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ABSTRACT
This work outlines conditions suitable for the heteroepitaxial growth of Cr2O3(0001) films (1.5–20 nm thick) on a Ru(0001)-terminated sub-
strate. Optimized growth is achieved by sputter deposition of Cr within a 4 mTorr Ar/O2 20% ambient at Ru temperatures ranging from 450
to 600 ○C. The Cr2O3 film adopts a 30○ rotated honeycomb configuration with respect to the underlying Ru(0001) substrate and exhibits a
hexagonal lattice parameter consistent with that for bulk Cr2O3(0001). Heating to 700 ○C within the same environment during film prepa-
ration leads to Ru oxidation. Exposure to temperatures at or above 400 ○C in a vacuum, Ar, or Ar/H2 3% leads to chromia film degradation
characterized by increased Ru 3d XPS intensity coupled with concomitant Cr 2p and O 1s peak attenuations when compared to data collected
from unannealed films. An ill-defined but hexagonally well-ordered RuxCryOz surface structure is noted after heating the film in this manner.
Heating within a wet Ar/H2 3% environment preserves the Cr2O3(0001)/Ru(0001) heterolayer structure to temperatures of at least 950 ○C.
Heating an Ru–Cr2O3–Ru heterostacked film to 950 ○C within this environment is shown by cross-sectional scanning/transmission electron
microscopy (S/TEM) to provide clear evidence of retained epitaxial bicrystalline oxide interlayer structure, interlayer immiscibility, and epi-
taxial registry between the top and bottom Ru layers. Subtle effects marked by O enrichment and O 1s and Cr 2p shifts to increased binding
energies are noted by XPS in the near-Ru regions of Cr2O3(0001)/Ru(0001) and Ru(0001)/Cr2O3(0001)/Ru(0001) films after annealing to
different temperatures in different sets of environmental conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0201818

I. INTRODUCTION

Cr2O3 has received considerable scientific interest for its
applications in chemical catalysis,1,2 gas sensing,3 corrosion resis-
tance,4 and as an insulating magnetic material.5 The oxide adopts a
corundum crystal structure described by a trigonal (R3c) unit cell
(a = 5.35 Å; α = 55.00○) often expressed using conventional
hexagonal lattice parameters (a = 4.9407 Å, c = 13.5783 Å; α = 90○,
γ = 120○).6–16 Due to its use as a high-temperature corrosion

mitigation coating, many investigations of oxide decom-
position, volatilization, and support interactions have been
reported as a function of temperature under varied atmospheric
conditions.17–22 Unsupported and bulk Cr2O3 passivation scales
are known to be generally stable below 1000 ○C, after which
sub-Å/min decomposition and volatilization occur at different rates
depending on the composition of the gas phase environment (O2-
containing steam environments proving most detrimental).17–21

Therefore, differences in corrosion resistance are primarily
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dependent on the material properties of the Cr2O3/alloy inter-
face. For example, interstitial diffusion between Cr2O3 and
Zircaloy-4 alloyed fuel rod cladding (Zry4) is known to create
brittle ZrCr2 interlayers at elevated temperatures (T = 900 ○C)
that weaken the corrosion resistant performance of the oxide
passivation layer.22 Oxide–metal interactions are also known to
influence the catalytic properties of active sites present at the
surface of solid-state heterogeneous catalysts,23–26 with synergistic
Cu–Cr2O3 interactions shown to promote Cu activity toward the
water gas shift reaction catalyzed by Cr2O3/Cu inverse catalyst
structures.27

The creation of well-defined surface terminations is often
needed to enable fundamental studies of various structure–property
relationships important to the design of new materials. Previ-
ous approaches used to produce structurally controlled chromium
oxide interfaces include the oxidation of low index Cr single-
crystals,28–41 the preparation of α-Cr2O3(0001) from bulk single-
crystals,42–44 and the heteroepitaxial growth of oxide thin films
templated by select sets of metal single-crystal substrates.2,45–52

Among the latter approaches, Pt(111),45,51 Pd(111),1,2 Ag(111),46
Cu(111),47 and Co(0001)52 are reported to cause template growth
of (0001)-terminated Cr2O3 thin films due, in part, to favorable lat-
tice mismatch characteristics. For example,

√
3 ×
√
3R30○ Cr2O3/M

superstructures expressed relative to the (111) terminations of Pt,
Pd, and Ag exhibit ∼1% to 5% mismatch with respect to the
bulk Cr2O3(0001) lattice. The same superstructure produced on
Ru(0001) (a = 2.7059)53 would present a comparable ∼6% compres-
sive mismatch with respect to the unsupported Cr2O3(0001) lattice.
Relative to the same subset of metals, ruthenium exhibits inter-
mediate electron affinity and a significantly higher melting point,
indicating a likelihood for similar surface chemistry characteris-
tics and increased amenability to high temperature investigation.
Given these characteristics, this work investigates Ru(0001)’s via-
bility as an alternative substrate, allowing for the growth of (0001)
terminated Cr2O3 thin-films suitable for further exploration of
metal-dependent, oxide–support interactions.

The authors’ explicit interest in this specific combination
of materials stems from ongoing work dedicated to the fabrica-
tion of geometrically controlled, single-crystalline Ru nanowires
relevant to improved performance in metallic interconnects cen-
tral to overall CMOS performance characteristics.54 Fabrication of
single-crystalline nanowires eliminates otherwise deleterious grain-
boundary contributions to wire resistivity. Exploration of crystal-
lographically anisotropic transport effects requires the creation of
nanowires both parallel and perpendicular to the wafer surface
plane. Meeting the latter challenge requires the development of an
epitaxial dielectric interlayer that retains a registry with an underly-
ing Ru electrode for dielectric films of varied thickness when heated
to temperatures requisite for Ru crystallization. Therefore, partic-
ular emphasis is placed on both the thickness and temperature
dependencies of the reported film characteristics.

