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Abstract

Vanadium dioxide is one of the most promising materials that can be used to control
and tune in real time the optical properties of nanoscale devices due to its ability to
perform a Metal-Insulator Transition (MIT). In this paper, we report the optical and
structural properties of undoped and W-doped VixWxO; vanadium dioxide thin films
deposited on oxidized silicon substrates using magnetron sputtering. The structural
properties determined by X-ray diffraction showed not only the transition from a
monoclinic to a rutile phase when crossing the metal-insulator transition temperature
(Tpr) but also a coexistence of phases for the tungsten-doped VO even at room
temperature. It is also shown that T+ decreases from 69.6°C to 41.6°C as x increases
from 0 to 3%. A point-by-point fitting method is proposed to reliably extract the
refractive index and extinction coefficient from spectroscopic ellipsometry
measurements as a function of temperature and tungsten concentration. This approach

avoids all the correlations between the thickness and the refractive index well known in
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absorbent films calling into question the uniqueness of the results. The dielectric
function is then calculated from the point by point refractive index. A model based on
Tauc-Lorentz oscillators in the insulating phase to which a Drude component is added
in the metallic phase provides information on the levels of the energy bands and the
plasma frequency of the films. The calculation of reflectance and transmittance of Vi.

xWxO2 thin films highlights the effect of W doping on thermochromic performance.

Keywords: Spectroscopic Ellipsometry, X-ray reflectivity, X-ray diffraction, Point by
point fit, VO2 thin films; Optical properties, W doping, Structural and electronic

transition.

1. Introduction

Vanadium dioxide is a material that crystallizes at room temperature in a monoclinic
insulating phase (Space Group P2i/c). It undergoes a Structural Phase Transition
(SPT) to a metal tetragonal phase (Space Group P4,/mnm) at about 68°C [1]. This
transition called Metal Insulator Transition (MIT) has been widely studied since its
discovery in 1959 by Morin [2]. At the transition, the electrical conductivity
drastically drops when the temperature decreases. Simultaneously, the optical
absorption, the dielectric and magnetic response are affected [3-5]. During SPT
changes, the crystal structure undergoes large transformation strain. Unlike most other
materials exhibiting MIT or SPT, in VO, these two transitions are intrinsically
coupled and appear to occur simultaneously. This effect has fueled the long-lasting
debate about the physics underlying the combined transition [6]. Different approaches

were used to trigger the phase transformation such as thermal stimulation [2],



electrical stimulation "by current or voltage", pressure, strain [7] or by introducing
defects into the VO lattice [8]. A review of these approaches is available in the article

by Shao et al. [9].

Despite the potential application of thin films of vanadium dioxide, their high MIT
temperature Tmir ~ 68°C is a clear limitation for the full exploitation of this potential.
It is particularly interesting to be able to reduce the Tmir close to room temperature.
This will increase the functionality of VO: thin films and thus facilitate their
integration into many devices such as optical switches and modulators, smart
windows [10, 11], smart radiators, and IR and THz detectors [6, 12, 13]. To vary the
critical temperature Tmir of the MIT, doping is usually practiced. Depending on the
material or the type of dopant, doping can be substitutional or interstitial. Electron
donors (n type) such as W%, Mo, Nb>* [14-17] can efficiently reduce the transition
temperature to room temperature, while doping by Ti [18], Si [19] or Ge [20]
systematically shows an increase in this transition. In particular, W-doping was found
to be one of the most effective strategy for reducing Twmit resulting in a pronounced
reduction in Tmir of about ~20 K/at.%W for the bulk and by ~50 K/at.%W for the
nanostructure [21-30]. Although several experimental investigations have been
carried out on the diminution of Tmir by W doping, there is still no unanimously
accepted explanation of the mechanism involved. It is commonly accepted that the
substitution of a V#* ion by a W*® ion induces disorder on the VO, host lattice or/and
an increase in electron density in the conduction band of the VO, material.[15, 23, 26]
It was initially suggested that the change in electron density does not affect the
reduction in Twmrr and that only the change in structure is responsible. Indeed, Booth et
al. [31] revealed by X-ray absorption fine structure of tungsten (VI)-doped vanadium

