

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  SEPTEMBER 29 2023

Solid-source metal-organic MBE for elemental Ir and Ru
films
Special Collection: Special Topic Collection Commemorating the Career of Frederick J. Walker

Sreejith Nair   ; Kyle Noordhoek  ; Dooyong Lee  ; Christopher J. Bartel   ; Bharat Jalan  

J. Vac. Sci. Technol. A 41, 062701 (2023)
https://doi.org/10.1116/6.0002955

 21 M
arch 2024 18:42:56

https://pubs.aip.org/avs/jva/article/41/6/062701/2913873/Solid-source-metal-organic-MBE-for-elemental-Ir
https://pubs.aip.org/avs/jva/article/41/6/062701/2913873/Solid-source-metal-organic-MBE-for-elemental-Ir?pdfCoverIconEvent=cite
https://pubs.aip.org/avs/jva/article/41/6/062701/2913873/Solid-source-metal-organic-MBE-for-elemental-Ir?pdfCoverIconEvent=crossmark
https://pubs.aip.org/jva/collection/1428/Special-Topic-Collection-Commemorating-the-Career
javascript:;
https://orcid.org/0000-0002-4457-2698
javascript:;
https://orcid.org/0000-0002-1076-8799
javascript:;
https://orcid.org/0000-0001-7536-1677
javascript:;
https://orcid.org/0000-0002-5198-5036
javascript:;
https://orcid.org/0000-0002-7940-0490
https://crossmark.crossref.org/dialog/?doi=10.1116/6.0002955&domain=pdf&date_stamp=2023-09-29
https://doi.org/10.1116/6.0002955


Solid-source metal-organic MBE for elemental Ir
and Ru films

Cite as: J. Vac. Sci. Technol. A 41, 062701 (2023); doi: 10.1116/6.0002955

View Online Export Citation CrossMark
Submitted: 7 July 2023 · Accepted: 21 August 2023 ·
Published Online: 29 September 2023

Sreejith Nair,1,a) Kyle Noordhoek,1 Dooyong Lee,1,2 Christopher J. Bartel,1,a) and Bharat Jalan1,a)

AFFILIATIONS

1Department of Chemical Engineering and Materials Science, University of Minnesota-Twin Cities, Minnesota 55455
2Department of Physics Education, Kyungpook National University, 80, Daehak-ro, Buk-gu, Daegu 41566, South Korea

Note: This paper is part of the Special Topic Collection Commemorating the Career of Fredrick J. Walker.
a)Authors to whom correspondence should be addressed: nair0074@umn.edu; cbartel@umn.edu; and bjalan@umn.edu

ABSTRACT

Thin films of elemental metals play a very important role in modern electronic nano-devices as conduction pathways, spacer layers, spin-current
generators/detectors, and many other important functionalities. In this work, by exploiting the chemistry of solid metal-organic source precur-
sors, we demonstrate the molecular beam epitaxy synthesis of elemental Ir and Ru metal thin films. The synthesis of these metals is enabled by
thermodynamic and kinetic selection of the metal phase as the metal-organic precursor decomposes on the substrate surface. Film growth
under different conditions was studied using a combination of in situ and ex situ structural and compositional characterization techniques. The
critical role of substrate temperature, oxygen reactivity, and precursor flux in tuning film composition and quality is discussed in the context of
precursor adsorption, decomposition, and crystal growth. Computed thermodynamics quantifies the driving force for metal or oxide formation
as a function of synthesis conditions and changes in chemical potential. These results indicate that bulk thermodynamics are a plausible origin
for the formation of Ir metal at low temperatures, while Ru metal formation is likely mediated by kinetics.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002955

I. INTRODUCTION

The platinum group metals have been investigated for decades
due to their high conductivity and corrosion resistance.1 Thin films of
metals like Ru and Ir, in particular, have been studied for applications
as interconnects and diffusion barriers in microelectronics.2–4 The elec-
tronic and structural features of these metals have further led to their
widespread use as catalysts for a variety of gas-phase5–7 and electro-
chemical reactions8 crucial for enabling sustainable technologies like
the production of green hydrogen. Their high melting points, mechan-
ical strength, and corrosion resistance have also led to their application
in extreme conditions.9 The performance of thin film devices and elec-
trocatalysts, however, is sensitive to the film structure and quality,
which in turn depends on the synthesis technique and control over
the thermodynamic and kinetic aspects of thin film growth.