II. EXPERIMENTAL METHODS
A. Sample preparation

2-in. diameter α-Al2O3(0001) sapphire wafers (MTI) were pre-
conditioned by heating in a tube furnace within the air at 1000 ○C for

30 min to remove adsorbed surface contaminants immediately prior
to insertion into the deposition chamber. All depositions were com-
pleted within an ATC2200 UHV sputtering system obtained from
AJA International Inc. (base pressure ≈ 1 × 10−8 Torr). Ru(0001)
films were deposited from a 2-in. diameter Ru (99.95%) target via
DC magnetron sputtering within a 4 mTorr Ar/H2 3% ambient
while maintaining a constant 700 ○C sapphire wafer temperature
using a quartz halogen radiant heating lamp.54 The x-ray reflec-
tivity (XRR) calibrated deposition rate was found to be 0.13 nm/s
when operating the magnetron source at 200 W, and deposition
time was varied to create films of desired thicknesses ranging from
20 to 160 nm. Wafers were subsequently cooled to specified Cr
deposition temperatures within the Ar/H2 ambient before replacing
the gas with either 4 mTorr Ar/H2 3% or Ar/O2 20% to establish
conditions suitable for the production of either Cr or CrOx films.
Cr was then deposited from a 2-in. Cr target (99.95%) by 200 W
DC sputtering at XRR-calibrated rates of 6.75 and 6.42 nm/min for
the deposition of either Cr or CrOx, respectively, to produce films
ranging from 1.5 to 20 nm in thickness. Select films were subse-
quently covered with 20 nm Ru at 300 ○C within 4 mTorr Ar using
the aforementioned Rumagnetron conditions and/or rapidly heated
to specified temperatures for ∼1 min within either high vacuum
(∼1 × 10−8 Torr), 4 mTorr Ar/O2 20%, or 1 atm of flowing wet
Ar/H2 3%. Post deposition annealing steps were completed both
in situ and ex situ within a near-ambient pressure x-ray photo-
electron spectroscopy (NAP-XPS) chamber or a tube furnace. The
wet Ar/H2 3% annealing cycles were completed exclusively within
the tube furnace by bubbling the gas composition through water
prior to allowing the mixture to flow into a freely exhausted heated
quartz tube. Prior to ex situ analysis or post processing, wafers were
scribed and cleaved into ∼7 × 7 mm2 pieces to accommodate spatial
limitations specific to several additional pieces of equipment. One
sample created by 950 ○C wet Ar/H2 annealing wafer segments pre-
pared by sequential deposition of 20 nm Ru at 700 ○C within Ar/H2
3%, 20 nm CrOx at 600 ○C within Ar/O2 20%, and 20 nm Ru at
300 ○Cwithin Ar was subsequently encapsulated with a thin (∼5 nm)
protective Al layer in preparation for additional cross-sectional scan-
ning/transmission electron microscopy (S/TEM) characterization.
Electron transparent cross sections amenable to S/TEM character-
ization were prepared by focused ion beam (FIB) milling in an FEI
Helios NanoLab 660 dual beam instrument. The direction normal
to the prepared cross section was parallel to [1120] in sapphire and,
thus, parallel to [1010] in the epitaxially deposited Ru layer. A car-
bon containing layer was manually applied to the sample prior to
the FIB milling to allow for ready identification of the deposited
aluminum layer.

B. Sample characterization
Samples were characterized by XRR, x-ray diffraction (XRD),

XPS, low energy electron diffraction (LEED), and S/TEM. XRD
and XRR were performed using a Panalytical X’pert3 MRD system
equipped with a copper source, a graded multilayer mirror used to
create the incident beam, and a 1D PIXcel detector used to monitor
the intensity of the diffracted beam. Both XRD and XRR employed
identical optical configurations. Layer thicknesses were extracted
from XRR fits produced by slab models created within the Panalyti-
cal X’pert reflectivity software suite. Input slabs consisted of Cr2O3,
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RuO, Ru, and sapphire using respective density values of 5.134,
6.273, 13.1, and 3.59 g/cm3.

LEED and XPS were conducted within a separate ultrahigh
vacuum system (∼1 × 10−10 Torr) equipped with a 6-in. back-
view LEED apparatus (OCI, Microengineering) and a SPECS XPS
electron spectrometer consisting of an XR 50 Al Kα source and a
PHOIBOS 100 hemispherical energy analyzer. The azimuthal sur-
face orientation was uncontrolled when mounting different samples
for LEED analysis, and electron beam energies of 77 and 100 eV
were used as needed to allow for clear separation of individual
diffraction reflexes. All samples were grounded via Ta front contacts
used to secure individual samples to exchangeable metallic sam-
ple holding plates at the periphery of the cleaved wafer segments.
Separate in situ XPS characterization of select samples was com-
pleted as a function of temperature (25–600 ○C) within 0.8 mTorr
O2 using a ScientaOmicron HiPP Lab AP XPS system equipped
with a monochromated Al Kα source and a differentially pumped
HiPP-3 electron energy analyzer. Sample holders were exchange-
able with those used in the UHV system, and heating was controlled
using a radiant resistive heater mounted behind the sample holder.
All XPS measurements (in both systems) were completed using
fixed source–sample–analyzer geometries separating the source and
detection axes by 55○ with electrons collected along the surface
normal.

Energy dispersive x-ray spectroscopy (EDS) and S/TEM char-
acterization of the electron transparent cross sections were con-
ducted on a ThermoFisher/FEI Talos F200X instrument. The
instrument was operated at 200 kV.