dioxide in the insulating phase, and during the metal-insulator transition, that a large
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expansion in the [110] and [1TO] directions occurs through the phase transition from
low to high temperature. This distortion breaks the bonds between Peierls-paired
vanadium ions, opening a band gap, and reveals the nature of the mechanism by
which tungsten doping lowers the transition temperature and enthalpy. These results
suggest that a tetragonal structure forms around the W® ion and that this local
deformation from monoclinic to tetragonal structure is responsible for the reduction of
Tmrr. However, a characterization of the electronic contribution of the W°* ion and its
contribution to local structure modification by combining X-ray absorption fine
structure and X-Ray Absorption Near Edge Structure measurements, demonstrated
that these contributions are both responsible for the Twmir.[23] Recent theoretical
studies on transition and band structure have suggested an intermediate theory
combining both Peierls and Mott, described in terms of Mott-assisted Peierls

transition [32].

Although the MIT has been widely studied, there is still needs for the precise
determination of the optical constants of VO> and a fortiori of VixWxOa.
Spectroscopic ellipsometry is the standard method to investigate the optical properties
of thin VO; films. This technique provides the information about the refractive index
across the characteristic MIT from ultra-violet to infrared frequency ranges [5, 33-38].
In our previous works [5, 33], we have analyzed by spectroscopic ellipsometry, the
optical properties of pure VO, thin films. The analysis was carried out by fitting the
ellipsometric datasets to a Drude-Lorentz model in the UV-visible range up to 4.5um.
Ellipsometry measurements have recently confirmed our results and others by
extending the measurements in a wider range of wavelengths (300 nm to 30 um) [36].

On the contrary, very little work on the ellipsometric analysis of the optical properties



of W-doped VO is available. Recent studies have been reported on the analysis of

ellipsometric measurements in Mo-doped VO» [32].

A common method of ellipsometric data analysis is to use dispersion functions to
represent the refractive index of the VO film and to adjust the dispersion parameters
and thickness until satisfactory agreement is found between the calculated and
experimental data. One of the problems to overcome when analyzing these properties
is to find the right model to describe optical constants over a wide range of
wavelengths. Correlations resulting from the absorbing nature of these films between
the film thickness and the refraction index were observed [13, 39] as VO; exhibits
broad absorptions even in its insulating phase. However, a point-by-point fit of the
delta-psi ellipsometric measurements can be used alternatively to solve, wavelength
by wavelength, the ellipsometric equations to determine two unknown parameters
(refractive index n and extinction coefficient k) for each wavelength of the spectrum
considered as a set of independent points [40]. Usually the point by point method is
done in two steps: (i) the thickness of the film is determined with a simple dispersion
function over a range of wavelengths where the film is transparent, (ii) this thickness
is then fixed to independently determine at each measured wavelength the real and
imaginary parts of the refractive index over the whole spectrum without requiring
particular assumptions about the shape of a model dielectric function like in the
traditional method of data fitting. In our study, X-ray reflectivity is used to accurately
determine the thickness of the films. This allows us to constrain the film thickness in
the point by point analysis of ellipsometric data which is an original approach in the
studies of VO> thin films. The film thickness is indeed essential to analyze the

ellipsometric data by the point by point method without any bias.

The main objective of this work is to extract the optical properties of thin films of
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pure and tungsten-doped vanadium dioxide from point-by-point ellipsometric data
analysis. Indeed, the optical properties of W-doped films deduced from ellipsometric
analysis are not yet reported in the literature. This study is completed by X-ray
diffraction and reflectivity studies to characterize the structure. X-ray diffraction
shows how the structural transition occurs at low and high temperature in these films
and how the hysteresis width is affected by W doping. Particular emphasis is given
on the way to determine the percentage of monoclinic phase through the transition.
X-ray reflectivity was then performed to analyze the thickness and the film
roughness. The use of X-ray reflectivity is mandatory to fix the thickness of the films
in the point-by-point analysis of the ellipsometric datasets. The point-by-point
analysis of the ellipsometric data gives a reliable evolution of the real and imaginary
parts of the refractive index of the VO, layer at each wavelength as a function of
temperature and tungsten composition. By fitting with a Tauc-Lorentz model, the
generated dielectric function deduced from the point-by-point analysis. We used a
Tauc -Lorentz model to adjust the resulting dielectric function. A plot of the band
structure based on the calculated energies of the inter-band transitions is provided. In
addition, we report how the reflectance and the transmittance evolve in the UV-

visible near infrared range.