Thin film growth of Ru and Ir has been studied using a wide
variety of techniques like Atomic Layer Deposition (ALD),10,11

Metal-Organic Chemical Vapor Deposition,12,13 and sputtering.14

However, to the best of our knowledge, there exists no report
of MBE growth of Ru metal thin films and only one report on Ir
metal thin films,15 the primary reason being the difficulty to

sublimate/evaporate pure Ru and Ir. Another important reason for
the lack of interest in MBE growth of these metal films has been the
difficulty for commercial scalability and high cost-to-reward ratio, in
terms of both technological breakthroughs and fundamental discov-
eries. However, the ever-increasing quest for device miniaturization,
the development of complex multilayer devices, and the discovery of
strain and dimensionality-controlled emergence of topological16 and
magnetic properties17 in elemental metal thin films has led to
renewed interest in the synthesis of ultra-thin metal films.

One of the most widely used approaches for scalable and con-
formal synthesis of elemental metal thin films has been the use of
metal-organic precursors in techniques like ALD and CVD (typical
base pressure∼ 10−6–10−5 Torr). The metal-organic precursors are
chosen such that they have the right balance of thermal and chemi-
cal stability along with a high vapor pressure. The choice of precur-
sor not only affects the operating conditions but may also affect the
choice of co-reactants for efficient decomposition of precursor and
metal deposition. For example, although molecular O2 has been the
most used co-reactant, other co-reactants like O3 and H2 (some-
times in different combinations with O2) have also been employed
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to tune the phase composition, film crystallinity, and surface mor-
phology.10,18 Co-reactants like CO (Ref. 19) have also been shown
to affect the density and size of nucleating islands, thereby enabling
smoother surface morphology of Ru thin films grown by CVD.
Employing metal-organic precursors in an ultrahigh vacuum
(UHV) technique like MBE (base pressure∼ 10−10–10−9 Torr),
however, comes with additional considerations necessary for main-
taining the high purity and quality that conventional MBE offers.
Nunn et al.20,21 recently devised a new approach to deliver
hard-to-sublimate metals (M) using solid metal-organic precursors
([M(acac)x], where “acac” stands for acetylacetonate and “x”
denotes the number of acac ligands coordinated to the metal atom)
placed in a conventional effusion cell, directly interfaced with the
ultrahigh vacuum inside the MBE system. The solid precursors for
Ir and Ru used in this work have low vapor pressures at room tem-
perature essential for achieving a UHV base pressure, as shown in
Table I. They also have high melting points and decomposition
temperatures relative to the operating temperatures, allowing for
stable and scalable flux delivery through simple resistive heating in
a conventional effusion cell at temperatures less than 200 °C. This
eliminates the need for complex gas inlet systems required for
liquid metal-organic precursors employed in other hybrid MBE
techniques24,25 and the use of high temperature electron beam
evaporation in the case of pure Ir and Ru metal sources.26–28

Further, the use of reactive oxidants like oxygen plasma helps
oxidize the organic by-products resulting in negligible hydrocarbon
contamination in the film as evidenced by the excellent structural
and electronic properties reported in Refs. 21 and 29 for RuO2 and
IrO2 films, respectively. Solid-source metal-organic MBE
(SSMOMBE), thus, resolves a major hurdle in the MBE thin film
growth of some of the platinum group metals.

In this work, using Ir(acac)3 and Ru(acac)3 as the solid metal-
organic source precursors, Ir and Ru thin films were grown on dif-
ferent orientations of TiO2 substrates using the SSMOMBE tech-
nique. We demonstrate how thermodynamic and kinetic factors
like substrate temperature, activity of co-fed oxygen, and precursor
flux can be tuned to obtain the desired phase composition, crystal-
linity, and surface morphology. The obtained results are discussed
in terms of precursor chemistry, surface energetics, computational
thermodynamics, and epitaxial relation to the substrates.

