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Chromium dioxide films on TiO,(110) single crystals have been grown by using chemical
vapor deposition. The average growth rate was ~1.8 nm-min~*. Powder X-ray diffraction
indicated that the films were highly (110) textured. X-ray photoelectron spectroscopy showed
that the CrO; films were continuous and no other chromium oxides were present. The CrO,
films were composed of grains typically 200—300 nm in diameter and appeared consistent
with the rutile crystal structure. Atomic force microscopy suggested that the films were
relatively rough, with a root-mean-square roughness of ~114 nm for an 850 nm thick film.
The resistivity at room temperature was found to be ~137 ©Q-cm which decreased to ~16
u-cm at 5 K, consistent with metallic behavior. The films were ferromagnetic with a Curie

temperature of 398 K.

Introduction

Transition metal oxides exhibit a wide range of
physical, chemical, and structural properties and are
important in various technological applications, includ-
ing electronic materials, catalysis, and corrosion inhibi-
tion. As such, the surface properties and reactivities of
these materials are an active area of research.! While
considerable efforts have been made to understand the
surface chemistry of these metal oxides, many of the
fundamental atomic-level properties still remain poorly
understood. This is largely due to the difficulty in the
preparation of high-quality oxide surfaces and the
experimental difficulties associated with the insulating
properties of many of these oxides.

One solution to these problems is to grow thin films
of the metal oxides on conductive substrates. In this
way, the films may be sufficiently conductive without
modifying the surface by doping or creating defects.
Thin film techniques also allow the preparation of model
metal oxide surfaces without the growth and prepara-
tion of large single crystals. Some examples include the
growth of thin films of 5-MnO,? anatase TiO,,** and
o-Cr,03°~7 where pure large single crystals are not
commercially available. Further reviews on the growth
and properties of metal oxide thin films can be found
in two recent articles.8?
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We present here the results of using a thin film
approach, via chemical vapor deposition, to prepare an
ordered chromium dioxide CrO»(110) surface on rutile
TiO2(110). Chromium dioxide is a ferromagnetic metallic
black solid that adopts the rutile crystal structure and
has similar lattice parameters to rutile (CrO,, a = 4.41
and ¢ = 2.91 A; TiO,, a = 4.59 and ¢ = 2.96 A). It has
attracted significant attention due to its commercial
importance as a particulate recording medium for data
storage applications.1® Although the metallic and mag-
netic properties of CrO, have been studied extensively,
the surface properties and reactivities of this metallic
oxide are still not well understood.

Chromium dioxide is difficult to synthesize because
it is metastable at atmospheric pressures. It is often
synthesized under high oxygen pressure conditions
(P > 10 bar) by thermal decomposition of CrOs. This
process produces a fine powder with crystals no larger
than ~0.5 mm.1112 Approaches to create larger ordered
CrO; surfaces via high pressure, epitaxial film syntheses
have been investigated on rutile TiO, (100), (110), (210),
and (001) surfaces as well as on the (0001) and (110)
planes of Al,O3. X-ray diffraction (XRD) has indicated
that the substrates induced a texture in the CrO; layer,
producing epitaxially orientated CrO, films on the TiO;
surfaces.1213

Chromium dioxide films on TiO, surfaces have also
been grown by using a chemical vapor deposition (CVD)
method developed by Ishibashi et al. as an alternative
to high-pressure routes.’* In that work, scanning elec-
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tron microscopy and reflection electron diffraction sug-
gested that CrO; films up to about 500 nm thick were
deposited with epitaxial control on the TiO; (100), (110),
(111), and (001) substrate surfaces. However, the sur-
face of the CrO; produced by this method was not
examined in detail. Amorphous thin films of CrO; have
been grown on glass and Si(110) substrates by using
oxidized Ti as a buffer layer. XRD indicated the presence
of textured, polycrystalline CrO; films.1516 Li and co-
workers have applied this CVD method to grow CrO;
films on TiO,(100) for magnetic measurements'’~1° and
observe epitaxial CrO, films on Ti0O,(110).2°

In this work, we present an examination of the
surface morphology of CrO, grown on TiO>(110) single
crystals using a modified version of Ishibashi et al.’s
CVD approach. We have successfully grown epitaxial
thin films of CrO, on TiO,(110) single-crystal substrates
at atmospheric pressure. Our studies provide insight
into the growth characteristics, composition, and mor-
phology of these films as indicated by scanning electron
microscopy (SEM), powder XRD, X-ray photoelectron
spectroscopy (XPS), and atomic force microscopy (AFM).
Additionally, the magnetic (magnetization) and trans-
port (resistivity) properties of the CrO, films were
examined and the results are compared to previously
published work.