III. RESULTS AND DISCUSSION
A. Chromia growth and characterization

A literature review of both epitaxial and non-epitaxial
α-Cr2O3 film growth suggests preferable conditions for crystal for-
mation above 500 K when depositing Cr within mTorr Ar/O2
15%–20%,1,2,45–47,51,52,55,56 with further increases in substrate tem-
perature leading to modest increases in O:Cr stoichiometry without
causing significant changes in crystal structure.56 Many of the epi-
taxial films form unique (often metastable) superstructures at near
monolayer equivalent chromia coverages, with most exhibiting a
preference for Cr2O3(0001) when increasing coverage and/or depo-
sition/oxidation temperature.1,2,45,46,51,52,55 Furthermore, both reac-
tive deposition of Cr within O2 environments and sequential cycles
of Cr deposition and subsequent oxidation have proven viable for
epitaxial film growth.1,45,46,52,55

Based on the previous review of pertinent literature, an ini-
tial film (film 1) was prepared by depositing ∼0.8 nm Cr onto a
[sapphire(0001)-supported] 160 nm Ru(0001) film within Ar before
switching to Ar/O2 20% while maintaining a 350 ○C wafer tempera-
ture throughout the duration of the full process to produce a ∼10 nm
thick CrOx layer. To ensure complete oxidation, the wafer was sub-
sequently heated to 700 ○C (and allowed to cool) within the Ar/O2
environment. After reestablishing room temperature, the wafer was
extracted and cleaved for characterization. Cr 2p and O 1s XPS
obtained from this film are provided in the lower portion in Fig. 1(a).
The complete absence of detectable Ru 3d (not shown) is consistent
with the formation of a fully wetted chromia film. Quantitative com-

parison of the O 1s and Cr 2p peaks yields an integrated O 1s:Cr
2p intensity ratio of 0.43:1, which suggests an O:Cr stoichiometry
of ∼1.43:1 when applying reference O 1s and Cr 2p atomic sensitiv-
ity factor corrections, in reasonable agreement with the anticipated
formation of Cr2O3.57 Qualitative interpretations of chemical-states
using peak locations are complicated by differences in oxide charg-
ing, surface dipoles created at the metal interface, and substrate
work-functions after exposure to different film growth conditions
on different substrates.58,59 As a result, there are significant discrep-
ancies in the literature when reporting Cr 2p and O 1s binding
energies attributed to Cr2O3, which span ranges of 575.5–576.9 and
529.6–530.9 eV for Cr 2p3/2 and O 1s, respectively.1,46,50,52,55 Our val-
ues for Cr 2p3/2 (576.3 eV) and O 1s (530.0 eV) fall within these
ranges and are taken to provide reasonable internal reference values
indicative of the presence of fully oxidized Cr2O3/Ru thin-films.

A second 1.5 nm thick CrOx film (film 2) was grown on a sep-
arate 160 nm Ru(0001)/Al2O3(0001) wafer by sputtering ∼0.8 nm
Cr onto the surface at 350 ○C within Ar and subsequently anneal-
ing to 700 ○C within an Ar/O2 20% ambient. The Cr 2p, O 1s,
and Ru 3d spectra collected from this sample are provided in the
upper portion in Fig. 1(a). Notably, the Cr 2p and O 1s peak posi-
tions and line shapes are nearly identical to those obtained from
the thicker internal reference. From this, we might infer a simi-
lar, if not identical, chemical-state indicative of Cr2O3. Unlike the
thicker film, this film is now thin enough to detect underlying Ru
3d signal intensity. In this case, the peak has been fitted with two
components, denoting the positions associated with metallic Ru0

(blue) and RuO2 (red) constituents. The metallic line shape and
position have been empirically established using data collected from
a silica-capped Ru film step-annealed to 500 ○C within Ar/H2 3%
[see Refs. 54 and 60] and includeminor contributions expected from
adventitious carbon resulting from air exposure when exchanging
between chambers. All Ru 3d spectra were first fit with this highly
constrained peak, and additional components were only added as
needed. In this case, the spectrum required the dominant presence
of a broad peak centered at Ru 3d5/2 = 280.8 eV, which is consistent
with the formation of RuO2.57 Accordingly, a 529.4 eV component
was included when fitting the O 1s spectrum to reflect the pres-
ence of RuO2.57 The O 1s spectrum was fit using a positionally
unconstrained peak bound to an upper limit integrated intensity
reflective of fully oxidized Cr2O3 (I = 0.45ICr2p ), and the intensity of
the positionally constrained RuO2 feature was then allowed to grow
as needed to satisfactorily fit the data. All data are consistent with
the formation of fully oxidized Cr2O3 present on heavily oxidized
RuO2/Ru.

Despite clear evidence of RuO2 formation, a LEED pattern
was collected from the second film [Fig. 1(b)] and indicates the
formation of a superstructure symmetrically consistent with a
√
3 ×
√
3 R30○ Cr2O3/Ru(0001) rotated honeycomb termination,

albeit with notable rotational streaking at all reflexes, which may
indicate minor variance in the rotational orientation of the oxide
with respect to the underlying Ru(0001) lattice. Careful compari-
son of the reflex positions in this pattern to those collected from
bare Ru(0001) (not shown) is consistent with the formation of a
fully relaxed Cr2O3(0001) termination (a ≈ 5.0 Å), in agreement with
detectable lattice mismatches observed for previous films grown on
similar metal single-crystals.2,45
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FIG. 1. (a) Cr 2p, O 1s, and Ru 3d XPS spectra collected after growth of two different chromia films on 160 nm Ru(0001)/Al2O3(0001). Film 1 (lower spectra) was produced
by sequential deposition of ∼0.8 nm Cr within Ar, followed by ∼8.5 nm CrOx equivalents of Cr within Ar/O2 at 350 ○C, and subsequent annealing to 700 ○C within the Ar/O2
environment. Film 2 (upper spectra) was produced using an analogous procedure, omitting the intermediate reactive deposition of ∼8.5 nm CrOx. Green fits are attributed
to Cr2O3, red fits are attributed to RuO2, and blue fits are attributed to Ru0. Peak locations are provided for the Cr 2p3/2, O 1s, and Ru 3d5/2 components of each fit. (b)
LEED pattern collected from film 2 (Ee− = 100 eV). Superimposed blue and green rhombuses indicate reciprocal lattices associated with Ru(0001) and

√

3 ×
√

3 R30○

Cr2O3/Ru(0001), respectively.

