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ABSTRACT

There are significant challenges accompanied by fabricating a pure crystalline VO, (M1) thin film with an abrupt metal to insulator phase
change properties. Most fabrication methods yield an amorphous VO, thin film that requires a post-annealing process to be converted into
crystalline VO, (M1). Hence, the thickness of VO, (M1) films produced is very limited. In this work, we report the growth of pure VO,
(M1) crystalline thin films onto a sapphire substrate in an oxygen atmosphere by the femtosecond pulsed laser deposition technique and
using vanadium pentoxide (V,0Os) as an ablation target. The thin films were deposited at substrate temperatures of 25 °C, 400 °C, and
600 °C, which reveal the crystallized structures of VO, (M1) without post-annealing. The thin film deposited at a substrate temperature
of 600 °C exhibits a sharp and an abrupt metal-to-insulator transition (MIT) at a temperature of 66.0 + 2.5°C with nearly four orders
of magnitude of the resistivity change (3.5 decades) and a narrow MIT hysteresis width of 3.9 °C. Furthermore, the influence of the sub-
strate temperature, nanoparticle or grain size, and film thickness on the MIT parameters such as sharpness of the transition temperature,
hysteresis width, and amplitude are discussed for potential applications of tunable antennas, terahertz planar antennas, and RF-microwave
switches.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0010157

I. INTRODUCTION

Vanadium is a well known ductile metal with a strong attrac-
tion for oxygen, which leads to the formation of multiphase states
such as VOz, V203) VzOs V305, V1406> V6013, etc.H More-
over, there are many polymorphic structures of vanadium dioxide
(VOy), including M1, M2, A, B, C, and R with the same chemi-
cal formula®” and completely different crystalline structures. This
clearly demonstrates the complexity of the vanadium-oxygen poly-
morph crystallographic structure. Among these, vanadium-dioxide
VO, (M1) polymorph phase thin films have received a great deal
of attention in the recent years due to their remarkable physi-
cal, chemical, optical, and electrical properties. VO, (M1) under-
goes reversible semiconductor metal-to-insulator transition (MIT)
in rutile-type, which starts from the room temperature insulat-
ing state to the metallic state at a temperature around 68°C.’

This phase transition is accompanied by a structural change from
a lower temperature monoclinic crystal to a higher temperature
tetragonal rutile polymorph phase subsequently exhibiting the
electrical resistivity change from three to five orders of magnitude.
The fast switching of the VO, crystalline phase can be stimu-
lated by external stimuli such as electrical, optical, and thermal
activation,” " thus leading to change in the thermal, electrical,
magnetic, and optical properties. The change in the phase by
external stimuli is reversible through the normal cooling process.
These outstanding properties of the VO, (M1) thin film are attrac-
tive for designing ultrafast optical switches, thermochromic smart
windows, modulation of near-infrared wavelengths, RF-microwave
switches, THz metamaterial devices, phase shifters, power lim-
iters, tunable and reconfigurable antennas and microwave devices,
nano—relspgators, and smart radiation devices for spacecraft appli-
cations.
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There are significant challenges and difficulties accompanying
the synthesis of a pure VO, (M1) thin film, which could exhibit
sharp MIT with a narrow hysteresis width. The MIT properties
depend on multiple factors, including fabrication techniques, crys-
tallinity or grain size, deposition or post-annealing temperature,
doping impurity, stoichiometry, oxygen deficiency, and strain.”*"’
Despite this, the vanadium ions and oxygen stoichiometry ratio
have a considerable influence on the vanadium oxide system for-
mation, electrical, and optical properties. As a consequence, sev-
eral fabrication techniques such as sputtering,”’ molecular beam
epitaxy,”” atomic layer deposition,” and nanosecond pulsed laser
deposition (PLD)***” have been employed to the deposition of
various vanadium-oxygen polymorphic phases. Among these fab-
rication techniques, PLD has shown to be highly efficient for sto-
ichiometry mass transfer from the target material to the substrate
surface along with high deposition rates. Conversely, most of the
VO, thin films synthesized by the PLD method have employed KrF
excimer and Nd:YAG nanosecond (ns) lasers.” *’ The ns-PLD abla-
tion of a target material creates a continuous heat-affected zone on
the surface of the material with a laser-induced shock. This leads
to the formation of broader and cluster microparticles due to the
subsurface superheating of the target material during evaporation
or ablation owing to the long pulse duration of the ns-laser."’ Fur-
thermore, recent studies suggest that most vanadium oxide (VyOy)
thin films fabricated by ns-PLD require post-deposition annealing
in various gas atmospheres such as oxygen or mixture of oxygen
and nitrogen so as to form VO, (M1) stoichiometry.”" "’ On the
other hand, femtosecond (fs)-PLD ablation is significantly different
from ns-PLD and is an effective method of producing nanoparti-
cles without introducing any thermal heating effect onto the target
surface. This is attributed to the time scale of the fs-laser matter
interaction of the target material, which is presided by the ultra-
short pulse duration. The plasma plume created by fs-laser interac-
tion with a target consists of the nanoparticles of sizes ranging from
10 nm to 100 nm"* through the optimization of the laser fluence,
which accumulate to form a thin film on a substrate with a min-
imal surface roughness and change in stoichiometry. The fs-laser
interaction with various target materials and nanoparticles gener-
ation has already been discussed extensively elsewhere.'*"* Hence,
it is worth investigating the fs-PLD fabrication of the VO, thin film
to better understand the relationship between nanoparticles or grain
sizes, film thickness, and a structural phase transition on the MIT
parameters.

