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ABSTRACT: Pulsed chemical vapor deposition was used to
prepare epitaxial ruthenium dioxide (RuO2) film on rutile
TiO2 (011) at low temperature 280 °C. Reciprocal space
mapping by high-resolution X-ray diffraction was used to
examine the quality of epitaxy, which demonstrated a high
quality epitaxy of the deposited RuO2 film. The results also
showed that the RuO2 lattice was fully strained by the
substrate in the lateral directions and, therefore, distorted from
a tetragonal to a monoclinic structure.

■ INTRODUCTION

RuO2 is a transition metal oxide that has many unique
properties. It has metallic conductivity at room temperature
and a high work function, which makes it suitable as an
electrode material for field emission cathodes1 and dynamic
random access memory (DRAM).2 RuO2 has the rutile
structure with lattice constants that are very similar to those
of rutile TiO2, a material with a high dielectric constant.
Therefore, capacitors with high capacitance per unit area have
been achieved by a stack structure of RuO2/TiO2/RuO2.

3 In
forming this structure, RuO2 substrates induce TiO2 to grow
epitaxially in its rutile form with a high dielectric constant,
rather than in its anatase form with a lower dielectric constant.
The high work function of RuO2 makes these capacitors have
low leakage current. Due to its good redox properties, RuO2
has been made into electrodes for supercapacitors.4−6 Also,
RuO2 has a relatively small magneto-resistance, and therefore it
has been used in cryogenic temperature sensors.7,8 Moreover,
RuO2 has been extensively studied as a catalyst for oxidation of
CO,9−11 HCl,12 and an electrocatalyst for chlorine evolu-
tion13,14 and oxygen evolution15 during electrolysis. In industry,
RuO2 is the main active component in TiO2-based dimension-
ally stable anodes (DSA), widely used in chlorine production.16

Ultrathin RuO2 supported on TiO2 rutile forms an efficient and
stable catalyst for gas-phase oxidation of HCl, which has been
implemented for large-scale production of chlorine.17 Several
studies have followed to investigate the mechanism of this
RuO2/TiO2 catalyst.

18,19

The RuO2/TiO2 interface is important in many of these
applications, but its detailed structure and properties are
unknown. The RuO2/TiO2 interface has been reported to be
unstable above 400 °C, when RuO2 and TiO2 begin to
interdiffuse to form a Ti(1‑x)RuxO2 alloy at their (110)
interface.20,21 Moreover, the (011) surface of TiO2 is even
less thermodynamically stable than the (110) surface, as the

(011) surface reconstructs at 800 °C.22 This suggests that a
low-temperature growth process would be necessary for
epitaxial growth of RuO2 on TiO2. Chemical vapor deposition
(CVD) can make epitaxial films that are thermally or in vacuo
unstable, such as ferromagnetic CrO2.

23 If the chemical
precursors are chosen properly, the CVD reaction temperature
can be low, for example in the range of 100−300 °C.24 A
number of other oxide films have been made by CVD, such as
wide-gap semiconductors ZnO23,25 and SnO2,

26,27 super-
conducting oxides,28 and oxide gate electrode materials.29

Also, a costly ultrahigh vacuum chamber is not necessary for
CVD, which is usually run in a low vacuum level or at
atmospheric pressure, where it is scalable to very large areas,
such as coating window glass.24

To provide information about the RuO2/TiO2 interface, we
grew single crystal films of RuO2 epitaxially on single-crystal
TiO2 substrates using a new CVD process. The RuO2 was
grown at a substrate temperature of 280 °C by pulsed-CVD at
low pressure. At this low temperature, no measurable
interdiffusion occurs, so the RuO2/TiO2 interface remains
abrupt. We chose to grow RuO2 on rutile TiO2 (011) surfaces,
since the (011) plane has relatively small lattice mismatches of
−2.0% along the [100] direction, and +0.07% along the [011 ̅]
direction.
The resulting RuO2/TiO2 (011) structures were charac-

