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ABSTRACT

Growth of IrO; films via molecular beam epitaxy (MBE) using an oxygen plasma as the sole oxidant is demonstrated for the first time. We
investigate the oxidizing conditions required for IrO; by characterizing the species present in the plasma using optical emission spectroscopy
and comparing the thermodynamic equilibrium between Ir/IrO, under atomic and molecular oxygen. Across the pressure range accessible,
monatomic oxygen was the primary reactive species present in the plasma. IrO; films were grown under varying Ir flux, oxygen pressure, and
substrate temperature to understand growth thermodynamics and kinetics. Structural characterization assessed film phase and composition,
crystallinity, strain, and surface morphology. The optimized films from this study validate plasma-only reactive growth by MBE as a successful

method for growing IrO,.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0282709

I. INTRODUCTION

Iridium oxide in the rutile crystal structure (P4,/mnm)
is of interest to a variety of specialties spanning electronics,
biomedicine,” catalysis,” '’ superconductivity,”’"'* and spin
applications.”"”™"" Given this wide range of research applica-
tions, IrO, thin films have been synthesized in many ways,
including sputtering,'* atomic layer deposition,”*”'**’ chem-
ical vapor deposition,”’ pulsed laser deposition,” ** chemical
bath deposition,” sol-gel synthesis,” and thermal oxidation.”
High-quality epitaxial films of iridium oxide have been grown
via reactive molecular beam epitaxy (MBE) using ozone-assisted
MBE (OAMBE)"""'**>** and metal-organic MBE (MOMBE).'*"’
However, growth via plasma-assisted MBE (PAMBE) has not been
documented in the literature without metal-organic sources. While
the thermodynamics of IrO, formation from the ozone reaction
are well documented,”'”* the understanding of PAMBE growth
is limited due to the variety of species present in plasma. Because
Ir is one of the most difficult elements to oxidize,”’ the growth of
IrO; is a good test case to establish the ability of PAMBE to produce
stubborn metal-oxide films.

Here, we investigate the growth of IrO, films via PAMBE.
We characterize the low-pressure RF oxygen plasma to identify

composition as a function of pressure, verifying atomic oxygen as
the primary oxidizing species. Ellingham diagrams for the Ir/IrO,
equilibrium are calculated and compared to oxidation via O, and O.
We demonstrate the growth of phase-pure epitaxial films of IrO; via
PAMBE, in which the reactive species from the RF plasma are the
sole oxidants. The films are characterized for structural and chemi-
cal quality using atomic force microscopy (AFM), x-ray diffraction
(XRD), and scanning transmission electron microscopy (STEM) to
investigate the crystalline quality. The results of this study establish
that atomic oxygen from an RF plasma source is oxidizing enough
to form IrO; within the MBE growth pressure regime.

Il. EXPERIMENTAL

We used optical emission spectroscopy (OES) to verify the
composition of the plasma used during reactive growth. The plasma
was characterized at three pressures (3.8 x 107°, 5.5 x 107>, and
7.6 x 107> mbar), corresponding approximately to the three pres-
sures at which samples were grown. A fiber optic cable was posi-
tioned perpendicular to the viewport built into the plasma source to
collect a signal, as described elsewhere.”! All spectra were collected
using a spectrometer with 0.5 nm resolution. Sixty spectra for each

APL Mater. 13, 091117 (2025); doi: 10.1063/5.0282709
© Author(s) 2025

13, 0911171

£1:85:0Z S20C J8qWisAoN 8|


https://pubs.aip.org/aip/apm
https://doi.org/10.1063/5.0282709
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0282709
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0282709&domain=pdf&date_stamp=2025-September-23
https://doi.org/10.1063/5.0282709
https://orcid.org/0000-0001-6089-6249
https://orcid.org/0009-0007-7294-0885
https://orcid.org/0009-0003-6895-9453
https://orcid.org/0000-0002-5304-1696
https://orcid.org/0000-0002-5740-3359
mailto:mholtz@mines.edu
https://doi.org/10.1063/5.0282709

APL Materials

pressure condition were collected between 200 and 1100 nm with
an integration time of 1 s and averaged to improve the signal-to-
noise ratio, which degraded at higher pressures due to higher back-
ground signals. Peaks were analyzed using the National Institute of
Standards and Technology (NIST) Atomic Spectra Database.™

The equations for the phase equilibria used to construct the
Ellingham diagram were derived according to the treatment pre-
viously described in the literature.”””""” The Gibbs free energy of
formation for atomic oxygen was obtained by performing a linear
regression on data from the NIST JANAF Database.” The phase
boundaries for the two reactions were compared to the operable
regime of our MBE chamber to select different growth conditions
for this study.

