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A comparative study of the structural, microstructural and magnetic properties of CrO, thin films grown
onto (110) and (100) TiO; rutile single crystal substrates by chemical vapor deposition (CVD), using CrO3
as chromium precursor and either oxygen or argon as carrier gas is presented. Our results show that
growth under argon carrier gas leads to high quality CrO, epilayers with structural and magnetic
properties similar to those obtained using the more standard oxygen carrier gas. Furthermore, we

interpret the larger magnetic coercivity observed for the (110) oriented films in terms of their micro-
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structure, in particular of the highest strain and edge roughness of the building structures of the CrO,
epilayers, which are settled by the substrate crystallographic orientation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

CrO; is a material of choice for spintronics. It has been exten-
sively studied by the scientific community [1—12] since the pio-
neering work carried out in the 60’s of last century as reviewed in
Ref. [13]. Recent findings such as the spin triplet supercurrents
[14—17], the coexistence of universal and topological anomalous
Hall effects and the robustness of spin polarization up to room
temperature [18] have strongly contributed to keep alive, or even
increase, the interest on potentially using CrO thin films in spin-
tronic and magnonic devices [19—22]. But the studies on chromium
dioxide have not been limited to fundamental or applied science.
Indeed, CrO; has been used in industry covering a wide range of
applications e.g. audio, video, instrumentation and computer
technology due to its exceptional properties as a magnetic storage
material [13].

Although some attempts have been pursued to grow thin films
of the single CrO, compound by physical vapor deposition methods
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[23—25], only chemical vapor deposition (CVD) has shown to lead
to high quality CrO, layers [26—30]. CrO, epitaxial layers are
currently grown on TiO; rutile phase and sapphire substrates by
CVD using CrOs as the chromium precursor, which is carried out
into the reaction zone by an oxygen flux. While chromium pre-
cursors other than CrOs, e.g. CrgO2; [31] and CrO,Cl; [8,10], have
also been used in the CVD of CrO, yielding films with similar
properties, the use of an oxygen flux has been pointed out as critical
for the overall CrO; synthesis process. To our knowledge, only the
work of Ivanov et al. [31] briefly refers that the use of argon as
carrier gas makes the process very inefficient and leads to films
with poorer crystallinity.

Currently, the demand for fast and cost-efficient fabrication
processes of high-quality materials and devices is on the agenda.
Hence, an in-depth study of the feasibility of growing high quality
epitaxial films of CrO, using argon as carrier gas becomes crucial,
especially because of the well-known price difference between the
two gases, with cost advantage to argon. Besides, argon is a more
user-friendly gas. Therefore, the fact that the use of argon could
eventually limit the CrO, synthesis reaction may be seen as a
drawback to the envisaged scaling-up of the CrO, CVD process at an
industrial level.
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This work reports on the synthesis and properties of CrO, thin
films grown onto single crystal TiO, rutile substrates by CVD, using
CrO3 as chromium precursor and either oxygen or argon as carrier
gas. A comparative study of the structural, microstructural and
magnetic properties of the different films are presented.

2. Experimental details

The CrO, films were prepared in a tubular single-zone CVD
furnace with independent control of the substrate temperature.
Details of this setup were described in previous papers [28,29]. The
thin films were grown onto TiO; (110) and TiO, (100) single crystal
rutile substrates 0.5 mm thick and with 10 x 5 mm? surface area.
Prior to their insertion into the reactor, the substrates were ultra-
sonically cleaned in organic solvents — acetone and isopropanol,
rinsed in distilled water and dried with a Ny flux. CrO3 powder
(purity 99.9%) was used as the precursor and either oxygen (purity
99.9992%) or argon (purity 99.9992%) as carrier gases. Films were
grown at atmospheric pressure for deposition times varying be-
tween 10 and 240 min, using a gas flow rate of 150 sccm, a pre-
cursor temperature of 275 °C and a substrate temperature of
390 °C. In order to avoid the deposition of undesirable compounds
during the initial stage of the deposition process, the substrate was
heated up to the deposition temperature before the CrO3 precursor
attained its melting temperature (196 °C). Samples will be desig-
nated by A100, A110, 0100 and 0110 throughout the text, where A/
0 refers to argon/oxygen and 100/110 to the substrate orientation.
Sometimes the deposition time, in minutes, is added to the sam-
ple’s label (e.g. 0110/180).