Here, we present the high rate synthesis of thick and good qual-
ity polycrystalline VO, thin films on the sapphire substrate by using
a less expensive vanadium pentoxide (V,0s) target and the fs-PLD
technique. We carried out the single step process of fabricating a
pure VO, thin film by ablating the V,Os target under the oxygen
atmosphere via fs-PLD. The influence of the substrate temperature
on the grain sizes, VO, thin film thickness, crystalline structure eval-
uation, the change in electrical resistivity from insulating to metal-
lic phase, transition temperature, and hysteresis width of the films
grown is discussed in this paper.

Il. EXPERIMENTAL DETAIL

A commercially available V,05 powder (high purity grade
99.95%) was obtained from Alfa Aesar, and then pressed into a tablet

scitation.org/journal/adv

with a dimension of 30 x 30 x 3.5 mmsT:li\?d was used as an ablation
target for fs-PLD. A KMLabs Wyvern  1000-10 amplifier solid-
state Ti:sapphire laser (central wavelength of 800 nm, repetition rate
of 10 kHz, full width half maximum (FWHM) of 60 nm, pulse dura-
tion of ~40 fs) was used to ablate the V,O5 target onto the sapphire
(0001) substrate, which was converted into a VO, thin film upon
careful optimization of the deposition parameters. The sapphire sub-
strates of 650 ym thick were initially cleaned with deionized water at
a temperature of 50 °C, followed by cleaning with acetone and iso-
propanol for 15 min, and finally dried with a clean lens tissue. The
target-to-substrate distance was maintained at 70 mm during the
deposition. V,0s5 nanoparticles were initially deposited on the sap-
phire substrate for 12 min at room temperature with the laser fluence
range from 0.16 J/cm? to 0.49 J/cm? to establish the ablation thresh-
old of the target material. This was found to be 0.27 J/cm®. Prior to
VO, thin film fabrication, a customized PLD chamber (PVD Prod-
ucts) was pumped down to a base pressure of 107° Torr, and then
injected with a high purity oxygen as a background gas maintain-
ing the chamber pressure at ~70 mTorr. The substrate temperatures
during the film growth were held at 25 °C (SP25), 400 °C (SP400),
and 600 °C (SP600), while a laser fluence of 0.27 J/cm? was used to
ablate the target. The thin films were deposited onto the sapphire
substrates over a time period of 120 min.

The surface morphology and microstructure of the films were
initially characterized by scanning electron microscopy (SEM), while
the size distribution of the particles was processed by using the Fiji
enhanced Image] software. The crystalline phase of the thin films
was investigated by x-ray diffraction (XRD) (Philips X’pert MPD
instrument) and Raman spectroscopy. A glancing incident angle of
1.0° was employed to measure the XRD patterns of the films using
a Philips PANalytical X’pert Diffractometer with Cu Ka radiation
(A = 1.54056 A). A Renishaw inVia Raman microscope under an
Ar* laser (514 nm) excitation was used to measure the vibrational
spectra of the V,Os target and as-deposited thin films, whereas, the
cross section and the thin film thicknesses were examined with a
focused ion beam (FIB, FEI Helios G4 CX DualBeam). The electrical
resistivity switching of the thin films was also examined with a two-
point probe made contacts technique at a temperature range from
20°Cto 100 °C.