II. EXPERIMENT

SSMOMBE approach was employed to grow Ir and Ru films
on rutile TiO2 substrates using an oxide MBE system (EVO 50,

Scienta Omicron, Germany) with a base pressure of 10−10 Torr. Ir
(acac)3 and Ru(acac)3 (American Elements, USA) were supplied at
source temperatures of 170–175 and 185–195 °C, respectively, using
low-temperature effusion cells (E-Science, Inc., USA &
MBE-Komponenten, GmbH, Germany). High purity 5N oxygen
was supplied using a gas inlet system equipped with a mass flow
controller (MKS Instruments, Inc., USA). Activated oxygen was
generated using an inductively coupled radio frequency plasma
source (Mantis, UK) operated at 250W. Oxygen, whenever supplied,
created a background pressure of 5 × 10−6 Torr. All the substrates,
before growth, were sequentially cleaned in acetone, methanol, and
isopropanol before being subjected to a degassing step at 200 °C in
the load-lock chamber of the MBE system. Before film growth, sub-
strates were also subjected to oxygen plasma cleaning at the growth
temperature. Substrates were heated via radiative heating using an
SiC heater (MBE-Komponenten, GmbH, Germany).

Films were characterized in situ during growth using
Reflection High Energy Electron Diffraction (RHEED) (Staib
Instruments, Inc., USA) to monitor how film growth proceeds with
time under different conditions. Post-growth, film structure, and
thickness were characterized using x-ray diffraction (XRD) and
x-ray reflectivity (XRR) (Rigaku Corporation, Japan). Surface mor-
phology was studied using atomic force microscopy (AFM)
(Bruker, Inc., USA). Film composition was analyzed using x-ray
photoelectron spectroscopy (XPS) (Physical Electronics, Inc., USA)
equipped with an Al Kα source with a photon energy of 1486.6 eV.
The measurement was done with an energy step size of 0.1 eV and
a pass energy of 55 eV. To obtain a clean surface, an Argon gas
cluster ion beam with an energy of 1 keV at an incidence angle of
30° was performed for 30 s. We used a flood gun to compensate for
the positive photoemission-induced surface charge. All XPS results
were calibrated using the binding energy of C–C bonding
(284.8 eV) from the adventitious carbon on the surface. The Ir 4f
and O 1s core-levels were fitted using the Lorentzian Asymmetric
(LA) line shapes after subtracting the Shirley background. The C 1s
core-level was fitted using a combination of Gaussian and
Lorentzian (GL) line shapes after subtracting the Shirley back-
ground. We did not apply any constraints to the XPS fitting except
for the spin–orbit split (3 eV) of the Ir 4f7/2 and Ir 4f5/2 peaks. The
detailed XPS fitting results are shown in Table I of the supplemen-
tary information.47

Density functional theory (DFT) calculations were used for
the computational thermodynamic analysis. Ir (Fm�3m, 2 × 2 × 2
supercell), IrO2 (P42/mnm), Ru (P63/mmc), and RuO2 (P42/mnm)
structures were optimized with r2SCAN (Ref. 30) using the Vienna

TABLE I. Relevant properties of interest for Ir(acac)3 and Ru(acac)3 precursors (from Refs. 22 and 23).

Properties Ir(acac)3
22 Ru(acac)3

23

Room temperature state Solid Solid
Melting point (°C) 270 °C 240 °C
Decomposition temperature (°C) 410 °C in vacuum 285 °C in vacuum

220 °C in O2 230 °C in O2

Theoretical operating temperature (°C) for MBE (vapor pressure∼ 10−5–10−2 Torr) <120 °C <160 °C
Stability Air stable Air stable
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Ab Initio Simulation Package (VASP)31,32 and the projector aug-
mented wave (PAW) method,33,34 a plane wave energy cutoff of
520 eV, and a Γ-centered Monkhorst-Pack k-point grid with 25jbij
discretizations along each reciprocal lattice vector, bi.