terized in great detail by reciprocal space mapping using high-
resolution X-ray diffraction (HRXRD), facilitated by the similar
lattice structures of RuO2 and TiO2. Reciprocal space mapping
is a very useful method to examine the structure and the quality
of epitaxy. By using the reciprocal lattice of the substrate as the
internal reference, and locating the relative peak positions from
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the film, we were able to construct the reciprocal lattice of the
film to very high accuracy and to understand its small lattice
distortions by the TiO2 substrate and its lattice alignment
relative to the substrate. Usually, this type of analysis has been
performed on a cubic structure film grown on (100) of a cubic
structure substrate (e.g., Si, Ge, and GaAs), in which there is a
4-fold symmetry about the axis perpendicular to the surface.
This 4-fold symmetry restricts the possibilities of the lattice
distortion of the film: only two degrees of freedom are allowed
(i.e., one for lateral and one for perpendicular), so that it is only
possible for the cubic structure film to distort into a tetragonal
structure, which retains the 4-fold symmetry at its square base.
Therefore, in theory, taking reciprocal space maps of the
symmetric peak and any one of the asymmetric peaks is enough
for the information to solve the entire reciprocal lattice profile.
However, our RuO2 film was grown on the (011) surface of the
tetragonal TiO2 substrate. This (011) plane does not have 4-
fold symmetry, which severely complicates the analysis process.
The distortion of RuO2 can occur differently in two orthogonal
lateral directions. Therefore, mapping information of the
reciprocal lattice points in both orthogonal lateral directions
is necessary. Through a careful HRXRD analysis described
below, we successfully solved the distorted structure of the
RuO2 film, and we found that it was a high-quality epitaxial
RuO2 film grown on the TiO2 (011) substrate. The thin RuO2
film is constrained to match the lattice constants of the TiO2
substrate in the two planar directions, while the RuO2 is
partially relaxed in the direction perpendicular to the substrate,
resulting in a slight monoclinic distortion of the film.

■ EXPERIMENTAL SECTION
The RuO2 films were grown by pulsed CVD in a home-built tube
reactor, with bis(N,N′-di-tert-butylacetamidinato)ruthenium(II) dicar-
bonyl30−32 as the ruthenium precursor and oxygen as the coreactant
gas. The ruthenium precursor was placed in a glass bubbler in an oven
at 140 °C, and it was delivered into the reactor tube with nitrogen
carrier gas during each precursor pulse. A gas mixture of oxygen and
nitrogen (O2:N2 = 1:2 in partial pressure) was kept flowing at a total
pressure of 0.45 Torr, while the ruthenium precursor was delivered.
Five hundred pulses of the ruthenium precursor were supplied to grow
a RuO2 film. Rutile TiO2 (011) substrates supplied by MTI
Corporation were used for growing epitaxial RuO2 films. We also
used thermal SiO2 substrates for comparison. Each substrate was
treated with UV/ozone for 5 min to remove surface organic
contaminants before deposition. The deposition temperature was
280 °C.
The crystal structure of epitaxial RuO2 film was examined by high-

resolution X-ray diffraction (HRXRD) (Bruker D8 HRXRD). The
incident beam for HRXRD (Cu Kα1) was monochromated by a Ge
(022) × 4 asymmetric monochromator and a scintillation point
detector (Pathfinder) with a Ge (022) × 3 analyzer inserted was used
to collect the X-ray signal. The RuO2/TiO2 interface was examined by
cross-sectional transmission electron microscopy (TEM) (JEOL
2100). The film surface roughness was examined by atomic force
microscopy (AFM) (Asylum, Model MFP-3D).

■ RESULTS AND DISCUSSION
We first used HRXRD to examine the crystal structure of the
RuO2-on-TiO2 sample. The sample was first aligned in the (φ =
0°) configuration, where TiO2 [100] was coplanar with the
incident and exit X-ray beams, as shown in Figure 1 a. We
chose to perform the out-of-plane reciprocal space mappings
(scanning ω and 2θ) of the 011 and 222 reflections. (The 111
reflection is not allowed in the Bragg reflection geometry with
this configuration.) Then, we rotated the sample by ±90°, so

that we could perform the out-of-plane reciprocal space
mappings in the orthogonal plane (not shown in Figure 1a.
In this configuration (φ = ± 90°), we chose the 011, 031, and
013 reflections, since many other low miller index planes are
not allowed in the Bragg reflection geometry.
Notice that, unlike cubic structure, for a tetragonal structure,

[011] is not the normal direction of the (011) plane, therefore,
in order to avoid confusion, we will discuss our results mainly
in the reciprocal space, since the reciprocal space mapping
technique gives direct information in reciprocal space. We
further define the coordinates in reciprocal space in the
substrate reference frame as follows: x is the direction of [100],
z is the normal direction of the (011) plane, and y is the
direction of z × x (Figure 1b). Therefore, the previously
mentioned measurements correspond to the (qx,qz) area
mappings of the 011 and 222 reflections in the xz plane (ϕ
= 0° configuration) and the (qy,qz) area mappings of the 011,
031, and 013 reflections in yz plane (ϕ = ± 90° configuration),
respectively. With the fine reciprocal space structure of two
orthogonal planes, we expected to construct the whole three-
dimensional reciprocal lattice profile.
The reciprocal space maps of the symmetric 011 reflection