Ill. RESULTS AND DISCUSSION

A. Surface morphology and crystalline structure
evaluation

Knowing that the fs-PLD thin film is formed by the accumu-
lation of nanoparticles, V,Os nanoparticles were initially deposited
on the sapphire substrate at room temperature for 12 min by vary-
ing the laser fluence and keeping the other deposition parameters the
same as that of samples SP25, SP400, and SP600. Figure 1 illustrates
the SEM images of the particles deposited by using different laser
fluences of 0.16 J/cm?, 0.27 J/cm?, and 0.49 J/cm?. The particles are
well dispersed across the entire substrate, as shown in Figs. 1(a) and
1(b), while Fig. 1(c) exhibits agglomerated particles. It is evident that
an increase in the laser fluence leads to increase in the particle size
and deposition rate. The Image] software was used to estimate the
average diameter of V, 05 nanoparticles or their grain size. The SEM
images have a resolution of 1280 x 980 pixels, horizontal and vertical
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FIG. 1. SEM images of V,05 nanoparticles deposited on the sapphire substrate at room temperature and 70 mTorr oxygen background gas while varying the laser fluences:

(a) 0.16 Jicm?, (b) 0.27 J/cm?, and (c) 0.49 Jicm?.

widths of 5.07 x 3.80 um? with a pixel corresponding to ~4 nm. The
size distribution of the nanoparticle is shown in the inset in Figs. 1(a)
and 1(b). An average diameter of the nanoparticle or grain size is
estimated to be 34 + 2 nm with a maximum particle size less than
160 nm.

The bulk structural properties of the thin films prepared can
be quickly assessed by Raman spectroscopy. Figure 2 shows Raman
spectra confirming the vibrational modes of the atomic arrangement
and the crystal phase of the as-deposited thin films and compared
them with the spectrum of the V,Os target. The Raman spectrum of
the V,Os target reveals nine Raman-active vibrational modes, which
are centered at ~143 (Bsg) cm™}, 196 (Ag) cm™}, 283 (Bag) cm™?,
302 (Ag) cm™', 404 (Ag) cm™!, 479 (Ag) cm™, 525 (Ag) cm™,
699 (Byg) cm™!, and 994 (Ag) cm™!. These vibrational bands relate
to the V205 orthorhombic phase and had been previously reported
elsewhere. ' Upon depositing the thin films, the V,Os target
material undergoes complete phase transformation to the VO,
(M1) monoclinic phase at the substrate temperatures of 400 °C and

Normalized intensity(a.u.)

360 S(I)O 960
Raman Shift (cm™1)

1200

FIG. 2. Raman spectra of the ;05 target and VO, thin films fabricated at 25 °C,
400 °C, and 600 °C, respectively.

600 °C. As shown in Fig. 2, the Raman spectra for samples SP400
and SP600 measured at room temperature reveal the vibrational
bands of VO, (M1) with Raman active vibrational modes located
at 143 (Bg) cm™', 193 (Ag) em™', 224 (Ag) cm ™, 260 (Bg) cm™’,
307 (Bg) em™’, 338 (Ag) cm', 389 (Bg) cm™', 440 (Bg) em’},
497 (Ag) cm™, 614 (Ag) cm™, and 820 (Bg) cm ™1 According to
Shvets et al.,” the vibrational peak found at 193 cm™! is associated
with the VO, stretching motion of V-V dimers, whereas the band
located at 338 cm™" is assigned to the tilting motion of V-V dimers.
On the other hand, the thin film deposited at 25 °C (SP25) consists
of a mixed-phase of V205, VO, (B), and V¢O3. For instance, the
vibration band range from 100 cm™ to 500 cm™", which is centered
at 280 cm ™" can be attributed to the mixed-phase of V,0s and VO,
(R).” According to Asmis and Sauer,” the vibrational bands peaked
at 567 cm ™! and 740 cm ™! are assigned to VO3 and V4O1; bonds.