Experimental Section

Film Deposition. Chromium dioxide films were prepared
by using CVD inside a dual-zone programmable furnace. The
starting material, CrOsz (99% purity, Aldrich Chemical Co.,
Inc., Milwaukee, WI), was placed in the first zone at 260 °C.
Titanium dioxide (110) single-crystal substrates (7 x 7 x 1
mm, 99.99% purity, Superconductive Components, Inc., Co-
lumbus, OH) were ultrasonically cleaned in acetone, rinsed
in H;O, heated in oxygen at 400 °C for 24 h, and then placed
in the second zone of the furnace at 400 °C. Oxygen flowing
at a rate of ~0.1 L-s™! was used as the carrier gas for the
decomposition products of CrOs, which would subsequently
form films of CrO; (CrO; — CrO; + %/,0,) on the TiO2(110)
substrates. Typical depositions ran for 8 h.

Electron Microscopy. Thickness analyses of the CrO,
films were performed with a JSM-6400V SEM incorporating
a LaBs electron source. Data were acquired with an accelerat-
ing voltage of 20 kV.

Powder XRD. Analyses of the films were performed by
using a calibrated Rigaku-Denki/RW400F2 (Rotaflex) rotating
anode powder diffractometer operating at 50 kV/100 mA with
a 1°/min scan rate, employing Ni-filtered Cu radiation in a
Bragg—Brentano geometry.

XPS Analyses. A Perkin-Elmer @ spectrometer (base
pressure = 2.0 x 107 Torr) with an unmonochromatized Al
Ko (hv = 1486.6 eV) source operating at 300 W was used to
acquire XP spectra. The spectrometer was calibrated by using
the binding energy (BE) of the Au 4f7; line at 84.0 eV with
respect to the Fermi level. All XPS spectra were collected by
using a hemispherical mirror analyzer operating at a pass
energy of 44.7 eV and acquired at normal takeoff angle (90°
from the surface plane). After a Shirley-type background
subtraction, the spectra were fitted using simple Gaussian—
Lorentzian peak shapes. Observed BE’s were referenced to the
adventitious C 1s photoemission line at 285.0 eV and compared
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Figure 1. Powder XRD pattern of an 850 nm thick CrO; film
on TiO2(110).

to reference XP spectra of CrO; powder (99.9% purity, EMTEC
Magnetics GmbH) acquired under the same experimental
conditions. Reference spectra of Cr,0O3 (98+% purity, Aldrich)
and Na,Cr,07 (prepared by heating Na,Cr,07-2H,0 (99.5%
purity, Fisher Scientific) to 100 °C in a vacuum) were also
acquired for comparison. The atomic compositions were evalu-
ated by using sensitivity factors provided by the instrument
manufacturer (Cr 2p = 2.427 and O 1s = 0.711).

AFM Analysis. Images were obtained by using a Digital
Instruments Nanoscope AFM operating in contact mode in air
using a standard silicon nitride probe. Micrographs were
collected at several different positions on the surface to confirm
that the CrO; layer was uniform on a macroscopic scale. The
root-mean-square (rms) roughness of the films was calculated
by using Nanoscope 4.1 software.

Magnetic and Transport Analysis. The magnetic sus-
ceptibility of the CrO; films was measured as a function of
temperature by using a Quantum Design MPMS magnetom-
eter with an applied field of 500 G. All measurements were
made with the magnetic field oriented in the plane of the film.
Resistivity measurements were made at a temperature range
of 5—400 K, using conventional four terminal methods on the
samples which were mounted on a probe that was inserted
into the same instrument.