2. Experimental details

W-doped VO thin films have been prepared from the annealing of multilayers
composed of VO2/W bilayers. Layers were deposited on silicon substrate covered
with an amorphous silicon oxide of 1.5 nm by a cylindrical sputtering device with a
DP650 magnetron (ALLIANCE CONCEPT) [41]. Pulsed Direct Current Magnetron

Sputtering (PDCMS) was used as the magnetron supply. The pulse repetition



frequency and duration were 50 kHz and 2 ms. VO, layers were deposited from a 75
mm diameter high purity (99.9% GENCOA) vanadium target in an Ar/O;
environment. During the deposition process, Ar and O, gas flow rates were set 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 set at 100 W. The Ar flow rate was set to 30 sccm for
a total gas pressure maintained at about 0.7 Pa. The VO, and W thicknesses were
adjusted in order to obtain multilayers with different (W/V) atomic ratios. Three
different multilayers were deposited. The VO, and W thicknesses were adjusted in
order to obtain multilayers with different (W/V) atomic ratios of 0.8 (Sample 1), 1.8
(Sample 2), 3 (Sample 3) respectively (Table 1). To ensure ultra-thin layers of W,
dynamic mode deposition was used. The substrate holder was fixed on a rotating
plate during the process. The deposition of W was carried out in several stages. First,
power was applied on the W target to create the discharge while the substrate was
positioned 180 ° from the W target. No deposition occurred during this first step.
Then the rotating plate was activated to perform a full rotation allowing the
deposition of a very thin film of W as the substrate moved under the W target. The
rotation speed was adjusted according to the expected layer thicknesses of W. An
annealing step at 450°C under Ar flow during 1 h was then carried out to allow the
crystallization of VO, and the diffusion of W through the layers of VO,. The heating
and cooling rates were adjusted at 2°C/min and the Ar gas flow was set at 0.5 L/min
throughout process.

The composition was determined by RBS (Rutherford backscattering spectrometry)

with 2 MeV He ions at a scattering angle of 170° (see Table 1). The high energy ions



scattered by collisions involve Coulomb repulsion between the positively charged
nuclei of the incident He ions and the target particles. The intensity of the RBS signal
depends on the scattering cross-section, which is directly proportional to the square of
the atomic number of the element. The distinct V signal combined with the W signal
allowed the determination of the (W/V) atomic ratios of the film from simulated
spectrum (Rutherford simulation program (SIMNRA) was used to simulate the RBS
patterns). Note that for sake of clarity, the nominal concentration was used in the

whole paper. For more details on the preparation of the samples see reference 41.

Table 1: Description of the different structure and W composition of the sputtered

films.
Pure Sample 1 Sample 2 Sample 3

VO: thickness layer (nm) 74 22.5 15.0 15.0
Number of VO layers 1 2 3 3

W thickness layer (nm) 0 0.08 0.14 0.21
Number of W layers 0 2 3 3
Nominal W content (%) 0 0.7 1.8 3

W content measured by RBS (%) 0 0.65 1.71 2.77

Total measured thickness (nm) 74 43 49.2 49.3

X-ray reflectivity measurements were measured at small angles between 26=0° and
20=6° using the Ko radiation from a copper anode mounted on an Empyrean
reflectometer (Panalytical). The beam was made parallel using a toroidal mirror and
the detector was reduced to almost a point detector by using 3 channels out of the

256 channels available. The incident beam was rectangular with a typical size



100umx10mm. X-ray reflectivity data were analyzed with the reflex program [42].
The correction of geometrical factors was integrated in the program [43].
Reflectivity experiments were carried out in the 8-20 mode after a careful alignment

of the sample height and of the incident angle.

X-ray diffraction patterns were measured using the Empyrean diffractometer
(Panalytical) between 26 =20 to 60 degrees at 25°C and 85°C (the measurements
were performed after a stabilization of the temperature for about 2 min and a heating
rate 1°C/min) with the aim to both confirm the crystal structure of the film and to
study the SPT. In this case, the PIXel3D detector was collecting the diffracted beam
over a range of 3.35° using the 256 channels with 0.25° front slits and 0.5° back slits
providing the best compromise in terms of signal/noise ratio. Diffraction

experiments were carried out in the 6-20 mode.