Besides Raman spectroscopy data, the crystal phase of the V,05
target and as-deposited VO, thin films on the sapphire substrate
were further confirmed by XRD measurements. A grazing incident
angle of 1.0° was employed to measure the XRD diffraction pat-
terns of the target V,Os and films using a Philips PANalytical X’pert
Diffractometer with Cu Ka radiation (A = 1.540 56 A). Figure 3 illus-
trates XRD patterns of the V,0s target and VO, thin films at the
substrate temperatures of 25 °C (SP25), 400 °C (SP400) and 600 °C
(SP600) measured within the 26 range from 5° to 80°, respectively.
The XRD patterns of the V,Os target correlate with the standard
data available in International Center for diffraction Data (ICDD)
card number 00-061-0027 and the orthorhombic phase structure as
well as the phase group of P21/m. Furthermore, the XRD spectra
of samples SP400 and SP600 have peaks centered at 20 = ~27.9°,
~37.1°, ~42.2°,~56.9°, ~65°, and ~73.5°, which correlate with (011),
(200), (210), (220), (013), and (231) reflection planes of monoclinic
VO, (M1), respectively. This evidently demonstrates the formation
of the polycrystalline structure that is ascribed to a single-phase
monoclinic VO, without any other phases of the vanadium oxide
diffraction pattern detected. According to ICDD, the observed peaks
in the XRD pattern for SP400 and SP600 can be assigned to a pure
monoclinic (M1) crystal structure and phase group of P21/c (ICDD:
00-009-0142). Furthermore, these diffraction patterns are in good
agreement with theVO, (M1) thin film reported by Brassard et al.,””
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(111)
(211)
(220)
(013)

Normalized intensity(a.u.)

2 0 (deg.)

FIG. 3. Grazing-incidence XRD diffraction patterns spectra of the V,05 target and
VO, thin films deposited at the substrate temperatures of 25°C, 400°C, and
600°C.

which was fabricated by the reactive-rf-magnetron sputtering tech-
nique and using a pure vanadium metal target under the mixed
argon and oxygen gas atmosphere. However, the XRD patterns of
sample SP25 revealed several varieties of vanadium oxide, which
include V,0s5, VO, (B), and VsO13. This result agrees with vana-
dium oxide thin films fabricated by ns-PLD and using the vanadium
target under a mixture of argon and 10% oxygen gas atmosphere
(D). These diffraction patterns match with the ICCD card numbers:
00-052-0794, 01-083-8516, and 04-007-1362. The Debye-Scherrer
formula, d = 0.9}/ Bcosf (where A is the wavelength, f3 is the full
width half maximum of the peak, 20 is the scattering angle in radi-
ans) was used to estimate an average nanoparticle or grain size. The

SP400
Pt

vo,

Al,0,

scitation.org/journal/adv

average grain size of these samples SP400 and SP600 is calculated to
be 14 nm and 21 nm, respectively, for the diffraction peak centered
at 26 =27.90°.

The surface morphology and cross section of the films were
studied to understand the influence of the substrate temperature
on the formation of VO, thin films. A focused ion beam (FIB,
FEI Helios G4 CX DualBeam) approach was employed to mill and
release a thick TEM lamella for in situ SEM. The microstructures
of the VO, thin films comprising a large collection of nanoparti-
cles or grains deposited on the substrate are shown in Figs. 4(a)
and 4(b). The nanoparticles or grain sizes are spherical in shape and
randomly distributed across the entire substrate surface of sample
SP400 with an estimated average nanoparticle size of ~12 nm (based
on analysis using the Image] software). The average value of the
nanoparticle radius obtained at the substrate temperature of 400 °C
correlated well with that from the Debye-Scherrer formula calcula-
tion. In the case of sample SP600, the nanoparticles or grain sizes
are non-uniformly distributed with irregular packing. The closed
packed structure of sample SP600 is due to the higher temperature
heating of the substrate that led to the agglomeration of the nanopar-
ticles or the grains during deposition. Comparing the surface mor-
phology of samples SP400 and SP600 with the sample fabricated at
room temperature (shown in Fig. 1) clearly demonstrates that the
substrate temperature has a significant effect on the quality of films
produced and, on the nanoparticles, or grain sizes. A SEM cross-
sectional analysis is performed to better understand the effect of the
substrate temperature on the film growth under the stated deposi-
tion parameters of fs-PLD used in this research. The cross-sectional
lamellae of the films were prepared by precise FIB milling and their
corresponding SEM images are shown in Figs. 4(c) and 4(d). These
illustrate a clear distinction between the VO, thin film deposited at
two different substrate temperatures in terms of their porosity and
thickness. The film deposited at 400 °C is more porous and thicker
(1.2 yum) compared to the film deposited at 600 °C, which is thinner
(0.75 um) and less porous.