Figure 2 compares the XPS spectra collected from film 1 to
those obtained from a 1.5 nm thick CrOx film deposited on 160 nm
Ru(0001) by 450 ○C reactive deposition of Cr within Ar/O2 (film 3)
before and after annealing to 600 ○C in the presence of the Ar/O2
environment. Unlike film 2, Ru is found to remain in its metallic
state both before and after the oxidative annealing following this
processing sequence. Prior to annealing, several differences emerge
when comparing the Cr 2p and O 1s spectra to those collected
from film 1. First, the location of both sets of peaks shifts ∼0.2
to 0.3 eV toward higher binding energies. Similar collective shifts
have been attributed to decreased Ru work-function and minimized
repulsive dipole interactions resulting from the loss of Ru-bound O
adatoms present at the metallic interface of other oxide/Ru thin-film
systems,58,59 which is consistent with the absence of oxide con-
tributions to the Ru 3d spectrum. Second, the O 1s:Cr 2p peak
ratio decreases from 0.43:1 to 0.35:1, potentially indicating sub-
stoichiometric oxidation of the chromia film. To efficiently establish
conditions potentially leading to more complete chromia oxidation
without the formation of RuO2, a series of in situ NAP-XPS mea-
surements were collected as a function of sample temperature within
0.8 mTorr O2. By monitoring the Cr 2p, O 1s, and Ru 3d peak posi-
tions, the film was heated in 50 ○C increments until the Cr 2p and
O 1s positions and ratio became consistent with those exhibited by
film 1, which occurred at 600 ○C. For improved self-consistency, the
upper plot provided in Fig. 2 provides data collected from this sam-
ple within the UHV system used to produce all other XPS figures
presented in this work (Cr 2p3/2 = 576.3 eV, O 1s = 530.0 eV, and Cr
2p:O 1s = 0.45:1).

Figures 3(a) and 3(b) provide LEED images collected from
film 3 before (a) and after (b) annealing to 600 ○C within Ar/O2.
Both clearly indicate the formation of a relaxed Cr2O3(0001) surface
structure. Unlike Fig. 1(b), reflexes diffracted from these samples are

significantly more circularly symmetric, suggesting improved long-
range rotational ordering of the oxide with respect to Ru(0001).
Transitioning from Figs. 3(a) and 3(b), the pattern becomes sig-
nificantly sharper, suggesting further increases to long-range order
following 600 ○C Ar/O2.

To more efficiently produce reliably consistent films of var-
ied thickness, the process used to produce film 3 was adapted
to consist solely of reactive deposition of varied amounts of Cr
within the Ar/O2 environment at 600 ○C. XPS spectra collected
from such films (not shown) were consistent with those shown
after annealing film 3 within Ar/O2 at 600 ○C (upper panel in
Fig. 2), and self-consistent reciprocal lattices continue to be observed
by LEED with increasing chromia thickness. Figure 3(c) pro-
vides a pattern collected from 5 nm Cr2O3 deposited on 100 nm
Ru(0001) via this process. While reflexes become somewhat more
diffuse due to presumptive increases in surface charging with
increasing chromia thickness, relative locations continue to exhibit
six-fold symmetry consistent with a relaxed Cr2O3(0001) surface
plane.

All Cr2O3/Ru(0001)/Al2O3(0001) films exhibited 2θXRD char-
acteristics consistent with those reported previously by our group for
Ru(0001) films grown on Al2O3(0001) wafers.54 Unfortunately, this
includes small peaks of unknown origin at both 2θ = 39.9○ and 86.0○
that preclude conclusive disambiguation of diffraction from the
(0006) and (00 012) planes expected for epitaxial Cr2O3 thin-films
relative to diffracted intensities collected at the same geometries
from uncovered Ru(0001)/Al2O3(0001) wafers. XRD data compar-
ing theta-2theta scans collected from Ru(0001)/Al2O3(0001) with
and without subsequent exposure to deposition conditions expected
to result in epitaxial growth of Cr2O3(0001) are provided as Fig.
S1 within an accompanying supplementary material document. It
is important to note that others have previously reported XRD scans
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FIG. 2. Cr 2p, O 1s, and Ru 3d XPS spectra collected after growth of 1.5 nm CrOx/Ru(0001) via reactive deposition of Cr at 450 ○C within the Ar/O2 environment (film 3) both
before and after heating to 600 ○C within Ar/O2 (upper plots) are compared to those exhibited by film 1 described in Fig. 1 (lower plot). Green fits are attributed to Cr2O3, and
blue fits are attributed to Ru0. Peak locations are provided for the Cr 2p3/2, O 1s, and Ru 3d5/2 components of each fit.

FIG. 3. (a) and (b) LEED patterns collected from film 3 (see Fig. 2) before (a) and after (b) annealing the CrOx/Ru(0001) film to 600 ○C within Ar/O2. (c) LEED pattern collected
from 5 nm Cr2O3 produced by reactive deposition of Cr within Ar/O2 at 600 ○C on 100 nm Ru(0001). Ee− = 100 eV in all cases.

for Ru(0001) grown onAl2O3(0001) devoid of the source of our peak
overlap complications when using a monochromatic light source,61
but it is unclear the extent to which the observed discrepancy
with our results reflects differences in light source characteristics or
sample purity.

