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ABSTRACT

Vanadium dioxide exhibits a metal to insulator transition close to room temperature, making it very
interesting in particular for radiofrequency (RF) device applications. Here, we compare the structural
and RF properties of VO, thin films grown by magnetron sputtering on c-cut and r-cut sapphire
substrates. The epitaxial growth of VO, on c-cut sapphire gives rise to several crystallographic variants
for the insulating M1 phase. Moreover, during the structural transition, simultaneous presence of both
metallic and insulating phases is evidenced by X-ray diffraction over a large temperature range. Films
grown on r-cut sapphire exhibit only 2 variants, and present a very narrow temperature range of their
structural transition. Interestingly, such structural differences of the films grown on c- and r-cut sapphire
substrates have very little influence on their dc resistivity, while the transmission of the RF signal
through the metallic phase was found much lower on c-cut than on r-cut sapphire. This supports the fact
that r-cut sapphire is preferable for VO,-based RF device fabrication.

Keywords: Vanadium dioxide, X-ray diffraction, Epitaxy, Phase transition, Radiofrequency devices

The growing demand of the Internet of Things pushes the telecommunication industry to find solutions
for increasing the data exchange rate and the sustainability of the electronic components. In this picture,
phase change materials are appealing to complement classical semiconductors by their ability to adapt
their physico-chemical behavior in response to a stimulus. Among these, vanadium dioxide (VO») is
distinguished from the others by its metal-insulator transition (MIT) at the temperature Ty around
67°C '3, Tt exhibits an insulating monoclinic phase VO»(M1) (space group P2i/c) for T < Twir, and a
metallic rutile phase VO2(R) (space group P4/mnm) for T > Twir with a modification of structural,
electronic, and optical transmission properties. Additionally, the transition of the VO, may be triggered
by different stimuli such as thermal 2, mechanical and optical *°, directly impacting the transition rate.
This makes VO, thin films attractive for electronic and optical devices ® such as radiofrequency (RF)
switches, smart windows, and tunable materials with memory effect. In these applications, the transition
dynamics of VO, play a crucial role, and require high material quality with a steep slope of the electrical
resistivity, close to the one obtained for bulk single crystals 3. The VO, thin films growth is already a

well-studied topic. The depositions were mainly developed on sapphire (Al,O3) substrate "'

as high
quality VO films were obtained with desired electrical and optical properties. However, due to the
lattice parameter and symmetry mismatch between monoclinic VO,(M1) and hexagonal Al;Os phases,
multiple crystallographic variants coexist in the VO, film. Crystallographic variants of VO, have been
known since more than 10 years 1713, but no report directly address their impact on the phase transition

dynamics.
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In this work, we aim at exploring the effect of these crystallographic variants on the thermally induced
phase transition dynamics of the VO>(M1/R). The high quality of deposited VO thin films was
evidenced by structural characterizations, focusing on the differences between the films grown on two
different substrate orientations (c-cut (0001) or r-cut (1102) Al,Os). While the dc resistivity hysteresis
was found very similar on both substrates, we reveal by temperature-dependent X-ray diffraction (XRD)
a large temperature region where M1 and R phases coexist for VO deposited on c-cut sapphire, which
was not observed for r-cut. We discuss hereafter the impact of these structural differences on the RF

properties of the films integrated into devices.

Epitaxial thin films of VO, 280 nm-thick as measured by mechanical profilometry after etching, have
been grown by RF magnetron sputtering under low oxygen pressure, at the substrate temperature of
525°C, without further post-deposition annealing (see the supplementary material (SM) for more details
on the growth). The oxide structure was characterized by Raman spectroscopy and by XRD. The
experimental results shown in Fig.1 confirm the monoclinic M1 phase by the three main Raman bands
at 192, 223 and 614 cm™ 15, The two first can be associated with the motion of vanadium along the
cvoamn-axis of the VO, crystal (stretching motion of V-V dimers), while the third is related to the
stretching mode of V-O vibrations. Structural characterizations performed by XRD and electrical
measurements (see Fig.S1 from SM) further underline the excellent crystalline quality of the VO, films.
The corresponding 0-26 scans in Fig.1(b) show peaks at 39.81° and 37.07° that can respectively be
attributed to (020)voxmiy and (200)voxuny planes 6. Moreover, for each sample, all peaks of the same
plane family were indexed. No other diffraction peaks were detected besides the ones of the substrate,
which indicates that the obtained VO»(M1) films on c-cut and r-cut Al,Os are pure phase with the same

