High resolution, small area, image quality (IQ) maps from (a) the substrate and (b) the overlaying film. Some grains common to both are
marked in (a) and (b), with the phase of each film grain also marked in (b). The area and aspect ratio of (a) is slightly different from (b), so the region
between grain 6 and 4 are pasted as an inset in (a).

S$8. PARAMETERS FOR SIMULATION AND DICTIONARY INDEXING OF EBSD PATTERNS

Because of the similarity between the structures, especially along the eutactic directions described above, we carried out simulations of
EBSD patterns to ensure one could truly differentiate them and confirm the commercial software index assignments. In the main text, we
compare several experimental and simulated patterns (see Figure 2). Those patterns were generated using the methods described elsewhere
using the values given below.”*?* The meaning of all terms is described in the prior work. Additionally, we used a dictionary indexing approach
on a small region of the slowest grown sample, to compare a given experimental pattern to simulated patterns of both relevant phases. The
best fit pattern for both phases were determined and stored. Usually, a fit could be found for both phases, but one phase was always a signifi-
cantly better fit than the other. These results confirmed the commercial indexations used elsewhere in the main text.

Monte Carlo simulations of all back scattered electrons were carried out for both phases using 70 ° incident 20 keV electrons, with a maxi-
mum escape depth of 100 nm (binned at 1 nm), considering returning electrons between 10 and 20 keV (binned at 1 keV). These electron
simulations were used to generate a master pattern of 1001x1001 pixels with a minimum considered inter-planar d-spacing of 0.05 nm. From
the master pattern, a dictionary of experimental patterns was generated in a dynamic fashion using the following parameters: -8.0° tilt angle for
the camera, 23732.83 pm distance between the scintillator and illumination point, 133.34 ym wide pixels in a 244 x 244 pixel array on the
scintillator, a pattern center at 0.63/76.90 pixels in x/y, 150 nA beam current with a 100 ps dwell time, and a gamma corrected intensity using
a factor of 0.3, along with exact energy averaging. The dictionary indexing method collected the top 50 matches between the experimental and
dictionary images, the latter generated from a uniform sampling of the cubochoric orientation representation using 100 sampling points along
the cubic semi-edge,** and used the top 20 to determine the orientation similarities and average best orientation.

S$9. RAW LARGE AREA IPF MAPS FROM THE LGR SAMPLE

The unprocessed low-resolution IPF map of (a) the substrate and (b) the lgr (low growth rate) 20 nm thick film is given in Figure S7. The
grain shapes and boundaries are easily identifiable, but less well defined in these raw images as compared to the high-resolution image in Fig-
ure S5. The area and aspect ratio of each is slightly different from the other and to match grains see the main text. Poorly indexed pixels show
up as “randomly” (or rainbow) colored pixels in an otherwise uniform region of coloration. Large collections of rainbow pixels are from pores,
grain pullout, or scratches on the substrate surface.

For the substrate, a majority of pixels are associated with well indexed points, and collections of poorly indexed points are generally associ-
ated with grain pullout. For the film, there are considerably more regions of poorly indexed points, because the film generally has worse EBSD
patterns. When using the standard processing methods, the cleaned pattern results in Figure 3. As observed in Figure 3, there are significant
regions over which an indexable film was not obtained. However, for many individual grains, quality film patterns were obtained. This is the
power of CSE in investigating film growth: by using an ensemble of thousands of substrate grains simultaneously, a large number of successful
growth observations can be found and used to generate a statistical understanding of epitaxial growth.



Figure S7. Large area unprocessed IPF maps from (a) the substrate, indexed as c*-CoNb,Os (Pcnb setting), and (b) the overlaying film, indexed as
the best match for both s*-SnO, (Pcnb setting) and -SnO,. Color keys for IPFs are identical to other figures. The area and aspect ratio of each is
slightly different from the other.

$10. LARGE AREA IPF MAPS FROM THE HGR SAMPLE

Figures S8(a) and (b) are low resolution (0.6 pm), large area, processed IPF maps of (a) a region of a c-CoNb,Os substrate and (b) the hgr
100 nm thick SnO, film grown upon it. In Figure S8(b), film grains were indexed using both s-SnO. (Pben setting) and -SnO; structures.
Note that the columbite and s-SnO were indexed using the Pbcn setting, which is different from the main text. This is essentially a 90° rota-
tion about a, and the transformation turns red grains in the main text Pcnb setting to be blue in this Pben setting. Figure S8(c) and (d) present
the film IPF maps broken into (c) the s-SnO; grains and (d) the r-SnO, grains. The s-SnO: grains are colored greenish and blue, which corre-
spond to the greenish to red observations in the main text for the Igr films indexed in Penb. The r-SnO: grains are red-toned. As discussed in
the main text, there are relatively fewer (more) s-SnO: (-SnO.) grains observed in the hgr sample than in the lgr sample, but otherwise the
observations are similar.