The surface morphology and microstructure of the films were
analyzed using a JEOL 7001F scanning electron microscope with a
field emission gun (FEG-SEM), and a Nanoscope Illa multimode
atomic force microscope (AFM) in tapping mode. Film thicknesses
were evaluated by image digital processing of FEG-SEM cross-sec-
tion micrographs. The crystallographic structure and phase
composition of the as-grown films were studied by X-ray diffrac-
tion (XRD) with Cu Ka radiation, in the #—26 coupled mode. The 26
angular position and full-width at half-maximum (FWHM) of the
diffraction lines were determined by fitting them with a Pseudo-
Voigt function, after removing the Koy contribution from the XRD
patterns. The FWHM values were also corrected for the instru-
mental broadening. Phi-scan and rocking curve (RC) measurements
were used to assess films epitaxiality and mosaicity. These studies
were conducted on a Briicker-AXS D5000 diffractometer. Another
diffractometer from Briicker-AXS (D8Discover) working with Cu
Kaq radiation, an asymmetric two-bounce Ge (220) mono-
chromator and a scintillation detector was used for recording the
reciprocal space maps (RSM) and for carrying out the evaluation of
the lattice parameters using the Bond method.

The magnetic properties of all the films were assessed at room
temperature (RT) with longitudinal magneto-optical Kerr effect
(MOKE) magnetometry. To observe the MOKE, the probing beam
from a diode laser, operating at a wavelength of 670 nm with a
power of 5.5 mW, was focused onto a ~50 um diameter spot on the
film surface using a 15 cm focal length lens.

3. Results and discussion
3.1. Structural data

The first set of results concerns XRD analysis of chromium oxide
films grown on TiO, (110) substrates, using either oxygen or argon
as carrier gas. This study is aimed at assessing the feasibility of CrO,
growth under an argon atmosphere and, if the latter holds, at
comparing film properties for both types of background gas phase.

Of particular importance is to find out whether the presence of
argon does or does not favour the occurrence of the antiferro-
magnetic Cro03 phase.

Fig. 1 shows the XRD patterns of films deposited at 390 °C with
an oxygen flow rate of 150 sccm, for deposition times in the range of
60—240 min. All the patterns reveal diffraction peaks at
20 =28.643°, 20 = 59.096° and 26 = 95.335°, which were identified
as due to the (110), (220) and (330) reflections from CrO-, respec-
tively, by comparing with JCPDS file n° 9-332. The diffraction peaks
labeled with the symbol (*) are attributed to the (110), (220) and
(330) reflections from the rutile-TiO, substrate. No other phases are
visible on this figure even if a logarithmic scale is used to plot the
diffracted intensities. Similar patterns are displayed in Fig. 2a for
the films deposited with argon substituting for oxygen as carrier
gas. The growth parameters are identical for the two gases as well
as the deposition times that were used. The same set of diffraction
peaks related to the (110), (220) and (330) lattice planes of both
CrO, film and rutile-TiO, substrate are displayed, however a low
intensity extra peak may be observed on the low angle shoulder of
the TiO, (220) line that can be assigned to the Cr,03 (116) diffrac-
tion plane (JCPDS file n° 38-1479). This peak is clearly visible on an
expanded 0—20 plot as that in Fig. 2b. It is present in all films as a
very broad and low intensity peak indicating that the Cr,03 formed
phase is nanocrystalline and its amount is negligible. Nevertheless,
the increase in intensity as the deposition time decreases, i.e. as the
films become thinner, might be an indication that the Cr,03 lies at
the interface between the CrO; layer and the substrate.