preferred growth orientation as reported in the state-of-the-art 2.
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FIG. 1. (a) Raman spectra and (b) 6-20 scans at room temperature of VO, films deposited on c-cut (blue)
and r-cut (black) sapphire substrates. The (linear) intensity scale is different for both orientations, with
a shift of origin between the two for clarity. The Raman spectra are compared to the one of a 200 nm
VO: film on (001)Al>O3 obtained by electron beam evaporation followed by a post-annealing under
oxygen atmosphere (red) '.

Once the room temperature M1 phase was confirmed, the epitaxial relationships were investigated for
the two orientations by ¢-scan (Fig.2) and reciprocal space map (RSM, Fig.3) analyses. On c-cut
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sapphire (Fig.2(a)), the ¢-scan of the oblique plane (104)ai203 reveals the threefold symmetry of the
hexagonal structure of ALO; along the capos-axis, visible by the three peaks spaced by 120°,
respectively. The @-scan of (220)voami) shows six triple peaks spaced by 60°. Combining the intrinsic
two-fold symmetry of VO, around the bvoxmn-axis (space group #14 21 screw axis) with the threefold
symmetry around the capos-axis gives the pseudo-six-fold symmetry revealed by these six triplets. These
same triplets, comprised of one main peak between two smaller satellites spaced by 4.3°, were already
reported in several studies *'>!713, Thanks to XRD scans in high-resolution performed on the satellite
and the main peaks (Fig.S2 in SM), we confirmed that the triplets come from two plane families of
VO2(M1), (220)voamiy and (222)vozainy. As shown in SM, we detected both at the same time while
working in symmetric ¢-scan configuration on our setup '2. Given the two possible orientations of the
cvoxmi-axis, shown in Fig. 2(c), for each of the three avoxmiy-axis directions, this results into 6 different
crystallographic variants for VO2(M1) phase on c-cut sapphire.
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FIG. 2. XRD ¢-scans at room temperature of a VO, layer deposited on (a) c-cut and (b) r-cut Al,O3
substrate. The red dashed lines indicate the positions of the (104)ai03 and (006)a1203 planes, respectively.
The (220)vo2m1y scans are shown in black. (c) VO2(M1) epitaxy on c-cut AlOs for two variants with
their avoan-axis (green and blue solid lines) at 30° from a, ,, . azimuth. Their different cvoou-axis
orientations (green and blue dotted lines) correspond to bvoxai or its opposite b’voaeuiy at 180°,
respectively. (d) The two variant possibilities of VO2(M1) deposited on r-cut Al;O3 considering a 180°
in-plane rotation of bvoxmi).

By contrast with the case of the c-cut A1,O3 substrate, structural studies on VO»(M1) films deposited on
r-cut AlOs substrate are only scarcely reported in the literature. Here, the @-scans of the oblique planes
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(006)ar03 and (220)vozmiy for a VO» film deposited on r-cut sapphire are displayed in Fig.2(b). The
results indicate that the trace of (220)voxa is in the r-cut ALOs plane, at +90° of the trace of (006)ai203
plane. As depicted in Fig.2(d), the cvoxouny-axis is thus perpendicular to the aapos-axis of Al,Os. Since
the bvoam direction is 90° from cvozmiy, it follows that the bvoxmiy-axis is aligned along the aapoz-axis
or [1120] direction of the r-plane of AlO;. We note that given VO»(M1) crystallographic structure, the
measured @-scans on r-cut Al,O3; would be the same for a VO, variant with its byoxmi) unit vector at
180° from the one shown in Fig.2(d). The RSM analyses presented below will evidence that there are
indeed two different crystallographic variants for VO2(M1) phase on r-cut sapphire.