A spectroscopic ellipsometer JobinY von—Uvisel instrument was used to measure the
optical properties of all the films. It is mainly composed of a Xenon source, ranging
from long-range infrared to ultraviolet (250-2100 nm), a polarizer, an analyzer, and a
grating monochromator ensuring the dispersion and the selection of the wavelength
to a detector. Two types of detectors are employed: photomultiplier for FUV-VIS
range and InGaAs photodiode for NIR range. Both polarizers are held fixed during
the measurement (configuration II: polarizer 45°, analyzer 0°) while the photoelastic
modulator is used to induce a modulated phase shift of the reflected beam. The
photoelastic modulator that can be described as a birefringence modulator is a fused
silica bar exhibiting isotropic behavior when no stress is applied. The phase
modulated ellipsometer delivers optimum accuracy for all values of ¥ and A
ellipsometric angles (Y= 45°+0.01° and A=0°+0.01° measured in straight-through air

configurationl.5 — 5.3 eV). This ellipsometer was equipped with a heating stage
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(LinKAM TMSELG600) including a cover with spectroscopy grade quartz windows.

The acquired ellipsometric angles A and y of the VO; thin-film were collected for an
incident angle a=70° from A=275 nm to 1771 nm. The measurements were made at
every 5°C interval from 25 to 85°C and before each measurement the sample was
held at a fixed temperature for 5 min to achieve thermalization before starting the
measurements. The rate of heating was 1 °/min between two measurements. The

same procedure was followed for cooling.

The point by point methodology used to analyze the ellipsometric data is detailed in
the Ellipsometric measurements section. First, the real and imaginary parts of the
refractive index (respectively n and k) were determined by a fit to the measured
ellipsometric parameters A and y at each wavelength. In a second step, we calculated
the dielectric function from the n and k values. A Tauc-Lorentz oscillator model was

then applied to extract the band structure of the tungsten doped VO thin films.

3. Results and discussion.

3.1 X-ray reflectivity and X-ray diffraction.

X-ray reflectivity (XRR) is a technique that is used to analyze the electron density
profile of thin films in the direction perpendicular to the film surface. A detailed
description of this technique is provided in the following reference A. Gibaud & G.
Vignaud [44]. Basically, XRR measurements consist of measuring the intensity
reflected from the film as a function of the incident angle O or as a function of the
wave vector transfer q,=41in(8)/A. In the analysis of the XRR data, films are broken
down into a series of slabs with adjustable thickness, roughness and electron density.

A three-layer model was applied to model the samples (see Table 2).
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Table 2: Slab structure of the VO» films deposited on silicon

Slab Silicon SiO, VO,
Thickness (nm) o0 1.5 74
Roughness (nm) 0.2 0.2 2

The electron density of vanadium oxide and its thickness were defined as variables.
The electron densities of silicon and native oxide were fixed to published values. The
native oxide thickness was 1.5 nm. The combination of all these parameters gives the
electron density profile (EDP) fitted to the experimental data (see insets of Fig. 1).
XRR measurements were carried out above and below the transition temperature in
order to follow the evolution of the film thickness since this parameter is of

paramount importance for ellipsometric analysis.
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Fig. 1. Observed and calculated X-ray reflectivity of the pure VO, film at

T=25°C (a) and 85°C (b). The inset in these figures shows the EDP.
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Fig. 1 shows the X-ray reflectivity curves for the pure vanadium dioxide film at

T=25°C (a) and T=85°C (b). A series of well-defined equidistant Kiessig fringes is

observed up to 0.2 A-! consistent with a total thickness of the film close to 72 nm.

The top roughness of the film was found to be of the order of 2 nm in agreement

with the disappearance of the Kiessig fringes at higher q,. From these

measurements, it was found that the thickness of the film does not change much
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during the transition. The same method was applied to the tungsten doped thin films

x=[0.7%-1.8%-3%] at 25°C and the results are presented in Table 3. The doped

films were found to be rougher than the pure film.