The X-ray diffractograms of the films grown on TiO; (100) for a
deposition time of 90 min are displayed in Fig. 3, for both types of
carrier gas — oxygen and argon. Here, all the experimental pa-
rameters were maintained constant and assumed the same values
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Fig. 1. X-ray diffractograms of 0110-films grown at 390 °C with an oxygen flow rate of
150 sccm, for deposition times ranging from 60 to 240 min. The patterns show the
(hhO) lines of CrO, while those labeled with * refer to the rutile-TiO, (110) single
crystal substrate.
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Fig. 2. a) X-ray diffractograms of A110-films grown at 390 °C with an argon flow rate of
150 sccm for deposition times ranging from 60 to 240 min. The patterns show the
(hhO) lines of CrO, while those labeled with * refer to the rutile-TiO, (110) single
crystal substrate; b) expanded plot in the 26: 54° — 60° region showing a broad and
weak peak assignable to the (116) reflection from Cr,0s.

as for the previous (110) oriented substrate. The CrO; layers grow
with a (100) preferred orientation according to the orientation of
the substrate and diffraction lines attributed to the (200) and (400)
reflections of CrO,, respectively at 26 = 40.855° and 26 = 88.491°,
and of TiO, were recorded. Besides these diffraction peaks, two
other ones at 26 = 36.196° and 26 = 76.851° are clearly observed,
which were indexed as (110) and (220) reflections from the Cr;03
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Fig. 3. XRD patterns of films deposited on TiO, (100) substrate using either argon or
oxygen as carrier gas, for a deposition time of 90 min. The symbol (*) corresponds to
substrate peaks. Both films were deposited with the gas flowing at 150 sccm and for a
deposition temperature of 390 °C.

phase. This indicates that the Cr,03 layer is textured and strongly
correlated with the CrO; (100) — TiO, (100) system.

Indeed, it is well known that CrO, can grow epitaxially on TiO,
substrates because both compounds adopt the same tetragonal
rutile structure (P4;/mnm) with a close match in lattice parameters:
a =b = 045933 nm and ¢ = 0.29592 nm for TiO,, and
a =b = 0.44210 nm and ¢ = 0.29160 nm for CrO,. Therefore, the
lattice mismatch is —1.46% along the [001] direction (¢ axis) and
—3.75% along either the [010] axis for TiO, (100) or the [110] di-
rection for TiO; (110) substrate. In both cases CrO; films grow under
interfacial tensile stress. Regarding the presence of the Cr,03 layer
in the films with (100) preferred orientation, it is expected that this
layer will grow on top of CrO; since the surface area of the cells
match to 99.4%, although 3 x 3 cells of CrO, are needed to fit one
cell of Cry03, whereas the corresponding matching value for Cr,03
directly grown on 3 x 3 TiO; (100) would be only 95.4%. It is
believed that the Cr,03 layer forms during the cooling of the
samples inside the CVD reactor, from the deposition temperature of
390 °C down to room temperature. Using the method described in
ref. [29], the thickness of this Cr,03 top layer can be calculated. For
instance, a value of 24.8 nm was obtained for the film A100/90,
which represents 11.8% of the total film thickness.

In order to assess the crystalline quality of the films and possible
structural misalignments between film and substrate, reciprocal
space maps (RSM) were recorded around the (220) and (200) re-
flections of CrO, for the samples grown on TiO; (110) and TiO;
(100), respectively. Fig. 4a—d displays typical symmetric RSMs for
films of the different types although keeping the deposition time
constant at 90 min. A qualitative inspection of these maps shows a
strong coherence between the [110] axes of CrO; and TiO5 in case of
the (110) oriented substrate (Fig. 4a and c). For the (100) CrO»/TiO,
(Fig. 4b and d) a strong coherence is also observed not only be-
tween the [100] axis of both materials as well as the [110] axis of
Cr,03, which reinforces our previous statement on the structural
relationship of the three compounds. Therefore, the following in-
plane orientation epitaxial relationships can be written:
Cr0,(110)[110]||TiO(110)[110] and Cry03(110)[110]||CrO,(100)
[100]||TiO2(100)[100].