Results and Discussion

The CrO; films produced were black and highly
reflective. SEM cross-sectional images of a typical CrO,
film on a TiO,(110) substrate indicated an average
thickness of approximately 850 nm, consistent with an
average deposition rate of 1.8 nm-min~!. Supporting
thickness measurements were also determined by AFM.
While film deposition took place, small areas at the edge
of the TiO; single crystal were covered by retaining clips.
Once the deposition was completed and the films were
removed from the furnace, the supporting clips were
removed and the atomic force microscope was used to
examine the “height” of the steps produced. The thick-
nesses of the films determined by AFM were consistent
with the SEM analyses. All the powder XRD patterns,
a typical example of which is presented in Figure 1,
showed features associated with both TiO, and CrO»
(110) and (220) reflections. There is no evidence for
orientations other than CrO,(110) or other chromium
oxides.

XPS Analyses. The composition and purity of the
CrO; films on TiO2(110) were studied by XPS. Survey
spectra, as shown in Figure 2, indicated that only
chromium, oxygen, and carbon were present on the
surface of the films. Peaks associated with titanium are
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Table 1. XPS Binding Energies (eV) Obtained for CrO,/TiO2(110) Film and Other Chromium Oxides?

CI’Oz/TiOz(llO) CrO, Cr203 Cr03 NaxCr,07
Cr 2pzp 576.6 576.4 (576.3)° 576.7 (576.8)° 578.3 579.6 (579.4)°
Cr 2p1p 586.2 586.0 (586.0)° 586.4 (586.5)° 586.0 588.7 (588.5)°
01s 529.3 529.2 (529.3)b 530.3 (530.5)° 529.9 530.4 (530.0)¢

a All values except those in parentheses were determined in the present study. ® Data from the work of Ikemoto et al.?22 ¢ Data from
the work of Allen et al. (their results have been corrected to the Au 4f7, as 84.0 eV).23
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Figure 2. XPS survey scan of CrO; film on TiO»(110) (Al Ka
radiation). Note the absence of any features associated with
TiO; substrate.

not evident, indicating that the films are continuous
and, based on an estimate for the inelastic mean free
path for the Ti 2p photoelectrons of 2.0 nm,?! at least
6.0 nm thick. The minimum thickness inferred from the
XPS measurements supports the AFM and SEM thick-
ness values.

High-resolution scans of the Cr 2p and O 1s regions
of the CrO; film on TiO,(110) and a standard CrO,
powder were acquired as shown in Figure 3. The peaks
connected by a dashed line are those associated with
CrO,. The BE's for Cr 2p and O1s peaks in the film and
powder are in excellent agreement with each other and
with values reported by lkemoto et al.?2 as given in
Table 1. Also shown in Table 1 are the BE’s determined
for other chromium oxide species, confirming that the
oxide produced on our TiO, substrate could be uniquely
identified. The measured BE's and spin—orbit splittings
for Cr;03 (Cr(l111)) and CrO3z and NaCr,07 (Cr(VI))
reported here are generally within 0.2 eV of analogous
values in the literature.?2-24 It is interesting to note that
the chromium(lV) 2p peaks for CrO;, do not follow a
simple trend of increasing BE with increasing formal
oxidation state. These effects have been remarked upon
previously and attributed to differences in the crystal
structure, ionic character, and electronic properties of
these oxides.?225

The Cr 2p peaks of the CrO, film and powder, as
shown in Figure 3a, were noticeably asymmetric and
broadened to the high binding energy side when com-
pared with the Cr 2p peaks for Na,CrO7 and Cr,O3 (data
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Figure 3. XPS comparison between CrO,/TiO>(110) film and
CrO; powder: (a) Cr 2p region and (b) O 1s region. For the Cr
2p region, dashed lines are drawn at 576.5 and 586.1 eV BE.
For the O 1s region, a dashed line is drawn at 529.2 eV BE.
The features connected by dashed lines correspond to CrO,.

not shown). Attempts were made to fit the Cr 2p peak
envelope to simple symmetric peaks located at the BE'’s
expected for Cr(1V) (2ps. = 576.4 eV) with a minor
component attributable to Cr(VI) (2ps, = 579.6 eV).
However, the quality of the fit was substantially worse
than a single asymmetric peak due to Cr(lV). We
therefore conclude that the CrO; peak shape is intrinsic
to the material and is likely to be associated with small
energy electron—hole pair excitation across the Fermi
level of this metallic material (so-called Doniach—Sunjic
line shape).2®

The oxygen photoemission peaks for both CrO/TiO,-
(120) film and CrO; powder (Figure 3b) showed the
presence of two components. These two components
were fit with the same peak shape and fwhm (1.9 eV).
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Figure 4. XPS comparison of O 1s region for CrO,/TiO>(110)
film at two different take off angles (6). Takeoff angle is defined
as the angle between the surface plane and the electron energy
analyzer acceptance axis. The dashed line is drawn at 532.0
eV BE and is associated with surface H;O.