Table 3. Thickness and roughness measurements of pure and tungsten doped

[0.7%-1.8%-3%] films at room temperature

VO, Pure 0.7%W 1.8%W 3%W
Thickness (nm) 74.0(4) 43.0 (3) 49.2(3) 49.3(3)
Roughness (nm) 2 3.32 4.2 4.6

X-ray diffraction patterns for both confirming the crystal structure of the film and

studying the SPT are shown in the top panel in Fig. 2. A fit to the data was

performed without any preferred orientation showing that these film are powder-

like (see bottom panel in Fig. 2). We can therefore certainly consider that these

films are made up of crystallites distributed randomly. The two diffractograms

differ slightly in the position of the Bragg peaks. This is the signature that the phase

transformation involves only slight displacements of atoms during the heating

process.
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Fig. 2. a) Top panel: Diffractograms of pure VO at T=25°C (blue curve -
Monoclinic phase) and T=85°C (red curve-Rutile phase). The inset shows the
coexistence of the (110) rutile reflection with the (011) monoclinic reflection

through the transition (63-65°C). b) Bottom panel: fitting to data in the

tetragonal phase using the MAUD program [45].

In particular, the strongest Bragg peak of the monoclinic phase located at 26 = 28.0°
shifts slightly to lower 20° values while others do not change much in position. This
peak which is the (011) Bragg reflection of the monoclinic phase is transformed on
heating into the Bragg (110) reflection of the rutile phase. The lattice parameters in

both phases were determined by fitting to the data using the MAUD software [45]
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and are shown in Table 4.

Upon cooling, a structural distortion occurs at the transition and the V-V pair
changes from alternating V-V distance of 2.85 A along the cr axis to 3.28 A and
236 A along the any direction of the monoclinic phase (see Figure 3). The space
group of VO is transformed from P4>/mnm in phase R to P21/C in phase M. This
induces on cooling a doubling of the unit cell volume (see Table 4). The result

agrees well with previous reports.[46-48]

Fig. 3. llustrations of crystalline structures of high-T Rutile Metal (R) and low-T
Monoclinic (M) insulator phases of VOz. The initial rectangular unit cell of the
rutile phase is highlighted in blue on the left and right parts of the figure. The
dashed lines describe the unit cells in both phases. Blue arrows on the right panel
give the interatomic distances between consecutive vanadium ions along the

[100] direction of the monoclinic unit cell.
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Table 4. Calculated values of the lattice parameters of the two phases deduced

from fits to the X-ray datasets using the MAUD program[45]. Errors are given in

parenthesis.

Lattice parameters Monoclinic Rutile
a(A) 5.749(1) 4.545(1)
b (A) 4.492(2) 4.545(1)
c(A) 5.366(4) 2.8517(3)
o 90 90
B 122.31(5) 90
Y 90 90
Vv (A% 117.13 57.12

The shift of the monoclinic (011) peak was monitored as a function of temperature to

gain a better understanding of the structural phase transformation occurring at the

transition. The transition being of the first-order, the monoclinic (011) Bragg peak

located at 20=27.75° coexists in a limited range of temperature with the rutile (110)

Bragg peak located at 26=28.03° (see Fig. 4). By adjusting the peak intensity with

fixed 20 positions and widths of the Bragg peaks in the monoclinic and rutile phase,

it is possible to estimate the percentage of the monoclinic phase in the film during

the SPT.

Intensity (arb. units)
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Fig. 4. Coexistence of the two Bragg peaks (011) of M phase (green) and (110)
(red) of R phase measured at T=67.2°C on cooling. Observed (open circles) and

calculated (blue line) data.

Figure 5 shows the well-known hysteresis that characterizes the MIT transition. The

percentage of monoclinic phase further noted f was calculated as follows:

. I
% Monoclinic = f = —=— (1)
01174110

where lp;; and I;;0 intensities are the integrated intensities of the (011) and (110)

Bragg reflections of the monoclinic and rutile phases after background removal.
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Fig. 5. Hysteresis of pure vanadium dioxide determined after integrating the
intensities of the (011) and (110) Bragg reflections of the monoclinic and rutile
phases. Solid lines are fit to the experimental data with the erfc function from

equation (2).