An easy, rapid and accurate way of comparing these maps
amongst themselves will consist of making vertical and horizontal
cuts and plotting the intensities versus Qz (Fig. 4e and f) and Qyx
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Fig. 4. Symmetric reciprocal space maps of films deposited with oxygen (panels a) and b)) and argon (panels c) and d)) onto rutile-TiO, substrates with (110) orientation (top) and
(100) orientation (bottom). For all cases, deposition time is 90 min e), f): Vertical (Q.) cut and g), h): Horizontal (Qx) cut taken over the SRSMs shown in a) — d).

(Fig. 4g and h), respectively. The first plot gives the lattice param-
eter a for the films and substrates, determined from
a = 2m(h? + k*)V2/Q,. The second plot is related to the crystalline
quality of the CrO, layers, assessed through the analysis of the
FWHM of the profiles. In general, the lines are broader (along Q)
and thus a more pronounced mosaic structure is observed for the
films grown under oxygen. This result agrees well with the rocking
curves (not shown) measured around the (110) reflection, whose
FWHM decreases from 1.2° down to 0.8° when deposition time
increases from 60 to 240 min, the values for oxygen exceeding in
general the argon ones. More striking is the difference of RC for
both film orientations, for instance at tgep = 90 min, we measured
1.0° and 0.5° for (110) and (100) films, respectively. Table 1 sum-
marizes the Q; and lattice parameter a values for different samples.
While the reproducibility is very high regarding the TiO, substrates,
it is apparent that the CrO, films grown with (110) preferred
orientation are under tensile stress (tensile strain <0.3%), assuming
that a relaxed film will show a = 0.4421 nm. A calculated error of
2 x 107% nm is associated to the lattice parameter a of CrO,.
Neither the §—26 coupled diffraction nor the symmetric RSMs
allow determining the ¢ parameter. The lattice parameter ¢ was
determined with a high accuracy by using an XRD technique based
on the Bond method [32,33] and the asymmetric reflections (112)
and (202) respectively for (110) and (100) oriented substrates. It
was assumed that a = b. We show on Fig. 5 an example of these
measurements, and on Table 2 a summary of the results for selected
samples. The calculated error associated to the lattice parameter ¢
of CrO; is 3 x 10> nm. It comes out from these results that the
structural parameters of CrO; films grown on TiO, substrates are

Table 1
Q_ cuts on the symmetrical RSM for the substrate and film, and determination of the
lattice parameter a from the following equation: a = 27(h® + k*)'2/Q,.

Sample TiO, Q, (nm~!)  CrO, Q,(nm~') TiOya(nm) CrO,a(nm)
0110/180  38.699 40.102 0.45923 0.4432
A110/180 38.696 40.102 0.45926 0.4432
0110/90 38.697 40.091 0.45925 0.4433
A110/90 38.697 40.091 0.45925 0.4433
0100/90 27.360 28.440 0.45929 0.4419
A100/90 27.364 28.440 0.45923 0.4419
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Fig. 5. Schematic configuration (top panel) for the measurement of the XRD asym-
metric reflections by the Bond method, which are shown in the lower panel for two
films grown with argon on (110) and (100) TiO, substrates.

not sensitive to the carrier gas used for film growth whether it is
oxygen or argon. This is true for the (tensile or compressive) stress
acting on the films as a result of lattice mismatch and/or difference
in the thermal expansion coefficients of film and substrate. On the
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Table 2

Lattice parameters a and c of CrO; thin films, determined from symmetrical RSMs and Bond method, and tensile (¢ > 0)/compressive (e < 0) strain along the [100] and [001]

crystallographic directions.