The competition between the formation of the metal and oxide
phases, M and MO2 (M = Ir, Ru), respectively, was evaluated in
terms of the formation energy, which provides the thermodynamic
driving force for forming a compound from its elemental constitu-
ents. Positive formation energy indicates a thermodynamic prefer-
ence for M formation and negative formation energy indicates that
MO2 formation is thermodynamically favored.35 Typical DFT calcu-
lations yield the internal energy, E, of the three relevant phases (M,
O2, and MO2), so at 0 K, the formation energy is computed as

ΔEf ¼ EMO2 � (EM þ EO2 ): (1)

The 0 K DFT formation energy, ΔEf, has been shown to approx-
imate the formation enthalpy at room temperature, ΔHf (298 K).

36

The formation energy concept also applies for alternative ther-
modynamic potentials. For an assumed closed system at constant
temperature and pressure, it is most appropriate to consider the
Gibbs formation energy, ΔGf, which accounts for the effects of tem-
perature and entropy that are absent in the treatment of ΔEf (or
ΔHf ). The Gibbs free energy of elemental constituents (GM, GO2)
was taken from tabulated experimental data,37 while the free ener-
gies of the oxides were calculated by combining the DFT-calculated
E(0 K) with the descriptor developed by Bartel et al.38 which

primarily accounts for the vibrational entropy of solid compounds.
For a given partial pressure of oxygen, pO2, changes in the molecu-
lar oxygen chemical potential, ΔμO2, can be computed using the
following expression:

ΔμO2
¼ RTln( pO2 ): (2)

Here, pO2 (normalized with respect to a reference pressure,
pref, of 1 atm) is used to approximate the activity of O2. Allowing
for a change in the chemical potential of the metal, ΔμM, in the
treatment of GM, leads to a final expression of ΔGf that takes the
following form:

ΔGf (ΔμM , ΔμO2
) ¼ GMO2 (T)� [GM(T)þ ΔμM

þGO2(T , pref )þ ΔμO2
(T , pO2 )]: (3)

III. RESULTS AND DISCUSSION

The chemistry of M(acac)x precursors and the mechanism of
film growth have been studied in previous reports on ALD growth of
Ir and Ru films.23,39 However, these studies were limited to a narrow
range of process conditions. Overcoming this limitation, we studied Ir
thin film growth under conditions of varying substrate temperatures
and varying oxidation conditions by use of O2 plasma and molecular
O2. Films were also grown in the absence of any oxygen to study the
thermally activated self-decomposition of the precursor. Figure 1(a)
shows XRD 2θ -ω scans of films grown on TiO2 (110) substrates

FIG. 1. (a) XRD 2θ-ω scans of films grown using Ir(acac)3 and O2 plasma at different substrate temperatures. (b) Corresponding post-growth RHEED images (top two
rows) along two orthogonal in-plane crystallographic directions of the substrate and AFM images (bottom row) of film surface for three different substrate temperatures that
represent the different film growth regimes as a function of substrate temperature.
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under conditions of constant Ir(acac)3 and O2 plasma flux, while
varying the substrate temperature. We observed that at temperatures
above 225 °C, high quality single crystalline IrO2 films were obtained
as evidenced by the Laue oscillations near the (110) and (220) IrO2

Bragg peaks. This is in line with reports of other MBE-grown IrO2

films28,40 where 300–350 °C is found to be the most used substrate
temperature. Further, we observed a transition from IrO2 to Ir metal
thin films as we increased the substrate temperature above 450 °C.
This transition from IrO2 to Ir is ascertained by XPS. The evolution
of Ir 4f spectra shown in Fig. 2(a) clearly reflects a shift in the posi-
tion of the spin–orbit split 4f5/2 and 4f7/2 peaks toward lower binding
energy when the substrate temperature is increased from 400 to 450 °
C. The percentage film composition (extracted from the integrated
peak areas) plotted as a function of substrate temperature in Fig. 2(b)
summarizes how the Ir/IrO2 composition varies with substrate tem-
perature. A pronounced shift is also observed in the valence band
spectra shown in Fig. 2(c), which reflects the higher density of states
at the Fermi level for Ir metal as compared to the semi-metallic IrO2.
However, as will be discussed later in terms of thermodynamics, 450 °
C is below the anticipated equilibrium transition from IrO2 to Ir. This
observation raises three important questions. (1) Is the apparent
reduction in plasma activity during the film growth process a result of
oxygen being consumed in precursor decomposition? (2) Is the dis-
crepancy in observed plasma activity a result of the non-equilibrium
nature of the epitaxial growth process? (3) Does the metal-organic
precursor decrease the chemical potential of the depositing metal? A
possible hypothesis to address the first two issues can be derived from
the observation of Ir metal formation at temperatures above 200 °C
when O3 was used as the oxidant as reported by Hämäläinen et al.41

