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Abstract

W-doped monoclinic vanadium dioxide VO2(M) thin films with various W contents were
successfully deposited by magnetron sputtering method. As-deposited films consisted of multilayers
composed of VOo/W bilayers. Further annealing at 500 °C under Argon for 1 h led to crystallized and
homogeneous V1.xXWxO.:s films. 200 nm films were characterized at room temperature by Rutherford
backscattering spectrometry (RBS), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). Besides, the films were analyzed by temperature-dependent infrared transmittance in the
wavelength region 2-25 pum and the effects of W doping on thermochromic properties of VO were
studied. The results show that the transition temperature gradually decreases with increasing W
content. A transition temperature of 21 °C with a high infrared transmittance modulation (= 68 %)
was finally achieved with a W-doping level of 2.7 at.% which may indicate a strong potential for

applications in optical devices as functional materials.
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1. Introduction

Materials with tunable Metal-Insulator Transition (MIT) are of great interest in various applications
such as thermals sensors, electronic switches, adaptive infrared camouflage, smart windows, etc [1,
2, 3]. Among several MIT materials, vanadium dioxide (VO.) shows a first order reversible transition
from a monoclinic structure (M1, P21/c) to a rutile structure (R, P42/mnm) at around 68 °C [4] which
is closer to room temperature than any other thermochromic materials.

Above the phase transition temperature, the partially filled 3d// band is localized at the Fermi level
giving to VO3 a metallic behavior. The temperature decrease induces displacement of V#* leading to
the splitting of the 3d// band and destabilization of the & band. Thus, all electrons are transferred to
the lowest energy 3d// band corresponding to a bandgap of ~0.6 eV opening up between rr+ and the
filled part of 3d// band giving to the material a semiconductor state [5]. Thus, the reversible phase
transition involves an abrupt change in optical, electronic and structural properties of VOo,.
Nevertheless, the variation in these properties as a function temperature induces a thermal hysteresis
[6]. A higher thermal activation energy is needed during the heating cycle to transform the low-
temperature monoclinic phase VO into the high-temperature rutile state. The nature of the hysteresis
curves depends very strongly on the nano- and microcrystalline nature of VO [7]. Several chemical
and physical methods have been developed to grow dense and continuous VO based films including
CVD, Sol-gel, solutions methods and magnetron sputtering [8, 9, 10]. However, vanadium can form
many different oxides when exposed to oxygen (such as V203, V407, V30s, V307, V20s..) [11], so
developing an efficient and reproducible technique to form stoichiometric VO; thin films is of critical
importance for VO-based devices.

As mentioned above, the metal-insulator transition of VO> occurred at 68 °C which is too high for
room temperature applications. One way to reduce the transition temperature is to substitute V#* ions
by metal ions with higher valence such as W®*, Nb>*, Mo®* [12, 13, 14, 15]. Among them, W has

been considered as one of the most effective ion, lowering the transition temperature (Tc) by 24 °C



per 1 at.% [12] while 7.5 °C per 1 at.% and approximatively 8 °C per 1 at.% have been reported for
Nb [13] and Mo [16], respectively.

In this paper, an innovative method for the deposition of W-doped VO- thin films by magnetron
sputtering is studied. Indeed, multilayers composed of VO./W bilayers are first prepared allowing to
govern the W content by adjusting the thickness of the W layer. The main advantage of this process
as compared to co-sputtering deposition is its repeatability. Indeed, co-sputtering can caused
thickness and composition inhomogeneity issues and contamination between the targets. Then, an
annealing step at 500 °C under Ar flow is performed to allow both crystallization of VO, monoclinic
phase and diffusion of W through the VO layers to form homogeneous W-doped VO film.
Furthermore, the thermochromic properties of the films have been investigated with optical

transmittance in the mid-infrared range.