are shown in Figure 2 (a, b). Two maps correspond to two
perpendicular projections of the three-dimensional lattice
profile in reciprocal space on the xz and yz planes, respectively.
The intensity contours are shown on a logarithmic scale. Along
with the TiO2 011 peak, both the RuO2 011 main peak and its
thickness fringes (denoted as “F” in Figure 2) were clearly
observed, which suggested that it was a high-quality epitaxial
growth of RuO2 on TiO2 (011). With the use of the TiO2 011
peak as the internal reference, the 2θ value of the RuO2 011
main peak was 35.5421°. Comparing it with the reference value
of 35.0505° (PDF 00-040-1290) measured from a bulk crystal,
we found that the peak position shifted by ∼0.49° due to the
distortion imposed by the TiO2 substrate. There were also a
few detailed features we noticed in these two reciprocal space
maps. First, the TiO2 substrate was not a perfect single crystal;
it had several mosaic blocks as shown as satellite peaks in the
Δω-axis direction (denoted as “M” in Figure 2), which
corresponds to sample rocking (Δω is the sample tilting
angle). And, interestingly, the RuO2 peaks also showed
correlated satellite peak shapes in the Δω-axis direction,
which suggested that our RuO2 film was epitaxially grown on
each individual block of TiO2. Besides, the spreading of the
RuO2 011 main peak in the Δω-axis direction was very close to
that of the substrate peak, which again suggested a high quality
of epitaxy. We further noticed that, in Figure 2a, the RuO2
peaks were not exactly located on the Δω = 0 line. This was
due to a small miscut of our TiO2 substrate. Since the direction
defined by the film main peak and thickness fringes is the

Figure 1. (a) Experimental configuration of HRXRD. (b) Schematic
illustration of reciprocal space mappings.
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physical surface normal direction, and the Δω = 0 line
corresponds to the normal direction of the crystal lattice plane,
the angle between these two directions corresponds to the
miscut angle of the substrate, which was calculated to be ∼0.3°.
Furthermore, the TiO2 011 peak was collinear with RuO2 011
main peak and its fringes, which provided the information
regarding the growth direction of the RuO2 film. We will come
back to discuss this later in this paper. Nevertheless, we will
neglect this small miscut angle for now, and the error of
neglecting will be discussed later. In addition, the thickness of
the RuO2 film can be extracted from the periodicity of the
thickness fringes. In order to have a better fitting, we performed

a coupled ω−2θ scan with smaller step size and longer
collecting time with a ϕ = 90° configuration. The data are
plotted in Figure 2c, and the film thickness was determined to
be ∼38 nm.
Then, we performed the reciprocal space mappings of the

asymmetric 222, 031, and 013 reflections to obtain the
reciprocal lattice profile in both the xz and the yz planes,
which would lead us to understand the full lattice structure of
the RuO2 film grown on TiO2 (011). The (qx,qz) area mapping
of the 222 reflection is shown in Figure 3, and the (qy,qz) area

mappings of the 031 and 013 reflections are shown in Figures 4
and 5, respectively. The peak position of the RuO2 222
reflection was observed at Δω = −0.3562° and 2θ = 88.2871°
in Figure 3, the peak position of RuO2 031 reflection was
observed at Δω = 0.6271° and 2θ = 70.5549° in Figure 4, and
the peak position of RuO2 013 reflection was observed at Δω =
−0.8080° and 2θ = 100.7082° in Figure 5. In these three
figures, similar fine features of the contour shape are observed
as in Figure 1: satellite peaks in the Δω-axis direction, which
correspond to the mosaic blocks of the substrate TiO2, similar
widths of the peak spreadings in the Δω-axis direction for both

Figure 2. Reciprocal space maps of the 011 reflection in the (a) xz
plane and (b) yz plane. “F” and “M” denote the satellite peaks due to
thickness fringes and mosaic blocks, respectively. (c) Coupled ω−2θ
scan of the 011 reflection. The 011 peak position for bulk RuO2 is also
shown for comparison.

Figure 3. Reciprocal space map of the 222 reflection in xz plane. “F”
and “M” denote the satellite peaks due to thickness fringes and mosaic
blocks, respectively.