B. High temperature Cr2O3/Ru(0001) film
characteristics

Despite ubiquitous application as high-temperature, corrosion-
resistant passivation layers, any attempt to heat the Cr2O3/Ru(0001)
films to temperatures above 400 ○C within non-oxidative environ-
ments leads to rapid film degradation, as evidenced by the near
complete loss of Cr from the surface (observed by both XPS and
XRR). This effect is observed if heating in UHV, Ar, or Ar/H2
manifests similarly independent of Cr2O3 film thickness (for films
≤ 20 nm). For this reason, all films described above were cooled
to room temperature within Ar/O2 prior to removal from the
deposition chamber. Given the robust thermal stability of unsup-
ported chromia, this effect is necessarily attributable to interactions

unique to the Ru–Cr2O3 interface. Non-mutually exclusive possibil-
ities accounting for these observations include chromia desorption,
dewetting, and interlayer mixing. An in-depth analysis needed to
fully disambiguate these possibilities was not carried out, but trends
indicative of the post-mortem film characteristics are summarized
below.

Figure 4 depicts changes in XPS spectra noted when heat-
ing film 2 (overoxidized 1.5 nm Cr2O3) to 600 ○C within UHV
(∼1 × 10−8 Torr). UHV typically presents a mildly reducing environ-
ment due to disproportionately large background partial pressures
of CO and H2. Among several noteworthy effects, the most obvi-
ous change observed after heating in UHV is the increase in Ru
3d signal intensity coupled with concomitant decreases in Cr 2p
and O 1s peak intensities. Quantitative comparison of integrated
intensities results in Cr 2p:Ru 3d = 0.45:1 (compared to 2.3:1 for
the fully oxidized version of film 3). XRR modeling only provides
reliable estimates of film thickness down to a lower limit threshold
of ∼1 nm, but changes in XPS intensities can be modeled to pro-
vide thickness estimates for thinner films assumed to adapt CrOx/Ru
layered configurations.62 Despite providing reasonably accurate esti-
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FIG. 4. Cr 2p, O 1s, and Ru 3d XPS spectra collected before (lower plots) and after (upper plots) annealing film 2 (see Fig. 1) to 600 ○C within UHV (∼1 × 10−8 Torr). Green
fits are attributed to Cr2O3, red fits are attributed to RuO2, blue fits are attributed to Ru0, and brown fits are attributed to the formation of an ill-defined RuxCryOz structure.
Peak locations are provided for the Cr 2p3/2, O 1s, and Ru 3d5/2 components of each fit.

mates of other Ru-supported oxide films (i.e., SiO2 and MoN),62
similar approaches used to model comparative XPS signals col-
lected fromCr2O3/Ru(0001) using inelastic electronmean free paths
generated by the NIST EAL database63 appear to systemically over-
estimate the oxide film thicknesses by ∼2.7× when compared to
reliable XRR (and TEM) values. Accounting for this systemic error,
the Cr 2p:Ru 3d integrated intensity ratio exhibited by the UHV
annealed film is consistent with Ru covered by ∼4.5 Å Cr2O3,
which is roughly equivalent to the height of a primitive Cr2O3(0001)
unit-cell measured perpendicular to the Ru interface. Equivalent
changes in relative XPS intensities could also manifest if heating
leads to Ru–Cr2O3 interlayer mixing or dewetted chromia island
formation.

In addition to the drastic attenuation of chromia features, each
of the core-level spectra develops new features at different binding
energies, after annealing in UHV (brown fits). Fit as single com-
ponents, both Cr 2p and O 1s peaks shift several tenths of an eV
to higher binding energies and a new shoulder emerges at 281.3 eV
within the Ru 3d5/2 spectrum. Analogous peak components are also
present after annealing films that do not exhibit evidence of RuO2
prior to heating (i.e., such as film 3). A direct interpretation account-
ing for all shifts is not immediately apparent, but their presence
suggests significant differences in the nature of the chemical-state
of all atoms present within the surviving RuxCryOz surface structure
relative to those in the bulk of the Cr2O3 and Ru films. In addition to
changes in peak locations, the O 1s:Cr 2p integrated intensity ratio
increases from 0.45:1 to 0.52:1, suggestive of modest stoichiometric
enrichment of O relative to Cr within the ill-defined post-annealed
surface structure relative to that within the bulk of the as-prepared
Cr2O3 film.

Figure 5 shows changes in the LEED pattern that emerge after
heating film 2 to 600 ○C within UHV. Visual inspection in Fig. 5(b)
immediately indicates the presence of a new and very ordered sur-
face structure. Whereas the precursor pattern [Fig. 5(a)] is diffuse
and rotationally streaked about the reflexes, the pattern observed
after heating is very well resolved without evidence of streaking.

FIG. 5. LEED patterns collected from film 2 (see Fig. 1) before (a) and after (b)
annealing to 600 ○C within UHV. (a) Ee− = 100 eV and (b) Ee− = 77 eV.

Whereas Ru(0001) reflexes are not unambiguously visualized in pat-
terns collected from the other films, reflexes attributed to the metal
substrate are readily distinguished from the remainder of the pat-
tern obtained after heating to 600 ○C. Due to the limited sampling
depth, the presence of these LEED spots supports the presence of
a degradation mechanism leading to the formation of a thin over-
layer structure on the Ru(0001) interface. Careful comparison of the
reciprocal lattice vectors indicates the formation of a ∼3.8 × 3.8 R30○

RuxCryOz/Ru(0001) superstructure. The lattice parameter associ-
ated with this structure (a ≈ 10.3 Å) is not readily attributable to
known chromia- or Ru-containing hexagonal surface terminations.
Interestingly, the lattice is, however, almost exactly intermediate
between those expected for 2 × 2 reconstructions of Cr2O3(0001) (a
= 4.9407 Å)6–14 and Ru2O3(0001) (a = 5.293 Å).64 Further investiga-
tion is required to more fully characterize the nature of this structure
and its possible scientific applications, which is beyond the scope of
this work.