We measured large area RSM in order to confirm the multiple growth variants developed on c- and 1-
cut AL,O; substrates. Moreover, the different (hkl) plane positions obtained in these RSM allowed us to
calculate the film lattice parameters and to determine the strain along the different unit cell axes of VO,.
As the film properties and in particular the MIT dynamics depend on the strain in the VO,(M1) unit cell,
this determination is very important to compare the films between both substrate orientations. Figure 3
displays the RSM obtained for VO, films on c- and r-cut Al,O; when aligned with respect to the substrate
directions.

In the case of c-cut sapphire, the maps along each of the 3 aapos-axes at ¢ = 60°, 180°, and 300° were
exactly the same, thus only one at ¢ = 60° is shown in Fig.3(a). In reciprocal space, the Qy direction is
aligned with one aapos-axis, while the Q, direction is along the capos-axis. All the diffraction peaks can
be identified, belonging either to the substrate (yellow circles and grid) or to two different VO, variants
(red and grey circles, respectively). Besides the (020)vozmiy and (040)vozxai) spots observed at Qy =0
(red and grey double circles), in agreement with the 8-20 scan of Fig.1(b), diffraction spots from both
the (hkh)voan and (0kl)voaory families are detected on the RSM. As depicted on the left of Fig.3(a) in
the case of (111) and (011) planes, these planes cannot belong to the same variant but are from two
variants with their avoami-axes 60° apart. Together with the data from the identical RSM measured at
¢ = 120° and 300°, 3 different crystallographic variants are detected for VO,(M1). The resolution on the
¢ angle is not enough to discriminate in the RSM between the variants with their bvoxmi-axis parallel
or anti-parallel to the capos-axis, but they are clearly identified through the @-scan of (220)voami)
(Fig.2(a) and (c)). In this way, we confirm the 6 different orientations of the VO2(M1) unit cell on c-cut
sapphire.

On r-cut sapphire, the RSM taken in opposite directions at ¢ = 0° and 180° are different, as shown in
Fig.3 (b) and (c), respectively. This evidences the presence of 2 crystallographic variants, with opposite
in-plane directions of their bvoaavi-axes as depicted in Fig.2(d) and reproduced on the left of Fig.3(b)
and (c). Indeed, as the avoxi-axis is positioned out-of-plane at an angle $~122° (Table S1 in SM) from
cvoami), @ RSM along the ¢ = 0° or 180° azimuth is parallel to the cvoxouiy-axis and thus is sensitive to
the direction of the avoxmiy-axis with respect to the surface plane. As shown in Fig.3(b) and (c), for
example the (-102), (-202), (202) and (002) planes are all seen on the RSM but ascribed to two different
variants, with spot intensities depending on the ¢ = 0° or 180° direction of the RSM. While one variant
will show the (-102) and (-202) spots at ¢ = 0° (Fig. 3(b), in grey), it will exhibit the (202) and (002)
spots at ¢ = 180° (Fig.3(c), in grey). And the opposite is observed for the other variant (in red in Fig.3(b)
and (c)). Finally, 2 crystallographic variants of VO2(M1) are detected on r-cut sapphire.
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FIG. 3. Reciprocal space maps (RSM) of VO»(M1) deposited on (a) c-cut sapphire substrate, taken
along aanpos azimuth, and (b, ¢) on r-cut sapphire, taken perpendicular to aapos azimuth with (b) along
[1101] and (c) along [1101]. The directions of the RSM scans are shown as blue lines on the unit cell
sketches on the left of each map. The substrate peaks and reciprocal space lattice are shown in yellow.
The VO2(M1) peaks are indexed in white and circled in red or grey to differentiate between the two
variants seen on each map. These variants are depicted on the left in corresponding colors (red and grey),
with a few selected planes as example, to be related to the peaks seen on the maps. Close-up views of
some areas of the RSM are also shown, to underline the 2 VO,(M1) variants detected on each map.
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From the indexed diffraction spot positions on the RSM, we were able to calculate the lattice parameters
of the VO2(M1) films on c- and r-cut sapphire. The results are presented in the SM (Table S1), with
strain values lower than 1% on all three a, b and ¢ axes of the unit cell for both substrate orientations.
This indicate mostly relaxed films, and is also compatible with the domain matching epitaxy (DME)
mechanism proposed by Narayan et al. 12 We measured a slightly lower compressive strain along the
avoami-axis on c-cut (-0.4%) than on r-cut (-0.7%) sapphire (Table S1). This is not enough of a
difference to give a significant shift of the MIT temperature 2! * between the two substrates.