Sample wt W~ (S a (nm)” ¢ (nm) £[100] = daja“ £001] = dc/c*
0110/180 (112) 35.6662 143.9174 35.8744 0.4432 0.28094 249 x 1073 —365 x 1072
A110/180 (112) 35.6944 143.9389 35.8778 0.4432 0.28091 249 x 1073 —3.67 x 1072
0110/90 (112) 35.6560 143.9121 35.8674 0.4433 0.28099 271 x 1073 —3.64 x 1072
A110/90 (112) 35.6247 143.8528 35.8859 0.4433 0.28085 271 x 1073 —369 x 1072
0100/90 (202) 39.2620 140.3580 39.4520 0.4419 0.28998 —0.45 x 1073 —0.55 x 1072
A100/90 (202) 39.2445 140.3550 39.4448 0.4419 0.29000 —0.45 x 1073 —0.55 x 1072

2 fp=[w" + (180 — w)]/2.
b Value calculated in Table 1.
€ & = 3X/xX = (Xfitm — Xpulk)/Xbulk-

other hand, the orientation of the substrate strongly influences the
phase composition of the deposited material as well as the struc-
tural behaviour of the CrO, films. Indeed, it is clearly seen that
while the films with (110) preferred orientation are compressively
strained, those with (100) are almost fully relaxed, which allows to
explain why their FWHM-RC are the lowest. This notorious influ-
ence of the substrate is in agreement with previous observations
from other research groups however, while Anwar and Aarts [34]
have found a similar behaviour to our films, Chetry et al. [35] and
Pathak et al. [36] found the opposite and based their interpretation
on differences in growth mode and morphology of the CrO, films.
We will come back to this point in Section 3.3.

3.2. Film thickness and growth rate

The CrO, growth kinetics depends on a number of factors such
as the geometry of the reactor, substrate material and crystallo-
graphic orientation, substrate and precursor temperatures, carrier
gas, and carrier gas flow rate [28,29]. This section will focus on the
role of the carrier gas on the thickness and growth rate of CrO; films
for both types of single crystal substrates. Fig. 6 shows the thickness
of CrO; films grown onto TiO; (110) as a function of deposition time
for both oxygen and argon carrier gases. The inset of the figure
shows the thickness of the films grown onto TiO, (100) for depo-
sition times of 90 and 120 min. First of all, we notice that films
grown with an oxygen flux are slightly thicker than those grown
with an argon flux regardless of substrate orientation. Only at
tgep = 240 min is this trend reversed, which is probably related to
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Fig. 6. Thickness vs. deposition time for CrO; films grown on TiO, (110) substrates with
oxygen (full squares) and argon (full circles) carrier gases. The lines drawn are linear
best fits. Inset: similar data for TiO, (100) substrate and deposition times of 90 and
120 min.

the faster consumption of the CrO3 precursor when using oxygen
carrier gas. Secondly, the thickness of films grown onto TiO; (100) is
larger than that of films grown onto TiO, (110) by a factor of about
1.7—-1.8. This value is slightly larger than the interplanar spacing
ratio, djgp/d119 = V2, between (100) and (110) lattice planes of a
tetragonal structure. Thus, the preferred growth orientation is in
part responsible for the difference in thickness observed for the
films grown on the two different substrates. Besides, the formation
of a Cry03 layer on top of CrO, (100) films and different growth
morphology (see below) can also be responsible for the observed
thickness difference.

The thickness of CrO;(110) films vs. deposition time (Fig. 6)
shows two different regions — a linear region that extends up to
~100 min and a saturation region for deposition times greater than
~140 min. In the linear region, growth rates of 1.10 + 0.04 nm and
110 + 0.07 nm can be deduced for the films grown respectively
with O, and Ar carrier gases. This result clearly shows that film
growth is not influenced by which gas is used to transport the Cr
precursor to the substrate. The observed transition from the linear
stage to the saturation regime is due to a decrease of the Cr pre-
cursor concentration in the gas phase.