All films were grown using an oxide MBE chamber equipped
with an electron-beam evaporator to supply Ir flux and a 13.56 MHz
RF plasma source and matching network to supply atomic oxygen.
The RF source was supplied with 250 W to spark a plasma. Different
O, flow rates were regulated with a mass flow controller to achieve
different background pressures for growth between 4.1 x 107 and
7.2 x 107 mbar. A quartz crystal monitor (QCM) was used to main-
tain a consistent flux of Ir from the electron beam evaporator during
growth. All films were grown on Nb:TiO, (110) substrates from
Shinkosha Co. Ltd., Kanagawa, Japan. These substrates are prepared
in advance by the manufacturer and do not require additional clean-
ing prior to growth. Films were grown at substrate temperatures
of either 400 or 300 °C and cooled in O, to prevent the formation
of oxygen vacancies.'” Reflection high-energy electron diffraction
(RHEED) was used to examine substrate and film quality in situ
before and after deposition.

After deposition, films were assessed for phase purity, crys-
tallinity, and epitaxial orientation using XRD. All XRD experiments
were conducted with a diffractometer equipped with a Ge (220)
four-bounce monochromator and a proportional detector. Phase
purity was assessed with 26-w scans to determine that only rutile
oxide peaks and no metallic Ir peaks were present. The full width
at half maximum (FWHM) of rocking curves (w scans) was taken
to determine the degree of mosaicity in the film. The diffractometer
was also used to collect x-ray reflectivity (XRR) scans of the films,
which serve as a measure of thickness and surface roughness. Recip-
rocal space maps (RSMs) were used to characterize epitaxial quality
and strain in the smoothest phase-pure film.

Film topography was imaged with AFM to verify smoothness
and identify any irregular features on the surface. Scans were flat-
tened using the masked second-degree polynomial algorithm to
eliminate the bowing artifact caused by the stage mechanism.*
Root-mean-square (RMS) roughness values were calculated from 10
pum square AFM scans.

STEM was used to investigate film crystallinity and interfa-
cial quality. Cross-sectional samples were prepared by focused ion
beam lift-out with a final milling step at 2 kV. The film was imaged
using an annular dark field detector; the composition was assessed
using x-ray energy dispersive spectroscopy (EDS), and lattice para-
meters and strain were measured using scanning electron diffraction
(4D-STEM). 4D-STEM data were acquired with the NanoMegas
precession electron diffraction with a 0.5° precession angle and
captured with a Merlin Quantum Detectors fast electron detector.
The lattice parameters were extracted using the exit wave power
cepstrum procedure described elsewhere.*

ARTICLE pubs.aip.org/aip/apm

I1l. RESULTS AND DISCUSSION
A. OES

The results from the OES measurements demonstrated that the
plasma is mainly composed of atomic oxygen species at all three
pressure conditions (Fig. 1). The spectra were collected for the same
duration and are not normalized to allow for comparison of peak
intensity between pressure conditions. Relevant peaks and the cor-
responding emitting species are listed in Table I. Peaks known to
be unique to atomic oxygen (unconfounded with molecular oxy-
gen peaks or likely contaminants) are observed at 778, 844, and
1026 nm at all pressures, indicating a dissociative plasma. Ionized
molecular oxygen and nitrogen are known to emit broader bands
between 500 and 700 nm.”"”""*" These are observed but not very
strong in intensity, indicating that while O; is present in the cham-
ber, it is generally not ionized or excited. We assume that unionized
diatomic species are not significantly reactive and do not contribute
to the oxidation, which is justified by the thermodynamic calcula-
tions below. The peaks at 279.5 and 409.5 nm could be caused by
either atomic nitrogen or atomic oxygen species. However, because
they decrease with increasing pressure, we believe these peaks were
mainly caused by nitrogen contamination. The peak at 1073 nm
is ascribed to argon and carbon contamination and also increases
in intensity at lower pressures. Trace amounts of nitrogen, argon,
and carbon are all observed in the chamber with a residual gas ana-
lyzer. We conclude that the primary active oxidant from the plasma
source is atomic oxygen species and apply this assumption to our
thermodynamic calculations.

L o ° 77E-5mbar] © | © o 1
> Z | |——5.7E-5 mbar
—3.9E-5 mbar

wwluhmhl (PR IR v A

Intensity, a.u.
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Wavelength, nm

FIG. 1. OES spectra of the plasma at the three pressures used in growth. The
peaks tracked in the spectra analysis are annotated.
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TABLE I. Oxygen plasma OES peaks and possible species.