As not only strain but also VO film microstructure can strongly impact materials property 2, we sought
whether multiple variants induce modifications in the transition dynamics, the property that makes VO»
attractive. Therefore, the structural transition of VO, was investigated by temperature assisted XRD
measurements (Fig.4). The 6-26 scans were acquired in the temperature range between 27°C to 92°C
for VO(M1) films, and the (020)vozouiy and (200)vozouny peak parameters were determined by a fit with
pseudo-Voigt functions. Fig.4 (a) and (b) show the evolution of the VO, peak position as function of
temperature on c- and r-cut sapphire substrates, respectively.
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FIG. 4. Evolution of the VO»(M1) peak positions as function of temperature (heating in red and cooling
in blue, vertical dotted lines are guide to the eye) on (a) c-cut and (b) r-cut Al,Os. Selected 6-20 scans
at (c) 65°C and (d) between 62°C and 64°C are shown to evidence the phase coexistence on c-cut
sapphire (c), not seen on r-cut sapphire (d). Experimental data in black and fit in green, red and blue,
with peak positions indicated by vertical dash-dotted lines.
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For the film deposited on c-cut Al,O3 (Fig.4(a)), three distinct zones can be observed. Between ambient
temperature and 60°C, the position of the (020)vo2m1) peak remains stable. Starting from 62°C, the peak
position shifts slightly towards higher 20 values. This phenomenon is accentuated when a second
diffraction peak appears, corresponding to the R phase. Between 64°C and 70°C, there is coexistence of
these two peaks. Considering the multiple crystallographic variants of VO, on c-cut Al,O3 and the
resulting polycrystalline microstructure (see also topography images in SM, Fig.S3), the phase transition
can happen step by step. When thermal stimulus is applied, crystallites of the insulating phase will transit
to the metallic phase. As the temperature increases, the R phase proportion will increase. And since the
metallic R phase has higher density than the M1 phase, local strain on the crystallites can appear and
explain the slight 20 shift of the peak. Finally, when the temperature is higher than 75°C, the second
peak stabilizes around 26 = 39.64°, corresponding to the (020) plane of the rutile phase. The same
phenomenon was observed upon cooling, and a phase coexistence region is clearly evidenced (Fig.4(c)).
In the case of the film on r-cut Al,O3, the evolution of the VO, diffraction peak in the 36.5° to 37.5° 260
range (Fig.4(b)) also confirms the phase transition but without phase coexistence for the M1 and R
phases. While some earlier works reported an intermediate M2 phase during the temperature-induced

transition -3

, all the films grown in our study by RF magnetron sputtering transit directly from M1 to
R or with a coexistence of M1 and R phases alone. It is likely that local strain developed during VO,
growth along avoxiy-axis (or cvoar)) impact the formation of the new phase 2%, In particular, under

compressive strain the film will tend to transit directly from M1 to R, as observed here.