Given the propensity for Cr2O3 degradation at temperatures
above 400 ○C within non-oxidative environments and the propen-
sity for Ru oxidation at temperatures above 600 ○C within mTorr
O2, attempts were made to establish an environment that might
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FIG. 6. Cr 2p, O 1s, and Ru 3d XPS spectra collected before (lower plots) and after (upper plots) annealing a ∼20 nm Cr2O3(0001) film grown on ∼40 nm Ru(0001) to 950 ○C
for 1 min within 1 atm wet Ar/H2 3%. Green fits are attributed to Cr2O3. Peak locations are provided for the Cr 2p3/2 and O 1s components of each fit.

thermodynamically favor the oxidation of Cr (but not Ru) as a
means to potentially stabilize the Cr2O3/Ru(0001) films when heated
to temperatures above 600 ○C. To accomplish this, wafer segments
were heated to temperatures as high as 950 ○C within a wet hydro-
gen environment established by bubbling Ar/H2 3% through water
before flowing the gaseous mixture through a freely exhausted
quartz tube furnace.

Figure 6 provides XPS spectra collected from a ∼20 nm Cr2O3
film grown on ∼40 nm Ru(0001) by reactive deposition of Cr
within Ar/O2 at 600 ○C before and after annealing to 950 ○C for
1 min within the aforementioned wet hydrogen environment. Prior
to annealing, only Cr 2p and O 1s features are detected in the Cr2O3
film. Both peaks are shifted ∼0.1 to 0.2 eV toward increased bind-
ing energies relative to those collected from thinner versions of the
film. These shifts are readily attributable to increased charging con-
tributions resulting from the thicker insulating film. A comparison
of the O 1s:Cr 2p integrated intensity ratio reveals no significant
change in film stoichiometry relative to that of the fully oxidized,
thinner variants of the film. The Ru 3d signal remains undetectable
after completing the wet hydrogen annealing process, indicating
that the change in the gas-phase environment is sufficient to mit-
igate the catastrophic film degradation effects noted when heating
in non-oxidizing conditions. While the film clearly remains on the
surface, changes are observed in both the Cr 2p and O 1s spectra
after the wet hydrogen annealing. First, the O 1s:Cr 2p intensity ratio
shifts from 0.41:1 to 0.38:1, indicating a subtle reduction toward sub-
stoichiometric surface concentrations of O. Second, both peaks shift
∼0.5 to 0.6 eV to higher binding energies. Possible explanations for
these shifts may include changes in the insulating quality of the film
and/or further reduction of the underlying Ru interface as a result of
the annealing process (see discussion in Fig. 2).

To more quantitatively track changes in film thickness, XRR
measurements were made before and after completing the wet
annealing process described in the previous set of experiments.
Results from these measurements are provided in Fig. 7 for 2θ reflec-
tion angles ranging from 0 to 4○. Fitting the fringes of the spectra

FIG. 7. XRR data and fits associated with a nominally ∼20 nm Cr2O3(0001) film
grown on ∼40 nm Ru(0001) on Al2O3(0001) before (lower) and after (upper)
annealing to 950 ○C for 1 min within 1 atm wet Ar/H2 3%.

by genetic algorithm results in the following changes in layer thick-
ness as a function of the annealing process: Cr2O3 (24.1→ 23.8 nm)
and Ru (37.1 → 36.8 nm), which both fall near the uncertainty
thresholds inherent to the technique. From this, we conclude that
Cr2O3/Ru(0001) films are stabilized by the wet hydrogen environ-
ment when heated to temperatures relevant to the film’s disparate
sets of potential scientific applications (i.e., calcining refractory
active sites and/or high temperature investigations of corrosion
within steam environments).

To further investigate the crystallography of thicker
Cr2O3(0001)/Ru(0001) films, a 20 nm Cr2O3(0001) film grown on
20 nm Ru(0001) was, in turn, covered by 20 nm of Ru deposited
in Ar at 300 ○C to potentially seed epitaxial growth of Ru(0001) on
the top Cr2O3(0001) interface without destroying the Cr2O3 layer.
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FIG. 8. Cr 2p, O 1s, and Ru 3d XPS spectra collected before (lower plots) and after (upper plots) annealing a ∼20 nm Ru film deposited at 300 ○C in Ar on ∼20 nm
Cr2O3(0001) grown on ∼20 nm Ru(0001) to 950 ○C for 1 min within 1 atm wet Ar/H2 3%. Intensities in the Cr 2p and O 1s regions have been scaled up by a factor of 3× for
clarity. Green fits are attributed to Cr2O3, red fits are attributed to O–Ru, and blue fits are attributed to Ru0. Peak locations are provided for the Cr 2p3/2, O 1s, and Ru 3d5/2
components of each fit.

XPS spectra collected from this sample before and after annealing
to 950 ○C for 1 min within the wet H2 environment are provided
in Fig. 8. Prior to annealing, only Ru and O species are detected,
indicating complete coverage of the underlying Cr2O3 layer. Specific
features are attributable to metallic Ru (blue) and the presence of
chemisorbed O adatoms at the exposed Ru surface (red) (Ru 3d5/2
= 281.1 eV and O 1s = 530.2 eV).58 The small peak present at
586.1 eV is attributed to Ru 3s, which has been omitted from other
Cr 2p fits due to its comparably negligible peak intensity when
characterizing chromia capped Ru films. Wet H2 annealing of this
sample to 950 ○C results in significant changes in the XPS spectra.
Most notably, the Ru 3d integrated intensity decreases by more than
a factor of 3, and Cr 2p is detected, indicating the existence of some
mechanism by which Ru coverage of the underlying Cr2O3 layer
diminishes during the annealing process. Plausible explanations
include dewetting of the Ru layer to expose regions of Cr2O3 or
interlayer mixing. Assuming the former (see TEM results below), a
few lingering observations must be rationalized. First, both Cr 2p
and O 1s now appear at higher binding energies than were observed
after wet annealing the uncovered Cr2O3 film (Fig. 6). More specif-
ically, the binding energy of Cr 2p increases by ∼0.2 eV, while that
of O 1s increases by ∼0.7 eV. Notably, these shifts agree well with
the increases in respective binding energies detected after heating
Cr2O3 in a vacuum to create the RuxCryOz structure described in
Figs. 4 and 5. Second, such as the previous post-annealing structure,
we again also note increased O concentration relative to that in
Cr2O3, albeit significantly more so in this case (O 1s:Cr 2p→ 0.83).
From this, we conclude that the interfacial chromia still undergoes
some form of modification resulting from interaction with Ru
at elevated temperatures, but that adhesion of the Cr2O3 bulk is
somehow better stabilized as a result of the change in atmosphere
when heating in the presence of wet hydrogen instead of UHV, Ar,
or Ar/H2.