2. Experimental section

2.1. Preparation of W-doped VOz: thin films by magnetron sputtering

W-doped VO: thin films were prepared from annealing of multilayers composed of VO./W bilayers.
Layers were deposited on (001) oriented silicon substrate by cylindrical DP650 magnetron sputtering
device (ALLIANCE CONCEPT). The Si-(001) substrates were selected for their optical transparency
in the infrared range. Pulsed Direct Current Magnetron Sputtering (PDCMS) was used as magnetron
supply. The pulse repetition frequency and duration time were 50 kHz and 2 ps. VO layers were
deposited from vanadium target of high purity (99.9 %_GENCOA) with 75 mm diameter in an Ar +
O environment. During the deposition process, Ar and O gas flow rates were fixed at 60 sccm and
2.4 sccm, respectively for a total sputtering pressure of 1 Pa. A sputtering power of 250 W was used
for each VO layer deposition.

W layers were deposited from a 150 mm diameter tungsten target (99.9 %_ALLIANCE CONCEPT)
in an Ar discharge with a power supply fixed at 100 W. The Ar flow rate was set to 30 sccm for a

total gas pressure maintained at about 0.7 Pa.



Three different multilayers were deposited. The VO2 and W thicknesses were adjusted in order to
obtain multilayers with different (W/V) atomic ratios of 0.8 (Sample A), 1.8 (Sample B), 2.9 (Sample
C) respectively (Table 1). To ensure ultra-thin layers of W, a dynamic mode deposition was used.
The substrate holder was fixed on a rotating plate during the process. The deposition of W was
performed through various stages. Firstly the power supply was applied on the W target to create the
discharge while the substrate was positioned at 180 ° from the W target. No deposition occurred
during this first step. Then the rotating plate was activated to do a complete rotation allowing the
deposition of a very thin film of W when the substrate moved under the W target. The rotation speed
was adjusted in respect of the expected thicknesses of W layers.

The W content in the multilayers is determined by %W = n(W)/[n(W) + n(VO2)] but can be
approximated for low doping ratio by the following formula :

nW) _  u(W)x[N(W) xe(W)] x M(V0,)

YoauW = n(Vo,) u(V0,) X [N(V0,) x e(V0,)] x M(W)

with n(X) amount of substance (mol)
ux) density (g.cm?) [u(VOz) = 4.57 g.cm™ et u(W) = 19.3 g.cm)]
M(X)  molar mass (g.mol?) [M(VO:) = 82.9 g.cm™ et M(W) = 183.8 g.cm’®)]
e(X) thickness of each layer (cm)
N(x) Number of layers

Equation 1 : Theoretical calculation of the W content

The total thickness of the films was measured with a Veeko Dektak 8 profilometer.

Sample A Sample B Sample C
VOz thickness layer (nm) 25 20 20
Number of VO layers 8 10 10
W thickness layer (nm) 0.10 0.19 0.30
Number of W layers 8 10 10
Theoretical W content (%) 0.8 1.8 2.9
Total thickness expected (nm) 201 202 203
Total thickness measured + 5 (nm) 203 215 220

Table 1 : Multilayers deposited by PDCMS
An annealing step at 500 °C under Ar flow during 1 hour was then performed to allow the
crystallization of VO, and diffusion of W through the VO. layers. Both heating and cooling rates

were adjusted at 2 °C.min and the Ar gas flow was fixed at 0.5 L.min" during the whole process.



2.2. Characterization of the W-doped VO: films

The composition and dopant profile were examined by RBS (Rutherford backscattering
spectrometry) with 2 MeV He ions at a scattering angle of 170°. Rutherford simulation program
(SIMNRA) was used to simulate the RBS patterns.

A ThermoFisher Scientific K-ALPHA spectrometer was used for XPS surface analysis with a
monochromatized AlKo source (hv = 1486.6 eV). X-Ray spot size was 400 microns for points
acquisition. A pressure of 107 Pa was reached in the main chamber when transferring the thin layers.
The full spectra (0-1100 eV) were obtained with a constant pass energy of 200 eV and high resolution
spectra at a constant pass energy of 40 eV. Charge neutralization was applied during analysis. High
resolution spectra (i.e. Cls, O1s-V2p, V3p-WA4f, N1s, Si2p) were fitted using the AVANTAGE
software provided by ThermoFisher Scientific (Scofield sensitivity factors used for quantification).
The structure of the films was identified by Bruker D8 Discover X-ray diffraction at a grazing angle of
2° using CuKa radiation with a wavelength of 0.15405 nm.