At variance with the dc resistivity properties, for which experimental results are similar on both substrate
orientations (Fig.S1in SM), with hysteresis widths <1°C and resistivity ratio of 10%, structural transition
results (Fig.4) evidence the high impact of the crystallographic variants on VO, transition dynamics.
Following this observation, and in order to assess the possible effect on performance for RF applications,
we fabricated RF switches, using classical fabrication processes 2, comprised of a patch of active VO,
material integrated with gold coplanar waveguides as shown in Fig.5(a). The exact same process was
used to develop VO,-RF switches in so-called series configuration on both orientations of the Al,O3
substrate. After checking that VO, patterns were not affected by the process, and in particular that the
crystalline quality was not altered (Fig.S4 in SM), RF characterizations were performed as a function of
temperature. Fig.5(b) is an example of results obtained for switches fabricated on c- and r-cut sapphire.
In both cases, our measurements show that VO, switches in series configuration present the same general
behavior indifferently of the substrate orientation used. The signal is reflected when the VO, is
insulating, and transmitted when the VO is in the metallic state. However, it should be noted that in the
case of switches fabricated on c-cut Al,O3, from the mean values reported in Table 1, the insertion losses
were higher (3.3£0.7 dB at 10 GHz) that on r-cut (1.2+0.3 dB at 10 GHz). Incidentally, this is in line
with the slightly higher resistivity measured at 80°C for VO(R) phase on c-cut sapphire compared to r-
cut (Fig.S1 in SM). There thus appears to be a link between polycrystalline microstructure and resistivity
in the metallic phase. According to the percolation theory %, the metallic phase resistivity depends on
the formation and percolation of conductive clusters, influenced by the local mechanical stresses. In this
picture, the crystallographic variants would affect the formation of a conductive path between the
crystallites, giving a higher resistivity for a higher number of different orientations of the crystallites, as
is the case for VO2(R) on c-cut compared to r-cut sapphire. This in turn results in a lower transmission
of the RF signal for the metallic phase on c-cut than on r-cut at RF frequencies.
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Table 1. Comparison of VO, switch performance in series configuration for VO, deposited on c-cut and
r-cut AL,O; substrates. Both mean values and standard deviations (Std dev) are given, in red for metallic
state (at 80°C) and in blue for the insulating one (at room temperature).

VO, switch Insertion loss (dB) at 10 GHz Isolation (dB) at 10 GHz
series configuration Mean value Std dev Mean value Std dev
r-cut Al,O3 1.2 0.3 31.2 0.8
c-cut AO3 33 0.7 31.3 2.6
ALO, = M1 R
(a) (b) c-‘:l;O; —— Ml =— R

S,,-parameters (dB)

T
10

- Frequency (GHz) N

S,,-parameters (dB)

25 T
5 10 15

Frequency (GHz)
FIG. 5. (a) Optical micrograph of fabricated RF switches in series configuration. (b) S2i-parameters
measured at room temperature (M1 phase) and at 80°C (R phase). The VO, thin film was deposited on
r-cut Al,Os (in green and pink) and c-cut Al;O3 (in blue and red).

In conclusion, our investigations on VO>(M1) films grown by RF magnetron sputtering on c- and r-cut
sapphire substrates demonstrated the key role of the substrate orientation. Different preferential growth
orientations are obtained, (0kO)vozmiy on c-cut Al,O3 with 6 possible crystallographic variants, and
(h00)vozmiy on r-cut Al,Os with only 2 variants. Despite the temperature-dependent dc resistivity
measurements show very close dynamics for both samples, clear differences arise looking at the
structural transition and at the conduction properties in the RF range. Considering this, we can affirm
that the growth mode induced by the two substrate orientations impacts the transition dynamics, with a
final outcome on device performance in the RF range. The evidence of coexisting insulator and metallic
states of VO, during the transition for films deposited on c-cut Al,Oj3 substrate could certainly explain
the lower performances of switches for this orientation. This calls for additional studies of frequency-
dependent resistivity measurements as a function of VO, grain size and grain boundary structure.



AIP
é Publishing

SUPPLEMENTARY MATERIAL

See the supplementary material for details about thin film growth, resistivity hysteresis measurements
during VOs phase transition, additional X-ray diffraction data including lattice parameter calculations,
thin film morphology, and RF switches fabrication.
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