FIG. 4. SEM top-view microstructure
image of the VO, thin film deposited
onto the sapphire substrate at (a) 400 °C
and (b) 600 °C. Cross-sectional interface
between the VO, thin film and sapphire
substrate at (c) 400 °C and (d) 600 °C.
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FIG. 5. (a) Electrical resistivity vs temperature behavior of VO, thin films grown on the sapphire substrate at different substrate temperatures: 400 °C (SP400) and 600 °C
(SP600). (b) First derivative of —log1o(p) with respect to the temperature for heating (red, circle) and cooling (blue circle) curves.

B. Modulation of the VO, thin film phase
transition temperature

In order to assess the characteristic MIT of grown VO, thin
films and their suitability for applications we have carried out the
measurement of their resistivity as a function of temperature. The
electrical resistivity switching of the thin films was measured with
a two-point probe made contacts technique at temperatures rang-
ing from 20 °C to 100 °C in a step of 4.0 °C. Figure 5 illustrates the
resistivity (p) as a function of the temperature for the heating and
cooling cycles of the VO, thin films (SP400 and SP600). As shown
in the figure, both VO, thin films undergo semiconductor MIT,
when heated from room temperature to higher temperatures and
vice versa. Sample SP600 exhibits a sharp and abrupt change in resis-
tivity nearly four orders of magnitude in contrast to sample SP400
with three orders of magnitude change in resistivity switched. This
indicates that sample SP600 is a better-quality thin film than sam-
ple SP400 in terms of electrical characteristics. The MIT parameters
of the VO, thin films were determined by using the first derivative
of the resistivity with respect to temperature {i.e., d[flog(p)]/dT}.S 0
A graph of d[-log(p)]/dT] vs temperature was fitted to a Gaus-
sian profile for the thermal cycle of heating (Ty,) and cooling (T.)
[Fig. 5(b)], and then used to determine the four MIT parameters
as well as the quality of the VO, films. The phase transition tem-
perature is expressed as the average transition temperature between
the T, and T. cycles, (Tt = %(Th + Tc)), while the thermal hystere-
sis width, (AH), is defined as the absolute temperature difference
between T}, and T cycles transition, (AH = |[(T}, — T¢)]|). The sharp-
ness is characterized by the full width half maximum (FWHM) and
the amplitude (AA in decades) is expressed as the logio of the ratio
of change in resistivity between metallic-to-insulating stages. The
MIT characteristics of samples SP400 and SP600 are reported in
Table I.

According to Gaussian fittings on the derivative logarithmic
plots of resistivity, the MIT heating and cooling temperatures of the
VO; thin film grown at a substrate temperature of 400 °C (SP400)
are determined to be 49.4°C and 56.5 °C, respectively, as shown
in Fig. 5(b). This corresponds to an average MIT temperature of
53 + 2.6°C, while MIT temperatures of 64.3°C and 68.2°C are
observed for heating and cooling of the sample SP600, respectively.
An average transition temperature of ~66 + 2.5 °C is obtained, which
is closer to that of a bulk VO, material (68 °C).* Previous studies
by Kana et al”” demonstrated that the MIT transition tempera-
ture depends on the VO, film thickness; thinner films have shown
higher transition temperatures. Sample SP600 with a film thick-
ness of 0.75 ym reveals a narrower hysteresis width temperature of
~3.9°C as compared to 7.2 °C of sample SP400, which is 1.3 ym
thick. It had also been demonstrated that the surface morphologies
such as grain size distribution and boundary interface have pro-
found consequence on the VO, thin film MIT characteristics,”® espe-
cially, transition temperature and amplitude. Thus, the difference
between these two samples’ MIT parameters can be attributed to the
increase in the substrate temperature, which leads to the increase in
nanoparticles or grain sizes. Moreover, the increase in the substrate
temperature enhances the nanoparticles’ compactness and decreases
the nanoparticle/grain boundaries, as given in Fig. 4. Hence,

TABLE I. The MIT characteristics of the as-deposited VO, (M1) thin films.