The spectral transmittance in the wavelength range of 2.5 um — 25 pum at normal incidence was
measured using Fourier transform infrared spectroscopy (FTIR, Bruker Vertex 70v). A cryostat and
liquid nitrogen were used to perform transmittance measurements between -40 and 90 °C. A

thermocouple was positioned right next to the films to know the exact value of temperature.

3. Results and discussion

3.1. Composition and dopant profile

Fig.1(a) shows the RBS spectra of the as-deposited films on Si substrate before the annealing step.
The W profile is clearly visible for each sample and reveals an inhomogeneous distribution of W in
the films (i.e. presence of oscillations/waves) due to the multilayer deposition process. The intensity
of vanadium peak is the same for all films, whereas the intensity of tungsten peak differs from one

sample to another one meaning a different (W/V) atomic ratio. The intensity decreases from samples



C to A. From simulated spectra (continuous line on Fig.1), W content was estimated at 0.7, 1.8 and
2.7 at.% for sample A, B, C respectively. These experimental values are very close to the expected
ones determined from the theoretical calculations (Table 1). Thus, in the following, the films will be
determined by their composition, namely 0.7 % W, 1.8 % W and 2.7 % W.

Fig.1(b) shows the RBS spectra of the films on Si substrate after the annealing treatment. The W
profile distribution has become homogeneous revealing the positive impact of the annealing step.
Besides, the annealing treatment does not affect W content in the films. Indeed, identical W contents

were found after the annealing treatment.

3.2. Structural properties

The XRD patterns of VO, and W-doped VO films annealed at 500 °C are shown in Fig.2. The
presence of the (011), (200), (210), (211) and (022) peaks in the patterns confirms that the films
crystallize in the P21/c monoclinic space group. No peaks belonging to W or WOs are detected for
the W-doped VO: films, indicating the effective diffusion of W into the VO layers by annealing and
thus the formation of V1.xWxO2:s solid solution. In the following, this notation will be used to name
the films. There was no quite discernible change in the XRD patterns among V1-xWxO2:5 thin films
except that XRD peak positions slightly shift towards the smaller 26 angles for the samples with the
highest doping contents (as can be clearly seen in the inset of Fig.2). The ionic radius of W cation is
larger than that of V cation [17]. So when W cations substitute partial V cations in VO lattice, the d-
value becomes larger, resulting in the peaks shift to low diffraction angle. This result could further
confirm that W was successfully captured into the crystal lattice of VO2(M). We can also attribute
this phenomena to the process of phase transformation from VO (M) to VO: (R) at room temperature
(RT). The inset of Fig.2 shows the possible transformation from (011) VO2(M) to (110) VO2(R). This
suggests that the coexistence of VO, (M) and VO: (R) could be stabilized at RT by effectively W
doping [18]. The average crystallite size, D (nm), found between 16 and 24 nm were calculated from

Debye-Scherrer formula via full-width at half maximum () of XRD lines [19]. Table 2 presents



values of 20, d, p and D corresponding to (011) peak of the films. We can observe a decrease of
crystallite size with W content. This can be attributed to the structural defects induced by doping

which caused a structural disorder in the crystal lattice.

W content (at.%) 20 (°) d (A) b (°) D #0.5 (nm)
0 | 27.947 3.190 0.343 23.9
0.7 | 27.924 3.196 0.469 17.5
1.8 | 27.848 3.201 0.430 19.0
2.7 | 27.813 3.205 0.511 16.0

Table 2 : XRD analysis of V1.WxO2=s films corresponding to (011) VO2(M) peak

3.3. Surface analysis

XPS analysis of V1.xWxO2:s thin films annealed at 500 °C were carried out to investigate the valence
of V and W elements. High-resolution XPS spectra of W-4f core-levels are shown in Fig.3. The peaks
of W-4fs;, and W-4f7, are located at 37.2 eV and 35.1 eV for all films which indicates that the
oxidation state of W ions in the V1 xWxOzss thin films is +6 [18, 20, 21]. However, these binding
energies are slightly higher than for W8* in WO3 oxide (W-4fs, ~ 37.6 eV and W-4f7, ~ 35.5 eV) [22,
23] revealing an interaction between W°®* and V™ cations in the V1-xWxO2:5 thin films. It implies that
tungsten atoms are successfully doped into VO films.