The Ir metal formation at such a low temperature was attributed to
an increased amount of reactive O species being consumed in oxida-
tion of the ligands and their decomposition products. Although a
direct comparison between O3 used in an ALD process and O2

plasma used in a continuous deposition MBE process may not be
appropriate, it is plausible that some of the activated oxygen species
in the plasma are consumed in decomposing and oxidizing the
ligands to CO2 and H2O, which have been previously reported to be
the predominant decomposition products in the presence of oxygen
by Gelfond et al.12 Further, kinetic factors could also play a role in
the crossover from IrO2 to Ir since a continuous co-deposition
process is sensitive to reactant fluxes, residence time of the adsorbed
species on the substrate surface, adatom mobilities and reaction rates.
For example, as shown in Fig. 1(a), the XRD pattern of film grown at
225 °C substrate temperature also indicates a small degree of Ir metal
formation. This may arise from diminished oxygen coverage as a
result of incomplete precursor decomposition and high surface cover-
age of precursor molecules along with high molecular weight decom-
position products. The low temperature could also lead to sluggish Ir
to IrO2 kinetics and Ir buildup in the film.

For temperatures above 450 °C where the conditions are more
reducing (inhibiting oxide formation), we observe that an increasing
substrate temperature leads to the formation of (111) textured Ir
metal, which is the most stable (lowest surface energy42 of 2.26 J/m2)
facet for cubic close packed Ir. However, as observed from the
AFM image in Fig 1(b), we can see that in contrast to the atomi-
cally smooth oxide films, the Ir metal film shows significant island
formation, which is also reflected in the loss of well-defined streaks

in RHEED. This has been commonly observed for the growth of
metals on dielectric oxide substrates due to the low surface energy
of the oxide substrates [<1 J/m2 for TiO2 (110) surface

43]. The root-
mean square roughness of the Ir film grown at 500 °C [shown in
Fig. 1(b)] is ∼0.7 nm despite the island-like film morphology.

To study the effect of oxygen reactivity on precursor decom-
position and film growth, thin films of Ir metal were also grown at
different substrate temperatures in the presence of molecular O2.
Due to the lower reactivity of molecular O2 as compared to O2

plasma, one would expect sluggish precursor decomposition and
IrO2 formation kinetics. It has also been previously reported that
the oxygen activity can change the oxide decomposition threshold,
which implies that the oxygen reactivity can shift the thermody-
namic phase stability of the oxide.44 Accordingly, as shown in
Fig. 3(a), we observed that for the growth temperatures studied, we
only detected Ir metal peaks in XRD. Interestingly, we also found
increased polycrystallinity in the Ir films grown at 500 °C using
molecular oxygen (in contrast to the Ir films grown at the same
temperature but in oxygen plasma). Increased polycrystallinity is
evident from the near equal intensity of the Ir (111) and Ir (200)
peaks in XRD and increased ring-like pattern in RHEED as shown
in Figs. 3(a) and 3(e), respectively. Higher substrate temperatures
resulted in increased Ir (111) texture [Fig. 3(a)] and larger grain
sizes [Fig. 3(b)], possibly arising from higher adatom mobilities
and growth rate.45 The film thickness as obtained from XRR
(Supplementary Fig. S1)47 also increased, suggesting that the
growth rate could be governed by precursor decomposition kinet-
ics. Substrate temperatures lower than 500 °C were not pursued
since the interplay of low thermal energy and oxygen reactivity

FIG. 2. (a) XPS Ir 4f spectra and peak fits for films shown in Fig. 1, which were
grown at different substrate temperatures. (b) Corresponding film compositions
(calculated from the integrated peak area ratios) plotted as a function of sub-
strate temperature. (c) Corresponding valence band spectra of the films grown
at different substrate temperatures, indicating a clear shift when the composition
changes from oxide to metal.
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could lead to an even lower film growth rate and possibly poorer
film quality due to sluggish growth kinetics.