AIP Advances 10, 065225 (2020); doi: 10.1063/5.0010157
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SampleID T (°C) AH(°C) FWHM (°C) AA (decades)
SP400 53+2.6 7.2+0.2 21.0 3.1+0.1
SP600 66 +£2.5 3.9+0.1 7.0 3.5+0.1
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sample SP600 exhibits the good quality of VO, (M1) thin film
because the phase transition temperature of the heating process is
around 68.2 °C, which matches with the transition temperature of
a bulk VO, sample. In addition, sample SP600 has lower AH and
higher AA values as depicted in Table I, while the T; and AH val-
ues are analogous to many studies reported elsewhere.””"”" For
instance, Cheng et al” synthesized the VO, thin film onto the 6H-
SiC substrate by employing the VO, ceramic target and ns-PLD
technique. Their results indicate that the phase transition temper-
atures range from 66 °C to 70 °C, which is consistent with our mea-
surements. In contrast, sample SP400 is not of good-quality VO,
thin film owing to its smaller nanoparticle or grain sizes, grain
boundaries, high nucleation or porosity defects on the surface, and
cross section. This can be explained by the low AA and high AH
values with a broad and low phase transition temperature of about
53 + 2.6 °C. Such low transition temperature and broad thermal hys-
teresis width characteristics could be attributed to the amorphous or
randomized polycrystalline VO, thin film. The low transition tem-
perature and amplitude as well as broad hysteresis width obtained in
the thin film grown at 400 °C could be attributed to the fact that
the film growth condition was far below the optimized condition
required. Bhardwaj et al.” recently fabricated a VO, (M1) thin film
on the silicon-on-silica substrate by reactive PLD with the vanadium
target. A phase transition temperature of 55°C was obtained at a
substrate temperature of 600 °C under the oxygen pressure of 50
mTorr. Furthermore, the non-uniformity of the thin film surface
and porosity could have been attributed to the low MIT temper-
ature and high sharpness values. These results are comparable to
Brassard et al.”’ where they grew the high-quality polycrystalline
VO, (M1) thin films on the Si3N4/Si substrate by employing the
reactive rf-magnetron-sputtered technique with the thickness range
from 50 nm to 350 nm. They obtained a phase transition temper-
ature of 69 + 2°C regardless of the film thickness, however, the
MIT sharpness and hysteresis width decreased from 9 °C to 3 °C and
12°C to 7.5 °C by increasing the film thickness. Hence, the thicker
and good-quality polycrystalline VO, thin film could be ascribed
to the excellent characteristics of the VO, film’s semiconductor to
metal transition.

IV. CONCLUSION

In conclusion, the fs-PLD technique has been successfully used
for synthesizing high-quality VO, (M1) thin films on sapphire
(0001) substrates with a V,Os target at the substrate temperatures
0f 400 °C and 600 °C. The surface morphological analyses were car-
ried out by SEM to evaluate the influence of the substrate tem-
perature on the nanoparticles or grain size. It is observed that the
nanoparticle or grain size increases with an increase in the sub-
strate temperature to form agglomerated nanoparticles or grains,
whilst the surface roughness of the films improves considerably.
The structural characterization performed by Raman scattering and
XRD measurements confirmed the presence of high-quality VO,
(M1) phase films for both samples. The electrical resistivity switch-
ing of the VO, thin film MIT was thermally activated by three to
four orders of magnitude change in the resistivity and MIT width of
3.9 °C for sample SP600. The structural and electrical characteristics
of the VO, (M1) film fabricated by the fs-PLD technique could be
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attractive for thermochromic smart windows and tunable antenna
applications.
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