The lower BE component, at 529.25 + 0.05 eV BE, is
associated with the chromium oxide species based on
comparison to literature values.?? The Cr/O ratio was
calculated by using the peak area for Cr 2p and the
lower BE O 1s component and was found to be 0.52 for
the film and 0.60 for the powder. We estimate the error
in these calculated ratios to be about +0.05, determined
largely by the errors associated with peak fitting. The
calculated Cr/O ratios for the film and powder are in
reasonable agreement with the theoretical value for
CrO; of 0.50.

The higher BE oxygen component in the CrO; film
and powder (Figure 3b), located at about 532 eV BE,
can be attributed to a surface contaminant. This was
established by examining the O 1s region as a function
of the XPS analyzer takeoff angle. When the takeoff
angle is changed from 90 to 20° (Figure 4), the sampling
depth is effectively decreased from approximately 4.5
to 1.5 nm. The intensity of the high BE component of
the O 1s envelope relative to the low BE CrO; O 1s peak
is greater at 20 than at 90°, indicating that this feature
is localized in the near-surface region. Similar broaden-
ing of the O 1s region to higher BE for oxides of
chromium has been reported previously, and this fea-
ture is believed to be associated with adsorbed H,02%3
and 0,.%2

Many metal oxides readily form a hydroxide layer on
the surface when exposed to ambient air.2” One example
is Cr,03, where H,O dissociatively chemisorbs and
forms surface-bridging and terminal OH groups even
on a nondefective surface.>62¢ Adsorbed OH and H,O
on the surface can be distinguished by the magnitude
of the XPS chemical shift from the O2?~ peak associated
with the oxide. The peak positions of OH and 0%~ are
usually +(1.1—1.5) eV BE apart. However, H,O creates
higher BE shifts, typically >+3 eV from the oxide
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Figure 5. AFM surface morphology and sectional height
analysis of (a) TiO2(110) single crystal (400 um? area) and (b)
850 nm CrO; film on TiO»(110) surface (100 um? area).

peak.?® For the CrO; film and powder studied here, the
BE difference between the two O 1s peaks is about 2.7
eV. Based on this BE difference, we propose that the
second oxygen component on the surface of the film and
the powder is likely a surface H,O species.
Morphology Investigation. AFM was used to in-
vestigate the morphology of the CrO,/TiO,(110) films.
It is known that the TiO, substrate is important in
providing epitaxial stabilization of the CrO; phase.214.20
In Figure 5a, a 400 um? AFM image of a clean TiO,-
(110) single crystal is shown. The surface is uniform,
and a sectional height analysis across the surface

(29) Mcintyre, N. S.; Chan, T. C. In Practical Surface Analysis;
Briggs, D., Seah, M. P., Eds.; Wiley: New York, 1990; Vol. 1, p 501.
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indicates a flat substrate devoid of any noticeable
surface features. The rms roughness of the TiO2(110)
substrate was calculated to be 1.5 nm for a 10 um? area
within this image.

A typical AFM image of a 100 um? area of an 850 nm
thick CrO; film on TiO,(110) is shown in Figure 5b.
Individual grains on the surface can be resolved, and
their appearance is generally consistent with the rutile
crystal structure of CrO,. Sectional height analysis of
the film shows that the grains vary in size and height
along the surface. The markers indicate the relationship
between the topographical image and the section height
analysis. On the CrO; film, grain sizes as large as ~1000
nm exist. However, typical grain sizes found on the
surface are approximately 200—300 nm in size. These
grain sizes are larger or equal to those in the reported
literature for CrO, films on TiO2(100).17:30:31 The calcu-
lated rms roughness of the film was 114 nm, which
reflects an increase of 2 orders of magnitude compared
to the initial TiO, substrate. Ranno et al. also noted
large surface roughness of CrO, films grown by high-
pressure synthesis and reported variations of 20—30%
in film thickness,2 which are somewhat larger than our
values of 10—15%.