Fig.4 shows the high resolution XPS spectra of VV-2p core-level. The V-2ps2 peak is well fitted and
three different valence forms are observed : V°* (2ps;2-517.1 eV), V** (2p32-515.8 eV) and V** (2psy-
514.7 eV) [20]. The observation of \VV°* is due to highly surface sensitive of XPS analysis. The surface
of the samples was exposed to air, which could induce a surface oxidation of VO since V205 is the
most stable phase of vanadium oxide. The presence of V3* valence states indicates a reduction in the
oxidation state of V from V** to V3* for the electronic compensation by the doping of W®* ion. In
order to show the influence of W content on valence states of V, the proportion of V°*, V#* and V3*
was estimated from fitted curves and gathered in Table 3. The increase of V3* ions proportion with
the W content confirms that the charge compensation in the V1.\WxO2ss films is partially due to V3"

valence state.



W content (at.%) V3* (%) V(%) V" (%)

0 | 0 72.8 27.2
0.7 | 7.6 61.2 31.2
1.8 | 8.4 61.8 29.8
2.7 | 10.1 54.1 35.8

Table 3 : Influence of W content on V3*/V4*/\V** proportions

3.4. Thermochromic properties

The optical transmittance measurements were carried out at normal incidence in the spectral domain
ranging from 2.5 pm to 25 pum. Silicon substrate contribution was removed by dividing the
transmittance sample signals by the nude silicon transmittance. Fig.5 shows the optical transmittance
spectra at different temperatures for the V1xWxO2:s thin films during heating. Temperatures were
chosen for each sample to cover the optical response from the semiconducting state to the metallic
state. As expected, the optical transmittance exhibits strong change as the temperature increases,
indicating a pronounced thermochromic behaviour. The beginning of the transmittance variation does
not occur at the same temperature for all samples and depends strongly on the W content. Indeed, the
magnitude of transmittance starts to change at 50 °C for the VO film and 40 °C, 10 °C and -5 °C for
films doped at 0.7, 1.8 and 2.7 at.% W respectively. The low temperature spectra for each film exhibit
distinct phonon vibration peaks at 16.6 um and 19.2 um attributed to the V-O-V octahedral bending
modes in the semi-conductive state [24]. At low temperature, the electrons involved in the V*—Vv**
bonds are localized, whilst at high temperature these electrons are delocalized due to the metal state
of the material. This plasma of free carriers involves a screening effect for the incident photons.
Consequently, no vibrational absorption bands are observed and the transmittance drastically

decreases due to an increase in reflectivity.

To determine the thermochromic properties of V1 xWxOa:s films, measurements were also performed
upon a cooling phase to generate a complete cycle. Fig.6.a shows a thermal hysteresis loop of the
intrinsic transmittance—temperature plot at a fixed wavelength of 10 um for the V1 xWxO2:s films.

The switching temperature values during heating [Tc(H)] and cooling [Tc(C)] were deducted from



the half-value width of each curve and the average temperature of commutation (Tc) representative
of a thermochromic behaviour was defined as Tc = [Tc(H) + Tc(C)]/2. The optical performance of
the films was expressed in Table.4 by calculating the infrared transmittance modulation ATr (%) from
the difference between the lowest and the highest temperature states. W-doping dramatically reduces
the transition temperature with a decrease from 63 °C to 21 °C as W content increases from 0 to 2.7
at.%. Each tungsten ion into the VO, lattice breaks up a V*-V** homopolar bond. For charge
compensation, two W-3d electrons are transferred to a nearest neighbour vanadium ion, thus forming
a V¥*-WP and a V3*-V* pair [25]. The loss of homopolar V#*-V#* bonding destabilizes the
semiconducting phase and lowers the metal-semiconductor transition temperature. The dependence
of the phase transition temperature on the tungsten concentration is linear (Fig.6.b). The drop of
transition temperature is estimated to be about 15 °C per 1 at.% of W doping. This decreasing
efficiency is less than that described in other reports which mention more than 20 °C per 1 at.% W
[12, 25]. It is likely that the tungsten ions are not completely incorporated into VO2 crystallographic
structure. However, according to the XRD patterns shown in Fig. 2, no peaks ascribed to compounds
containing W were revealed. Thus, we assume that the residual W remains as an amorphous phase.
For low W content (0.7 at.%), the decrease in Tc is noticeably associated with no modification of the
amplitude modulation of the transmittance (close to 90 %). For higher W content, the lowering of Tc
is accompanied by a pronounced degradation of the optical performances. Indeed, as the doping level
increases, the transmittance at low temperature decreases progressively, whilst at high temperature,
the samples exhibit the same level for low transmittance state regardless of their tungsten content.
Next, we will focus on the hysteresis behaviour. The hysteresis loop width gradually narrows from
12 °C for the VO2 film to 5 °C for the film doped with 2.7 at.% W. It illustrates that the W dopant not
only reduces the transition temperature, but also narrows the hysteresis loops width. Structural defects
induced by W doping play a role as nucleation sites of the phase transition [26]. Therefore, the