Wavelength, nm Species
279.5° N*, O0f
409.5° N, O°
525.7 o3
559.1 05
561.5 o*,C
598.2 (o)
636.2 o5
777.5° 0
844" 0
1026" ot
1073 Ar, Ar*,C

*Prominent peaks in our data.
" Multiple possible oxidation states.

B. Thermodynamic calculations

To ascertain the MBE growth window of IrO,, we have cal-
culated the Ir-IrO; equilibrium diagrams. Although MBE growth
is a non-equilibrium process, these diagrams can be instructive in
identifying optimal growth windows. We consider two oxidants:
molecular oxygen and atomic oxygen, and discuss how they com-
pare to ozone, which has been studied previously. The reactions
are written such that 1 mol of IrO, is produced in each case.
The full derivation of each pressure-temperature relationship is in
the supplementary material. Table II summarizes the representative
chemical equation, expression for the standard Gibbs free energy of
the reaction, and pressure-temperature relationship for both cases.
These equilibria are plotted with respect to oxidant pressure and
temperature in Fig. 2 so that the pressure on the y-axis corresponds
to the partial pressure of either atomic oxygen or molecular oxy-
gen for their respective lines. This plotting method allows us to
directly compare how the required oxidant partial pressure changes
with species; however, previous literature for ozone oxidation™”*"**
instead plotted equivalence lines for ozone on a molecular oxygen
pressure axis by plotting the equilibrium lines between ozone and
molecular oxygen. Notably, atomic oxygen is the primary species
responsible for oxidizing the film surface for both the ozone and
plasma cases. The physical mechanism behind ozone oxidation
includes a dissociation step: when the ozone hits the film, the O;
dissociates into an O, and an O. The atomic O, as the more reactive
species, is then present at the growth surface and is responsible for

TABLE II. Summary of equilibrium relationships for different oxidants.
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FIG. 2. Representations of the thermodynamic growth window for IrO, with dif-
ferent oxidizing species. P* corresponds to the pressure of the relevant oxidant.
The relevant oxidant species is assumed to be the main oxidant in the chamber.
The temperature corresponds to the substrate temperature during growth. The
operable regime of the MBE system is boxed in gray for reference.

most of the oxidation. In the case of plasma, atomic oxygen is also
the primary oxidant, but it is already formed before it hits the sub-
strate. While the energetics and growth mechanisms between plasma
and ozone are very different—the plasma contains highly energetic
species while the ozone is highly reactive and dissociates—these are
not captured by the thermodynamic model. Here, we use Ellingham
diagrams to compare the oxidation using atomic oxygen (as pro-
duced by a plasma or by ozone dissociation) with molecular oxygen.
Atomic oxygen produces many orders of magnitude easier oxidation
of iridium than O,. The thermodynamics indicate that IrO is ther-
modynamically favored for high pressure, low temperature regions
that are assessable by MBE for O and O,, although MBE growth
of IrO; by molecular oxygen has not been experimentally observed,
indicating successful growth is also controlled by kinetics.

C. Film growth conditions and phase purity

The growth conditions for all the films in this study and a brief
summary of their characteristics are presented in Table III. These
conditions spanned the range of pressure-temperature conditions
accessible in the MBE, as shown in Fig. 2

A comparison of XRD 260 — w scans illustrates how different
growth conditions affected oxidation and phase purity of the films
(Fig. 3). Samples 1-3 contain Ir 111 peaks at 26 = 40.55°, meaning

Chemical equation

Standard Gibbs free energy of reaction, AGY,, ;(T) (J mol™)

Pressure-temperature equilibrium expression (mbar)

Ir+ 02 - IrOz
Ir + 20 - IrO,

Aern OZ(T) = AG;, IrOz(T)

rxn O(T) Aern OZ(T) - 2*AG(},O(T)

AG?
Po, = P; exp rxn, 02

Po = Ps exp 2’;{} 0

ING?

rxn, O,

(T) is the Gibbs free energy of oxidizing Ir with molecular oxygen. AG‘}‘ 1o, (T) is the Gibbs free energy of formation of IrO; at standard conditions. Po, is the partial