The surface roughness of the CrO, films may be a
reflection of the deposition method. From the AFM
images, it may be concluded that many nucleation sites
are present on the TiO»(110) crystal surface, which
would lead to the growth of grains of various sizes and
ultimately a roughened surface. Alternatively, strain
energy can accumulate rapidly with increasing film
thickness, which might also result in an increase in
surface roughness.3?

Methods to decrease the surface roughness, such as
annealing the film or changing the deposition temper-
ature of the substrate, were not investigated in this
study. The temperature of the substrate must fall within
390—-400 °C to allow for CrO, growth. Deposition at
higher or lower temperatures will lead to the formation
of other chromium oxides.'* Postannealing of the film
after deposition at higher temperatures is also not
possible: chromium dioxide decomposes to Cr,O3 at
temperatures above 400 °C.1214 Future investigations
are underway to better control the surface roughness
of CrO; films.

Electrical and Magnetic Properties. The magnetic
and electrical properties of these CrO,/TiO»(110) films
are discussed briefly here but will be addressed in more
detail in a subsequent publication.3® Figure 6 shows the
electrical resistivity, p, for an 850 nm thick CrO, film
on TiO2(110) as a function of temperature. The gross
properties of CrO, films on TiO>(110) are similar to
those of CrO; films grown on the TiO2(100) surface, by
CVD using Cr0O3!830 and CrO,CI,%! as precursors, and
also films formed by high-pressure synthesis on TiO,-
(110)3 surfaces. Resistivity increased from ~16 ©Q-cm
at 5 Kto ~137 uQ-cm at 300 K. An increase of resistivity
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Figure 6. Resistivity vs temperature of an 850 nm thick CrO;
film on a TiO,(110) surface.

BOOF
®egq
7! L]
00 e,

L
600 - Soee,
o~ [ ]
“e 500} .
(8]
5 400}
£
2 3001
=" 200} ‘

100} H=500 Gauss *

« T

0 1 1 1 1 1 s t a
0 50 100 150 200 250 300 350 400 450

Temperature (K)

Figure 7. Spontaneous magnetization as a function of tem-
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of this magnitude is consistent with metallic behavior.
These resistivity values are similar to those reported
for CrO; films on TiO»(110) by high-pressure synthe-
sis.®* However, it should be noted that our resistivity
values should be regarded as approximate due to errors
associated with measurement of the cross-sectional area
of the CrO,/TiO; film and the unknown effects of surface
roughness.

Measurements of the magnetic properties of the films
indicated a clear ferromagnetic hysteresis and anisot-
ropy along the c-axis of the films,33 which is consistent
with the assumption of a collinear relation between the
crystallographic c-axis and the magnetic easy axis of
CrO; single crystals3® and CrO,(100) films.17:18:31.36 The
spontaneous magnetization determined as a function of
temperature in an applied field of 500 G, is presented
in Figure 7. From these data, the Curie temperature
was found to be ~398 K, which is in agreement with
published results of CrO, films16-18:31.34 and bulk Cr0O,.1°
Similar magnetization behavior has been also observed
in CrO(100) films grown by CVD17:183134 phyt cannot
be directly compared to our CrO,(110) films due to
different crystallographic orientations. To our knowl-
edge, spontaneous magnetization measurements in
(110) films have not been reported.
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Rev. B 2000, 62, 8931.
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Conclusions

Metallic chromium dioxide (110) films on TiO»(110)
have been successfully deposited. To the best of our
knowledge, this is the first specific investigation of the
growth, morphology, and bulk/surface composition of
Cr0O,(110) films grown by simple chemical vapor deposi-
tion. The films were highly oriented with the (110) plane
parallel to the TiO»(110) surface plane but exhibit a
granular structure with grain sizes up to about 1 um.
Both powder XRD and XPS confirmed that no other bulk
oxides are formed, but the surface is probably covered
by a water-like layer. This CVD method has proven
successful in growing CrO»(110) thin films, and it is

Bullen and Garrett

experimentally more accessible than a high-pressure
synthesis technique.
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