Figure S$8. Large area IPF maps from (a) a substrate, indexed as c-CoNb,Os (note: Pben setting), and (b) the overlaying hgr 100 nm thick film, in-
dexed as the best match for both s-SnO> (note: Pben setting) and r-SnO.. The same information as (b) is shown (c) and (d), with s-SnO, indexations
in (c) and r-SnO> indexations in (d). Color keys for IPFs are shown as insets. Some locations in each are marked with different symbols.

S11. EPITAXIAL ORs EPITAXIAL IN THE HGR SAMPLE

56 total substrate-film grain pairs were identified from various regions of the hgr film, with 24 (32) film grains indexed as s-SnO: (r-SnO.).
In Figure S9(a) for the 24 s-SnO, grains, we plot the angles between the normal to the primary eutactic planes (out-of-plane), and inset is the
angle between similar directions in the eutactic planes (in-plane). All s-SnO, grains are aligned similarly with the substrate, adopting the pri-
mary eutaxial OR described in the main text. In Figure S9(b) for the 32 -SnO grains, we plot the angles between the normal to a secondary
set (see §S1-S3) of eutactic planes (out-of-plane), and inset is the angle between similar directions in the secondary eutactic planes (in-
plane). All of these -SnO; grains are aligned similarly with the substrate adopting a secondary eutaxial OR described in the main text. The s-
SnO: (r-SnO.) grains have an average misorientation of 2.0 ° and 2.6 ° (2.7 ° and 2.9 °) for the out-of-plane and in-plane directions, respective-
ly. The spread in angular orientation is likely due to specific relaxations of interfacial mismatches for different orientations.
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Figure $9. For the hgr 100 nm thick film, plots of the angle between: (a) the normals to the (100)..- eutactic planes, i.e. [100]¢/+, and (inset) the in-
plane [001]. directions for the s-SnO2 grains and c-CoNb, O substrates; (b) the normals to the pseudo-eutactic planes {101}, and (010).+, i.e, =
<102>,and [010].+, and (inset) the in-plane <010>, and [100].- directions for the r-SnO; grains and c-CoNb,Os substrates.

S12.IPF MAPS FROM GRAINS USED IN TEM

Low resolution unprocessed IPF maps from regions of the (a) the hgr 100 nm thick film and (b) the Igr 20 nm thick film are shown in Fig-
ure $10. The marked green grains are those from which the TEM specimens were made, using a FIB liftout process and orienting the samples
using EBSD to be along (001) zone axes.
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Figure $10. Low resolution unprocessed IPF maps from regions of the (a) the hgr 100 nm thick film and (b) the lgr 20 nm thick film, indexed as the
best match for both s-SnO> (note these are indexed in the standard Pbcn setting) and r-SnO,. Two grains marked are those from which the TEM
specimens were made (in (b) this is grain 4 from Figures 1 and 3 in the main text).

S13.TEM FROM AN (001) GRAIN OF THE LGR SAMPLE

A low resolution bright field TEM image of the Igr film-substrate interface region is shown in Figure S11(a). The substrate is on the bottom
while a bright region of damage to the 20 nm film is on the top. The film substrate interface is not easy to identify in this thin sample with
surface damage. A high-resolution image from the interfacial region is shown in Figure S11(b). The substrate is on the bottom and the film on
the top, with the interface between them. The interface normal is not in the plane of the image (i.e., perpendicular to the zone axis), and this
leads to the interface spreading in the high-resolution TEM image. Throughout the image there is good atom registry, even though the inter-
face is not clear. Figure S11(c) and (d) give the fast Fourier transform of the image for the film region (c) and substrate region (d). The sub-
strate patterns have a tripling along [100], as expected for c-CoNb,Os. The spots from the a axis tripling are absent or faint in the film pat-
terns: they should be absent in s-SnO;, but the unavoidable overlap with the substrate in the titled interface results in some faint spots at these
locations. These observations are provided as support that the two films are similar, but no firmer conclusions are derived from them.



Figure S11. (a) A low-resolution TEM image of the Igr 20 nm thick film. (b) a high-resolution TEM image of the interfacial region: the substrate is on
the bottom and film is on the top, with the interface between them, and difficult to distinguish. Fast Fourier transforms of (c) the film and (d) the
substrate.
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