The above observations of film microstructure and composi-
tion under different conditions point to an important role of pre-
cursor decomposition thermodynamics and kinetics. Hence, to
understand the thermolysis behavior of the precursor and film
growth in the absence of oxygen, Ir thin films were grown by subli-
mating Ir(acac)3 without any additional oxygen being fed to the
MBE chamber. As observed from the XRD 2θ -ω scans shown in
Fig. 4(a), no film peak was observed at a substrate temperature of
400 °C. It has been reported that Ir(acac)3 decomposes in vacuum
at a temperature slightly higher than 400 °C,22 and hence there is
likely no crystalline Ir film growth below this temperature.
Increasing the substrate temperature to 700 °C enhances precursor
decomposition resulting in an ambiguous Ir (111) peak in XRD,
the low intensity possibly resulting from low film thickness. A
further increase in substrate temperature to 900 °C leads to a clear
emergence of an Ir (111) peak in XRD. However, the single crystal-
linity in XRD is not supported by the polycrystalline rings observed
in RHEED (Supplementary Fig. S2),47 suggesting that the absence
of other Bragg peaks in XRD is a result of low film thickness or
textured morphology. It may be worth pointing out that for materi-
als that tend to form islands and do not have a well-defined epitax-
ial relationship with the substrate, care must be taken in drawing
conclusions about the crystallinity of the films, especially in the
ultra-thin limit.

FIG. 3. (a) XRD 2θ-ω scans of films grown using Ir(acac)3 and molecular O2 at different substrate temperatures. Post-growth AFM images of films grown at substrate tem-
peratures of (b) 700 and (c) 500 °C. Post-growth RHEED images along two orthogonal substrate crystallographic directions for films grown at substrate temperatures of (d)
700 and (e) 500 °C.

FIG. 4. (a) XRD 2θ-ω scans of films grown using Ir(acac)3 and no O2 supply at
different substrate temperatures. Post-growth AFM images of films grown at sub-
strate temperatures of (b) 900, (c) 700, and (d) 400 °C.
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From a comparison of post-growth RHEED images for films
grown under different oxidation conditions (Figs. 1 and 3;
Supplementary Fig. S2),47 it is evident that a lower oxygen reactiv-
ity leads to increased polycrystallinity. Increasing polycrystallinity
with decreasing oxygen reactivity is also accompanied by a higher
substrate temperature requirement for the onset of film growth.
This suggests that the increased polycrystallinity could be related to
the precursor decomposition process. A higher lifetime of adsorbed
precursor molecules can limit adatom mobilities and access to
favorable crystal nucleation and growth sites, thereby kinetically
forcing the grains to grow along facets that have a higher surface
free energy. An alternative way to obtain highly oriented thin films
is through the selection of a substrate that can support the epitaxial
growth of the metal film. For example, highly oriented Ir (111)
films have been previously grown on c-Al2O3 substrates because of
the relatively small lattice mismatch (∼3%)15 using conventional
MBE. A similar result has also been previously reported for Ir
metal using SSMOMBE.29 Lattice-matched substrates allow control
of the preferred out-of-plane growth orientation, thereby exposing
different facets (that may have higher free energy) in a controlled
fashion. Here, we demonstrate this orientation control by growing
Ru metal on different orientations of TiO2 substrates. Ru metal was
deposited at a substrate temperature of 300 °C using Ru(acac)3 and
O2 plasma on TiO2 (110) and TiO2 (101) substrates. Under these
conditions, RuO2 should be the thermodynamically preferred