11:85:02 SZ0Z J8qUWenoN gi

pressure of molecular oxygen. P; is the standard pressure. AG),,, ,(T) is the Gibbs free energy of oxidizing Ir with atomic oxygen. AGuﬁ 1o, (T) is the Gibbs free energy of formation
of atomic oxygen at standard conditions. R is the ideal gas constant. T is the temperature.
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TABLE lIl. Film growth conditions and summary of results.
Sampleid T, °C’ P, mbar’ Ir flux, A/s° Growth rate, A/s’  Thickness, nm”  Phases present Surface quality
1 400 51x107° 0.09 N/A 21° IrOy, Ir Spotty RHEED
2 400  59x107° 0.02 0.058 17 IrO,, Ir Spotty RHEED
3 300 52x107° 0.05 0.044 28 IrOy, Ir Diffuse RHEED
4 300 73x107° 0.10 0.058 23 IrO, Reus = 15.36 A, raised islands
5 300 7.0x107° 0.05 0.098 28 IrO, Rpuss = 4.08 A
6 300 43x107° 0.03 0.027 13 IrO, Rpuss = 3.04 A
7 300 59%x107° 0.03 0.031 13 IrO, Rrums = 3.46 A

*Substrate temperature.
®Chamber pressure.
“Measured by QCM.
4Measured by XRR.

not all of the incoming Ir atoms were oxidized to form IrO, during
growth. Furthermore, Samples 1 and 2 had little to no indication of
the rutile IrO, phase present in the XRD 26 — w scan. This suggests
that although the substrate temperature of 400 °C is predicted to be
within the growth window, this temperature does not enable com-
plete oxidation of Ir to IrO,. Sample 3, which was grown at 300 °C
and a higher Ir flux, also appears to have some intensity due to Ir
111. The 0006 peak of another phase, a-Ir,O3, would be expected
at 39.92°.** However, according to previous literature, a-Ir,O;3 is
unlikely to form at MBE growth conditions or on the (110) TiO;
surface. The peak at 40.75° is more closely aligned to the metallic
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FIG. 3. XRD 26 — w scans of all samples. The relative intensity is plotted on a
logarithmic scale.

Ir 111 at 40.55°, which we expect in the event of incomplete oxida-
tion of Ir to the rutile phase. Samples 4-7 appear phase pure in the
20 — w scan. All samples except Samples 1 and 2 had IrO, 110 and
220 peaks. This supports our conclusion that a substrate tempera-
ture of 300 °C is within the growth window, but 400 °C is too hot to
grow phase pure films of IrO,.

D. Growth kinetics

RHEED patterns were collected along either the [001] or [110]
zones for all samples. The RHEED data for all of the samples
are compiled in Fig. 4. Patterns from Samples 1-4 indicated crys-
talline films with noticeable surface roughness. Samples 5-7 had
thin, streaky RHEED patterns without apparent roughness, support-
ing XRD observations of higher crystallinity in these films. AFM
images of Samples 5-7 reveal the presence of grains and suggest
the Volmer-Weber growth mode is dominant (Fig. 5). This is con-
sistent with pulsed laser deposition studies that have shown island
growth dominates in the initial layers of epitaxial (110) IrO; films
due to high mismatch with the TiO; substrate."* The raised linear
regions on the surface of Sample 5 were found to be parallel to the
[001] direction. Similar features have been observed previously in
rutile films'"'” and are attributed to high in-plane strain that leads
to cracking.

E. Film quality

Overall, films grown at low-flux and low-pressure had the high-
est crystalline quality, with Sample 6 identified as the highest-quality
sample with the lowest RMS roughness. The crystalline and epi-
taxial quality of Sample 6 was more thoroughly characterized by
STEM and XRD (Figs. 6 and 7). The STEM high angle annular dark
field (HAADF) images in Fig. 6(a) showed hundreds of nanometers
along the surface of Sample 6 without surface features, interfacial
features, or second phases. Higher-resolution images of Sample 6
[Figs. 6(b) and 6(c)] demonstrated the presence of atomic step edges
along the film surface and continuous epitaxial alignment across the
substrate-film interface. STEM EDS (supplementary material Fig. 4)
characterized the chemical composition across the film, indicating a
relatively sharp substrate/film interface (~2 nm) and that the film
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b  Atomic step edges

P

IrO,

IrO,

FIG. 6. (a) STEM HAADF survey image of Sample 6. (b) HAADF images of Sample

FIG. 4. RHEED pattems of (a) a representative substrate and [(b)~(h)] Samples 6 indicating atomic step edges on the film surface. () Atomic resolution HAADF
1-7, respectively. images of the substrate-film interface in Sample 6.