Figure 4. Reciprocal space map of the 031 reflection in the yz plane.
“F” denotes the satellite peaks due to thickness fringes.
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the substrate and the film main peaks, and clear thickness
fringes and the collinearity of the film main peak, thickness
fringes, and the substrate main peak. All of these observations
again indicated a high-quality epitaxy of RuO2 grown on TiO2
(011).
In combination with the peak positions of the RuO2 011,

222, 031, and 013 reflections, we were able to construct the
reciprocal lattice structure of the RuO2 film with respect to that
of the TiO2 substrate. Reciprocal lattice patterns in the xz and
yz planes are shown in Figure 6 (panels a and b, respectively).
As the patterns indicated, the RuO2 lattice was fully pinned by
the substrate laterally: each of the film reciprocal lattice points
was right below its corresponding substrate reciprocal lattice
point. Only the direction normal to the surface had some
degree of relaxation. Moreover, we found the angle between the
(010) and (001) reflections was 89.23°, which is slightly
distorted from a right angle. Thus, the RuO2 film lost its
tetragonal symmetry and became a monoclinic structure,
although the difference is not large. In addition, since the
film’s main peak and its thickness fringes determine the normal
direction of the surface, this fully pinned structure was also
consistent with the collinearity we observed in Figures 2−5.
Finally, the RuO2 film grown on TiO2 (011) had a monoclinic
structure, with lattice parameters of a = 4.5933 Å, b = 4.4647 Å,
c = 3.0889 Å, and α = 89.23°. Notice that the lattice constant a
of RuO2 was stretched to be equal to that of TiO2, due the
lateral pinning effect imposed by the substrate.

In the following, we would like to discuss the effect of the
small miscut as mentioned previously. First of all, we will only
discuss the effect of the miscut in the [100] direction, which
corresponded to the reciprocal space mapping of the xz plane
(Figure 2a), since in the yz plane, the miscut effect was almost
unobservable as shown in Figure 2b. Noticing that the film was
fully pinned by the substrate, the effect of the small miscut we
observed led to a small rotation of the RuO2 reciprocal space
profile with respect to the substrate profile. As a result, the
RuO2 011 reciprocal lattice point shifted laterally as shown in
Figure 7. For this sample, the shift was 0.0002 Å−1 based on our
reciprocal space mapping data of the 011 reflection. And this
corresponded to a 0.0046° of rotation of the RuO2 lattice in the
reciprocal space. Then, we used this rotation value to predict
the lateral shift of the RuO2 222, which was calculated to be

Figure 5. Reciprocal space maps of the 013 reflections of (a) the TiO2
substrate and (b) the RuO2 film in the yz plane. “F” and “M” denote
the satellite peaks due to thickness fringes and mosaic blocks,
respectively. Notice that (a) and (b) are on different scales.

Figure 6. Reciprocal lattice profile of the RuO2 film (red dots) and the
TiO2 substrate (black dots) in the (a) the xz plane and (b) yz plane.
For comparison, the unstrained (bulk) RuO2 reciprocal lattice was also
plotted (open blue circles).

Figure 7. Blow up of the reciprocal lattice profile near (a) 011 and (b)
222 in the xz plane. (c) Schematic illustration of the effect of the
miscut.
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0.0004 Å−1. This value was exactly the same as that which we
extracted from our experimental data of the reciprocal space
map of the 222 reflection. Indeed, the effect of the miscut was
observable by our measurements; the effect of this small miscut
was very small, and its influence on the peak positions of the
RuO2 031 and 013 reflections was also negligible. Nevertheless,
this miscut caused the rotation in reciprocal space. However,
we propose that if the RuO2 film is grown on a zero-miscut
TiO2 (011) substrate, there will be no rotation in reciprocal
space; each pair of the reciprocal lattice points of the RuO2 and
TiO2 will be perfectly aligned in the normal direction of the
surface.
The above HRXRD results indicated that the RuO2 grown

on TiO2 was a high-quality epitaxy with a lateral fully pinned
structure. In particular, the clear thickness fringes suggested a
smooth surface and a low level of defects of the RuO2 film. We
further examined the surface by AFM and the interface of RuO2
and TiO2 by cross-sectional TEM. The AFM (Figure 8) results

confirmed the smoothness of the film, with an rms roughness
value of only 0.78 nm for a 40 nm film. And the TEM image
(Figure 9) showed a perfect alignment of the RuO2 and TiO2
lattices. Also, no interfacial layer was observed. These good
properties can be attributed to the low temperature pulsed
CVD process. At the process temperature of 280 °C, the
interdiffusion rates of Ru and Ti atoms are very slow, while the

surface mobility of Ru atoms is still high, probably with help
from the ligand and/or coreactant oxygen.

■ CONCLUSIONS

In this work, we presented a low-temperature pulsed CVD
process to grow epitaxial RuO2 thin films on TiO2 (011)
substrates. The epitaxy structure was examined by HRXRD. We
collected the reciprocal space maps of the 011, 222, 031, and
013 reflections. The clear thickness fringes and small spreading
of the film peaks both show the high quality of the epitaxy.
Using the diffraction peak positions of RuO2 and TiO2, we were
able to construct the reciprocal lattice of RuO2. The result
demonstrated that the RuO2 film was fully pinned by the TiO2
substrate in both lateral directions, forming a single-crystalline,
monoclinic epitaxial film.
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