phase, yet Ru can be selectively grown by increasing the Ru flux,
thereby kinetically selecting the Ru metal phase. In Supplementary
Fig. S3,47 a gradual increase in Ru cell temperature (thereby
increasing Ru flux) for a given oxygen plasma flux leads to a shift
from phase-pure RuO2 to phase-pure Ru. Accordingly, as shown in
Fig 5(a), Ru film grown on TiO2 (110) substrates (stabilized using
higher Ru flux as shown in Supplementary Fig. S3)47 shows a
strong preference for the (001) facet along the out-of-plane direc-
tion due to the low surface energy of the (001) facet of hexagonal
close packed Ru metal [∼2.624 J/m2 (Ref. 46)]. However, under the
same growth conditions, Ru metal shows a preferred (100) texture
when grown on TiO2 (101) substrates because of the relatively
better lattice match as shown in Figs. 5(b) and 5(c).

To contextualize the experimental findings, we computed the
thermodynamics of metal and oxide formation across a range of
experimentally accessible growth conditions. In Fig. 6, we show ΔGf

for the M/MO2 systems (M = Ir, Ru), as a function of oxygen
partial pressure (pO2) and temperature (T), where ΔGf < 0 indicates
a thermodynamic preference for the oxide and ΔGf > 0 indicates
the metal is thermodynamically favored to form. As expected, the
computed thermodynamics depict that MO2 formation becomes
more favorable as pO2 increases or T decreases (oxidizing condi-
tions), while the formation of M becomes more favorable as pO2
decreases or T increases (reducing conditions). The ΔGf = 0 boun-
dary separates regions of favorable M and MO2 formation and is

FIG. 5. (a) XRD 2θ-ω scans of films grown using higher Ru(acac)3 flux in the presence of O2 plasma on TiO2 (110) and TiO2 (101) substrates at a substrate temperature
of 300 °C. Comparison of lattice constants between films and substrates where (b) Ru (100) is the dominant phase on TiO2 (101) substrates and (c) Ru (001) is the domi-
nant phase on TiO2 (110) substrates. A three-dimensional view of the crystal structures can be found in Supplementary Fig. S4.47
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indicated by the black dashed line, with each respective region
labeled to the left/above (MO2 preferred) and right/below (M pre-
ferred) the black dashed line. The experiments performed in this
work are shown in Fig. 6 to indicate the observed phases at these
(approximate) growth conditions.

Experimentally, significant Ir formation was observed at a
minimum temperature of 450 °C using an O2 plasma background
pressure of 5 × 10−6 Torr [Fig. 1(a)]. In contrast, ΔGf at 450 °C
and 5 × 10−6 Torr is calculated here to be −0.34 eV/atom, indicat-
ing a small thermodynamic driving force to form IrO2. At
pO2 = 5 × 10−6 Torr, Fig. 6(a) indicates that Ir formation becomes
favorable (ΔGf > 0) only above 750 °C. The discrepancies between
the computed and observed Ir/IrO2 transition temperatures, 750 °
C (computed) as opposed to 450 °C (observed), may result from a
decrease in oxygen activity or a decrease in the chemical potential
of Ir. As discussed previously, the use of O2 plasma is expected to
increase the activity of oxygen when compared to molecular O2,
further driving the formation of IrO2, though the activated oxygen
could be consumed by ligand oxidation and by-product decompo-
sition. For the increased amount of reactive oxygen species to be
consumed to an extent that would produce the observed shift in
the Ir/IrO2 transition temperature (down to 450 °C), an effective
pO2 of 10−12 Torr would be required. Alternatively (or addition-
ally), a change in chemical potential relative to elemental Ir metal,
ΔμIr, could also drive the formation of Ir at low temperatures. As
indicated in Fig. 6(a), ΔμIr = − 1.02 eV/atom would be necessary
to stabilize Ir at 450 °C and pO2 = 5 × 10−6 Torr. The use of a
metal-organic complex as opposed to an elemental metal precur-
sor may be responsible for decreasing the chemical potential of

the metal. While either a decrease in the O2 or Ir activity seems
plausible as a bulk thermodynamic origin for the observed low-
temperature Ir formation [Fig. 1(a)], the effects of kinetics (i.e.,
preferential growth rates) or interfacial thermodynamics also
cannot be ruled out.