activation energy of the phase transition would be reduced causing a decrease in hysteresis width. A



VO, thin film doped at a theoretical value of 3.6 at.% W was also performed and allowed a decrease

of Tc down to 9 °C.

W content (at.%) Tc(H) (°C) Tc(C) (°C) ATc (°C)  Tc (°C) ATr (%)
0 | 69 57 12 63 89.5
0.7 | 51 43 8 47 91.4
1.8 | 36 32 4 34 80.6
2.7 | 18.5 235 5 21 68.4

Table 4: Thermochromic properties of Vi xWxO2xs thin films deduced from hysteresis loops

4. Conclusion

An innovative magnetron sputtering method was developed for the preparation of V1 xWxOo:s thin
films. Multilayers composed of VO./W layers were deposited on silicon substrate and annealed at
500 °C under argon atmosphere for 1 h. The as-prepared Vi xWxO.:s films were characterized by
RBS, XRD, XPS, and temperature dependence of the transmittance in the mid-infrared range. The
results show that W®* ions are successfully doped into the crystal lattice of VO2(M). Temperature
dependent optical transmittance measurements reveal a large switching efficiency for the four Vi -
xWxO::5 films. Four transition temperatures of 63 °C, 47 °C, 34 °C and 21 °C were achieved with W-
doping levels of 0, 0.7, 1.8 and 2.7 at.% respectively. These very good thermochromic properties can
be used for the development of smart coating and optical devices based on thermochromic switching

behaviour.
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after thermal annealing at 500 °C in Ar for 1h (b).
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Fig. 2. X-ray Diffraction pattern from 6-20 scans of V1xXWxO2<s thin films deposited by PDCMS and
magnification of the 27-29 20 region corresponding to the VO2(M) (011) and VO2(R) (110), *
impurity phase tentatively assigned as VeOzs.

V0: (R) VO: (M)
(110) _ix—d._(011)

— VOy;(M) P21/c

H
H
1
H
H

IITIIII'IIIIIIT[IIIII

27 28 29

27%W * * " /\A’_

0.7% W

Intensity (a.u)

(011) (200) (210) (211)
VO, (j_lf:)j § (020) " g21) (102)
AR R L A A R R

(022)

10 20 30 40 50 60
20 CllKa (0)



Fig. 3. The core level spectra of Was of 0.7% W (a) 1.8% W (b) and 2.7% W (c) in V1xWxO,x5 films.
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Fig. 4. The core level spectra of V2, 0f VO2 (2) 0.7% W (b) 1.8% W (c) and 2.7% W (d) in V1xWxO2+5
films.
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Fig. 5. Variable temperature infrared transmittance spectra of VO (a) 0.7% W (b), 1.8% W (c) and
2.7% W (d) during the heating phase. Film thickness is roughly equal to 200 nm.
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Fig. 6. Transmittance values of 200 nm V1-xWxO::5 thin films at 10 um (a) and relationship between
Tc and W concentration (b).

100% 75
£ .
3 W
o 80% & T, =-14.95 x %,, W + 60.69
]
< 60% g, 45
g e
c %)
g 40% = 30
£
2 20% 15 }
o
= (b)

0% O 1 L
40 20 0 20 40 60 80 100 0 1 2 3

Temperature (°C) %, W