To better examine the fate of the previous sample, a wet hydro-
gen annealed segment of the wafer was selected for additional
S/TEM characterization. Figure 9(a) is a bright-field (BF) trans-
mission electron microscopy (TEM) image of the heterostack. The
agglomeration, i.e., dewetting, of the top Ru layer is evident in the
image. The Ru islands are ∼40 nm thick, indicating that the nomi-
nally 20 nm-thick as-deposited layer of Ru now covers only about
one half of the surface of the Cr2O3 layer. Figure 9(b) presents a
higher magnification high-angle annular dark-field (HAADF) scan-
ning TEM (STEM) image of the outlined section of the stack. Since
in HAADF imaging intensity is proportional to approximately the
square of the atomic number,65 the planarity of the lower Cr2O3
interface in comparison to the roughness of its top interface is clearly
shown. Figure 9(c) presents the EDS elemental maps of Al, Cr, and
Ru. Although these maps are only a qualitative measure of the ele-
mental concentrations, they clearly show the presence of Cr2O3 as
the interlayer dielectric present between the two Ru layers. EDS
line scans of Al, Cr, and Ru as a function of distance across the
heterostack showed no measurable intermixing. Figure 10(a) is the
high resolution TEM image of the heterostructure and the substrate.
The lattice fringes in the sapphire(0001) substrate evidence its crys-
tallinity, and the nanobeam diffraction pattern (NDP) shown in the
inset for this layer confirms the zone axis as sapphire [1120]. For
the Ru layer deposited directly on sapphire, the [1010] zone axis
NDPs shown as an inset in Fig. 10(a) demonstrate the rotated honey-
comb orientation of this layer relative to the sapphire substrate. This
30○ relative rotation of the Ru layer and the sapphire substrate is in
agreement with several prior studies.66–68 The rotated honeycomb
orientation reduces the misfit strain for Ru(0001)/sapphire(0001) to
1.5% compared with the hexagon-on-hexagon misfit of 87.5%.53,68,69

Interestingly, the NDP shown in the inset in Fig. 10(a) for the
Ru(0001) island atop the chromia layer shows the zone axis to
also be [1010]. This indicates that the orientation of the dewet-
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FIG. 9. (a) BF-TEM image of the Ru/Cr2O3/Ru/Sapphire(0001) heterostructure showing dewetting of the top Ru layer upon annealing 1 min at 950 ○C in a H2–H2O ambient.
(b) HAADF STEM image of the section of the stack in the left Ru island in (a) evidencing the planarity of the lower Cr2O3 interface in contrast to the roughness of its top
interface. (c) EDS elemental maps of Ru, Cr, and Al demonstrating the clear presence of the distinct layers in the sample stack. The aluminum and sputtered aluminum oxide
layer deposited as a means of preserving the top of the sample stack are clearly seen in (a) and (b), and in the Al elemental map in (c).

ted Ru layer relative to the sapphire substrate is the same as that
for the Ru(0001) layer directly deposited on the sapphire(0001)
substrate.

The Cr2O3 layer in Fig. 10(a) shows a prominent Moiré con-
trast, the origin of which will be discussed shortly. Chromium oxide
is trigonal, with the same space group (R3c) and crystal structure
(corundum) as sapphire. However, unlike for the sapphire substrate,
the NDP for this layer, shown as an inset, is clearly not a single zone
axis pattern. Given that Ru is hexagonal (space group P63/mmc),
the formation of chromia rotational domains may be expected.70
The basal plane lattice parameter of Ru is aRu = 2.7059 Å.53 The
basal plane lattice parameter of Cr2O3 referenced to a hexagonal
frame and computed from the reported rhombohedral lattice para-
meters is achromia = 4.9407 Å.6–14 The hexagon-on-hexagon misfit
strain for Cr2O3 deposited on Ru(0001)/sapphire(0001), calculated
as (aRu − achromia)/achromia, is −45.6%(−44.4%) if Ru is fully relaxed
(fully strained). By contrast, if Cr2O3 adopts the rotated honeycomb
orientation relative to the Ru(0001) layer, then the misfit strain is
given by

εm =
dRu1010 − d

chromia
1120

dchromia
1120

= −5.7%(−3.7%), (1)

where d’s are the interplanar spacings of the given planes in the given
material. As can be seen, the magnitude of these compressive mis-
fit strains for the 30○ rotated honeycomb orientation for chromia
deposited on fully relaxed (fully strained) Ru is significantly lower
than for the hexagon-on-hexagon orientation. Therefore, chromia
is expected to adopt the rotated honeycomb Cr2O3(0001) orienta-
tion when forming on Ru(0001), consistent with the LEED pattern
interpretations described above.