In Fig. 6(b), we present the same analysis for the Ru/RuO2

system. As with Ir/IrO2, decreasing pO2 or increasing T thermody-
namically favors Ru formation. However, as seen by comparison
between Figs. 6(a) and 6(b), the region for which Ru is thermody-
namically favored (ΔGf > 0) is much smaller than that of Ir.
Experimentally, Ru metal formation was observed at 300 °C using
O2 plasma and a background pressure of 5 × 10−6 Torr [Fig. 5(a)].
In contrast, ΔGf at 300 °C and 5 × 10−6 Torr was calculated to be
−0.8 eV/atom, over twice as large as ΔGf for Ir/IrO2 at 450 °C, indi-
cating a much greater thermodynamic driving force to form RuO2.
At pO2 = 5 × 10−6 Torr, Fig. 6(b) indicates that Ru formation
becomes thermodynamically favorable only above 1050 °C. As was
discussed with Ir/IrO2, a decrease in oxygen activity or Ru chemical
potential may be responsible for the observed Ru formation when
RuO2 is significantly favored. For a decrease in oxygen activity to
be the cause, consumption of the activated oxygen species would
need to produce an effective pO2 = 10−25 Torr (at 300 °C), signifi-
cantly lower than that which is achievable by MBE and orders of
magnitude lower than what was calculated for the Ir/IrO2 system.
Alternatively, as indicated in Fig. 6(b), ΔμRu =− 2.40 eV/atom
would be necessary to stabilize Ru at 300 °C, over twice as large as
the ΔμIr required to stabilize Ir at 450 °C and pO2 = 5 × 10−6 Torr.
These results suggest that the formation of Ru at 300 °C may occur
by a different mechanism than the formation of Ir at 450 °C.

FIG. 6. Contour plots of ΔGf for bulk (a) Ir/IrO2 and (b) Ru/RuO2 as functions of T and pO2, ranging from 100 to 1200 °C and 1 × 10−12 to 1 × 102 Torr, respectively. The
ΔGf = 0 boundary is indicated by the black dashed line. For ΔGf < 0, the oxide is thermodynamically favored, whereas ΔGf > 0 favors metal formation. In (a), filled circles
indicate the observed formation of IrO2 and empty circles indicate the observed formation of Ir. The ΔμIr required to shift ΔGf to 0 is indicated at T = 450 °C and
pO2 = 5 × 10

−6 Torr. In (b), only one set of conditions was used for the Ru/RuO2 system in this work (yielding Ru), and these are indicated by the star. The ΔμRu required
to shift ΔGf to 0 is indicated at T = 300 °C and pO2 = 5 × 10

−6 Torr.
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While thermodynamic factors plausibly explain the formation
of Ir at low temperatures, it is likely that thermodynamics are not
sufficient to explain the preferential formation of Ru at low temper-
atures. Instead, the relative kinetics of Ru and RuO2 growth likely
plays a major role in the formation of Ru during these low-
temperature MBE experiments.

IV. CONCLUSION

In conclusion, we have demonstrated the use of solid-source
metal-organic MBE for the synthesis of thin films of elemental Ir
and Ru, which find applications in catalysis and various electronic
and spintronic devices due to their conducting and noble metal
characteristics. We have shown how different factors like substrate
temperature, oxygen reactivity, and choice of substrate can be used
to tune the film composition, crystallinity, and surface morphology.
The thermal decomposition of the precursor was shown to play a
major role in film growth and tuning the decomposition process
significantly affects the resulting film properties. We also demon-
strated the ability to tune the out of plane orientation of metal
films by means of substrate imposed epitaxial constraints.
Thermodynamic calculations indicate that bulk thermodynamics
could plausibly explain the observed Ir deposition at low tempera-
tures. In contrast, these calculations do not adequately explain the
low-temperature formation of Ru, suggesting preferential growth
rates (e.g., kinetics) play a significant role in this system. Our work
on MBE growth of elemental films using metal-organic precursors,
thus, establishes this technique as a viable and scalable approach to
synthesize these materials.
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