I
[} FIG. 5. AFM images and calculated RMS
iCY roughness values of the surface of [(a)
= 3 o & and (b)] Sample 5, [(c) and (d)] Sample
;"”S =4.08A Ravis=3-46A > 6, and [(e) and (f)] Sample 7.
-1
2
-3
APL Mater. 13, 091117 (2025); doi: 10.1063/5.0282709 13,091117-5

© Author(s) 2025

11:85:02 SZ0Z J8qUWenoN gi


https://pubs.aip.org/aip/apm

APL Materials ARTICLE pubs.aip.org/aip/apm

2% 0> @

<l

. (o] z NS
——1Ir0, (101 ®”74 pSe
a ——1Ir0, (110) b 2 (100 ,
2 T'Oz 10 @ ——TiO, (101) ,
£ ——Tio, (110) £ 011, 101
g g e
< < <TI0
> > o
b G 8 110 e
c S W 131° g 131° S P
2 £ e ]
< £
o S qEEp
= w 49°
] ©
E PR o, T
& © 011 101
6\\74 > c_,f9°
45 1 05 0 05 1 15 SO SSN OSSN S S RIS S

A w, degrees #, degrees

FIG. 7. (a) w-scan of Sample 6 demonstrating low-mosaicity of the film. (b) ¢-scan of Sample 6 demonstrating in-plane epitaxial orientation. (c) Stereographic projection
explaining peak spacing in ¢ scan.
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and substrate had similar oxygen content, as expected for a fully
oxidized film. The rocking curve measured in the XRD w-scan in
Fig. 7(a) revealed a low FWHM of the film (0.030°) relative to the
substrate FWHM (0.015°). A slight asymmetry is noted in the peak
that was dependent on the slit size of the detector and is attributed to
an instrument artifact. The ¢-scan of Sample 6 [Fig. 7(b)] established
the epitaxial in-plane alignment of Sample 6.

F. Strain

In-plane and out-of-plane strain in Sample 6 was character-
ized by RSM and 4D-STEM, as shown in Fig. 8. 4D-STEM allows
direct measurement of lattice parameters from nanoscale regions
of the sample, while RSM provides averaged information due to
the millimeter-scale x-ray probe. Rutile TiO, has a larger a lattice
parameter and a smaller ¢ lattice parameter than IrO,. The STEM
data were taken along the ¢ direction, with the [110] direction out-
of-plane and the [110] direction in-plane. We observe a partially
relaxed film, with strain in the in-plane direction of 1.41% by STEM
and 1.59% by RSM compared to relaxed IrO,. This corresponds to
a nearly relaxed out-of-plane lattice parameter (0.39% by STEM or
0.44% by RSM). The only measurement of strain in the [001] direc-
tion was from RSM, which indicated a compressed lattice parameter
of —2.02%. 4D-STEM did not measure strain in the [001] direction
because the lamella prepared for 4D-STEM was oriented along the
[001] zone during data collection. Overall, the strain measurements
(tabulated in the supplementary material, Table 1) were in good
agreement across techniques and compared to the literature.'>""**

G. Comparison of IrO, reactive MBE growth methods

We compared film quality and relaxation behavior with respect
to growth method with data from the literature. Reported surface
roughness values taken from the literature indicate that OAMBE
produces the smoothest films (Rrus = 0.7 A),? followed by MOMBE
(Rrass = 1.073 A)'7 and PAMBE (Rgass = 3.04 A). Films grown with
OAMBE have significantly lower FWHM (0.005°),""">*" whereas
the reported rocking curves of MOMBE IrO, are comparable to
PAMBE (0.1°-0.2°)."” The films compared across literature were
grown at different thicknesses but appear to have similar trends in
strain and relaxation. We note that final film roughness and film
mosaicity are also dependent on original substrate quality, substrate
miscut, and post-growth treatments. A more controlled experiment
is required to make an accurate comparison of final film quality and
relaxation behavior with respect to growth method.

IV. CONCLUSION

Here, we have shown that it is possible to grow high-quality
epitaxial films of IrO; using an oxygen plasma as the sole oxidant.
Investigation into the plasma composition reveals it to be dominated
by atomic oxygen. We have calculated the thermodynamic equilibria
between Ir and IrO; in the presence of O, and O. This new approach
to IrO; film growth expands the number of possible techniques that
can be used to synthesize IrO, films for study in a variety of key
applications.

pubs.aip.org/aip/apm

SUPPLEMENTARY MATERIAL

The supplementary material includes derivations of the Elling-
ham diagram relationships and the linear regression plots of the
AGY 1,0, and AGY, . XRD of the Kiessig and Laue fringes of all the
samples is included with the film thicknesses calculated from these
scans. The supplementary material also contains additional EDS and
4D-STEM data.
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