3.3. Morphology

The surface microstructure and morphology of the as-grown
films was examined by FEG-SEM and AFM and is depicted in
Fig. 7 for 90 min deposited films. Again, the type of background gas
does not have a perceptible effect on film morphology and only the
substrate orientation affects the film growth mode. For both types
of substrates (and gases) similar CrO; building blocks consisting of
rectangular shaped grains were observed. However, the way these
grains pile up to grow a film varies with substrate orientation. For
CrO, (100) the stacking of rectangular plates on top of each other
with the same orientation is clearly observed on the AFM insets.
This microstructural arrangement leaves low-density boundaries
between the building blocks, or even voids, which allow explaining
the smaller values of the FWHM-rocking curves, the almost
absence of strain and rather smooth edges of the structures seen on
the SEM images. On the contrary, for the CrO, (110) samples the
piling-up of the rectangular platelets is not so perfect as previously
and some misorientation exists, which leads to higher FWHM-RC
values and denser structures with increased edges roughness. The
root mean square surface roughness (Rq) measured on the insets
(2 x 2 pm?) of Fig. 7 took values within 2.8—3.9 nm and 5.4—6.5 nm
respectively for CrO; (110) and CrO, (100), in agreement with the
observed microstructures.

3.4. Magnetic measurements — coercivity

We have used longitudinal MOKE magnetometry with the
applied magnetic field parallel to the easy axis (c-axis, oriented
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# A110/90

0110/90

A100/90

0100/90

Fig. 7. FEG-SEM images of A100/90, 0100/90, A110/90 and 0110/90 CrO, films. Insets show the corresponding AFM images with 2 x 2 pm? and the same Z scale (0—20 nm).

along the larger side of the rectangular grains) to measure the room
temperature magnetic properties of the as-deposited CrO films on
(110) and (100) TiO, substrates with oxygen and argon as carrier
gases. Fig. 8 shows the hysteresis loops of samples deposited for
90 min, where it is observed an increase of <15% in maximum
MOKE response when (110) substrate is replaced by the (100) one,
under the same background gas. A similar increase is also observed
for both substrates when oxygen is replaced by argon as flowing
gas. On the contrary, a sharp reduction of ~60% in the switching
field is observed for the (100) films grown during 90 min in com-
parison to the (110) ones. However, if the comparison is made be-
tween films of different orientation but the same thickness then the
switching field reduces by ~40%. The carrier gas seems to have no
remarkable influence on the coercive field. Various factors can
contribute to the change of coercivity, such as stoichiometry devi-
ation, grain size and strain [37]. Because Scherrer equation [38]
applied to the analysis of the XRD peaks gives similar grain size
for the films grown with either oxygen or argon, the highest strain

10
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Fig. 8. Hysteresis loops of CrO, films obtained by longitudinal MOKE magnetometry
with the applied magnetic field parallel to the easy axis. Substrate orientation, depo-
sition time, and carrier gas are indicated in the figure.

observed for the (110) films should be the main cause for their
enhanced coercivity. On the other hand, structural imperfections,
such as edge roughness, have been shown to alter the switching
field of elongated structures [39], the coercivity increasing with the
increase in edge roughness. For our films, the SEM and AFM images
on Fig. 7 clearly show rough edges of the (110) elongated structures
whereas the (100) blocks present sharp and smoother edges as
discussed above in Section 3.3.

4. Conclusion

CrO, thin films were grown onto (110) and (100) TiO, rutile
single crystal substrates by CVD using a highly efficient tubular
single-zone CVD furnace with independent control of the substrate
temperature. CrOs; was used as chromium precursor and either O;
or Ar as carrier gas. It is shown that the use of an Ar flux rather than
an O, flux is not a limitation regarding the deposition of CrO,.
Instead, the use of argon carrier gas allows to grow high quality
CrO, epilayers with similar structural, microstructural and mag-
netic properties of those grown with O, carrier gas. Also, the
growth rate of the films does not depend on the carrier gas used.
These results contrast with those reported by Ivanov et al., who
mentioned [31] a low efficient growth process and poor quality
films for argon assisted CVD CrO,. For each type of carrier gas, the
properties of the films are mainly determined by substrate
orientation.
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