The NDP of the Cr2O3(0001) layer is a superposition of two
distinct ⟨1120⟩ type zone axis patterns, which for concreteness will
be taken as [1120] and [2110]. Each of these zone axes, and hence,
the associated Cr2O3 rotational domain, is 30○ rotated about the c-
axis relative to the Ru layer, whose zone axis is [1010]. One chromia
domain is rotated clockwise, and the other domain is rotated coun-
terclockwise relative to Ru. The superposition of the two zone axis
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FIG. 10. (a) Two high resolution TEM images of the heterostructure combined at the dotted-dashed line to clearly show all layers of the sample. The insets are nanobeam
diffraction patterns (NDP) from the respective layers. (b) Dark-field (DF) TEM image of the heterostructure, with the selected area diffraction pattern of the full stack plus
substrate shown in the white-bordered inset (top-right). The DF image was formed with the (0004) beam marked with the white arrow in the inset. This is a forbidden
reflection in sapphire, Ru, and Cr2O3 and forms as a result of double diffraction. The DF image allows different regions within the Cr2O3 layer to be identified for subsequent
nanobeam diffraction, shown in three separate insets below the image. Regions marked 1 and 3 show mixed light-dark contrast in the image. They are bicrystalline Cr2O3.
Their nanobeam diffraction patterns evidence double diffraction in addition to the superposition of the two mirrored ⟨1120⟩ zone axis patterns for the two variants. The region

of dark contrast in the image marked 2 is a single crystalline Cr2O3 through the thickness, with a single [1120] zone axis pattern labeled 2 in the inset.

patterns means that both rotational domains are present through the
thickness of the electron transparent cross section, thereby also giv-
ing rise to the Moiré contrast shown in the high-resolution image of
this layer in Fig. 10(a).

Given that electron diffraction in the TEM is dynamical rather
than kinematical, a given diffracted beam can act as the incident
beam for diffraction from a second or more set of planes (i.e., dou-
ble diffraction) and result in the appearance of forbidden reflections.
The forbidden reflections in the NDP pattern of the Cr2O3(0001)
layer in Fig. 10(a) are the additional spots that are present above and
beyond the superposition of the two [1120] and [2110] zone axis
patterns. To generate the forbidden reflection resulting from double
diffraction, the zone axis pattern is displaced by placing the direct
beam, i.e., g0000, onto an allowed diffraction spot.71 For concreteness
in the NDP in Fig. 10(a), if double diffraction is assumed to occur in
the domain with [2110] as its zone axis, then placing the origin of the
zone axis pattern of the [1120] oriented domain on g0112 and then
also on g0114 of the [2110] domain will account for all the forbidden
reflections shown in the NDP pattern of the Cr2O3(0001) layer in
Fig. 10(a).

In Fig. 10(b), dark field imaging using an objective aperture at
the position of the forbidden reflection g0004, marked with a white
arrow in the inset in the top right, shows lateral regions that are
either of dark contrast (labeled 2) or of mixed contrast (labeled
1 and 3). NDP patterns collected in each of these three regions then
clearly show that in region 2, only a single [1120] Cr2O3 domain is
present through the electron transparent section, whereas in regions
1 and 3, both rotational domains are present through thickness and
result in NDP patterns similar to the pattern shown in Fig. 10(a).
The NDPs in Fig. 10(b) again confirm that the epitaxially grown
Cr2O3(0001) is bicrystalline, with both rotational domains present
in the film, but that in select regions of the sample, it is possible to
demonstrate the presence of only a single domain.

IV. CONCLUSIONS
A full summary correlating reported film characteristics to var-

ious deposition and processing conditions explored in this work is
included as Table S1 within the supplementary material accompa-
nying this article. Conditions suitable for the creation of a robust
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Cr2O3(0001)/Ru(0001) epitaxial thin-film system allowing for ver-
satile structure–property investigations pertinent to wide-ranging
disparate fields of study are outlined by this work. Wafer scale
deposition of epitaxial Cr2O3(0001) bicrystals on sapphire(0001)-
supported Ru(0001) films has been achieved via reactive sputter
deposition of Cr within 4 mTorr Ar/O2 20%. Highly ordered films
are produced when heating the wafer to 450–600 ○C during deposi-
tion, subsequently heating to 600 ○C within the oxygen containing
atmosphere (for depositions completed below 600 ○C), and allow-
ing the wafer to cool to room temperature before evacuating the
gas composition from the chamber. The adsorbed films adopt a
30○ rotated honeycomb configuration relative to the Ru(0001) sub-
strate and exhibit basal plane lattice parameters consistent with
bulk Cr2O3(0001). Neglecting charging effects, Cr2O3 film char-
acteristics remain self-consistent independent of thickness within
the range of depths explored (∼1.5–20 nm) when deposited at
600 ○C. Heating films at, or above, 700 ○C within the O2 envi-
ronment leads to Ru layer oxidation. By contrast, heating films
to temperatures at, or above, 400 ○C in 4 mTorr Ar, Ar/H2 3%,
or vacuum results in film deterioration and the emergence of an
incommensurately well-ordered hexagonal RuxCryOz surface struc-
ture rotated by 30○ relative to Ru(0001) with a lattice parameter
a ≈ 10.3 Å. Heating Cr2O3(0001)/Ru(0001) films in 1 atm flowing
wet Ar/H2 3% allows for temperatures of at least 950 ○C with-
out loss of Cr2O3, Ru oxidation, or evidence of interlayer mix-
ing. Nonetheless, Cr2O3–Ru interactions still appear to similarly
affect the nature of surface-bound chromia at elevated tempera-
tures, even when the bulk Cr2O3 film is retained after heating in
wet H2. Ru–Cr2O3–Ru heterostacks created by deposition of Ru on
Cr2O3(0001)/Ru(0001) films within 4mTorr Ar at 300 ○C lead to the
formation of dewetted Ru crystals oriented in epitaxial registry with
bottom layer Ru(0001) when heated to 950 ○C within the wet H2
environment.

SUPPLEMENTARY MATERIAL

A supplementary material document is included with this
article to provide a direct comparison of XRD data taken from
Ru/Al2O3(0001) samples before and after growth of the Cr2O3
(0001) film using the recipe established in this work (Fig. S1) and
a summary table correlating all film processing conditions and
reported outcomes (Table S1).
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