In Fig. 5, we see that VO, transforms from a monoclinic phase to a rutile phase at a

temperature of Tp= 73.9°C (red) upon heating and from a rutile phase to a
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monoclinic phase at T.=65.4°C (blue) upon cooling. The transition temperatures
during the heating and cooling cycles (Th and T¢) were determined from the fit to the

data with a complementary error function (erfc) according to the equation [49]:

0= (55) (155)re(2)

where f] and fy, are the asymptotic values of the monoclinic percentage in the low and
high temperature ranges respectively and To is the temperature at which the
transition occurs (i.e., at which the function f (T) reaches 50% of its change),
corresponding to either Ty, or T, for the heating or cooling cycles, respectively. The
parameter o is related to the width of the temperature interval around the To. The
solid lines in Fig 5 and 6 are the best fits obtained with equation (2). The
temperatures Ty, and T, correspond to a hysteresis of 9°C with a critical temperature
defined by Ty = (T; + Ty)/2 = 69.6°C [50]. The phase transition is reversible as
a function of temperature. However, recovering 100% of the monoclinic phase
requires cooling down the film well below the transition temperature. The same
method was applied to films doped with tungsten. It is clearly observed in Fig. 6 that

doping by tungsten decreases the transition temperature.
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Fig. 6.Percentage of the monoclinic phase calculated from equation (1) upon

heating for the VixWxO: films. Solid lines are fit to the experimental data with

the erfc function from equation (2). The cooling cycle is not shown to avoid

overloading the figure.

Upon heating, the transition temperature goes from T, =73.9°C for pure VO2 to Ty

=55.4°C, 50.6°C and 43.7°C for x= 0.7%, 1.8% and 3% respectively. The critical

temperature and the differential curve of the hysteresis loop are shown in Table 5.

Table S. Critical temperature and ATwmir of pure and tungsten doped [0.7%-

1.8%- 3%] films. T}, and T, are the transition temperature on heating and cooling

respectively. gy, and o, are the temperature widths over which the transition occurs.

Uncertainties on the last digit are given in parenthesis.

WxV1x0, 0% 0.7%W | 1.8%W 3%W
Thickness (nm) 74.0(4) 43.0(3) 49.2(3) 49.3(3)
Ty, (°C) 73.9 (2) 554(2) | 50.6(2) | 43.7(12)
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Op 6.5 (3) 6.5 (3) 11.53) | 11.8(3)

T (°C) 65.4 (2) 48.9(2) 42.3(2) 39.5(3)

Oc 8.5(3) 1273)  11.7(3) | 17.9(3)
Tmir (°C) 69.6 52.1 46.5 41.6
ATwmir (°C) 8.5(5) 6.5(5) 8.3(5) 4.2(6)

The transition temperature during the cooling decreases from T;=65.4°C to
T-=41.6°C. The width of the hysteresis loop varies from ATy, =8.5°C for pure VO2

to ATy r=4.2°C when x increases from 0 to 3% respectively.

Note that the width of the hysteresis loop is affected by many factors such as grain
boundaries, grain size, distribution and density of defects. For pure VO, it has been
shown that the width of the hysteresis loop [49] gradually increases as the thickness
of the VO, layer decreases. It is proposed that this phenomenon could be related to
the formation of VO» crystallites during the deposition process with smaller and
randomly oriented domains. Hysteresis cycles exhibit a width inversely proportional
to the VO crystallite size [51]. It is reported that the width varies from few degrees
(2°C) in single crystals, up to few tens of degrees in thin films containing small
nanocrystals with different sizes [52]. Hence, the width ATmir of our pure VO- film
is in agreement with a polycrystalline film. The role of W doping on the width of the
hysteresis cycle has been discussed by several authors [29, 53-56]. They observed
that an increase of % W has the ability to reduce hysteresis width. Transitions in W-

doped VO» show gradual transformation over a larger temperature range in contrast
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to phase transition in undoped VOo. This is consistent with our results which show a
strong decrease of ATwir at 3% of tungsten and an increase of the parameter ¢ which

measures the slope of the transition.

In Fig. 6, it is also interesting to observe that increasing the percentage of tungsten
leads to a reduction of the monoclinic phase (100% to 83%) at 25°C when x varies
from 0% to x=3%. This locally reflects a rutile structure around W dopants at 25°C
(even at low doping concentrations) such as the V atoms in the R phase of VO, at
high temperature[23]. At room temperature, the crystal structure of the doped VO
samples gradually shifts from M phase to R phase with increasing W concentration
lowering the associated Twmir. A similar but less pronounced effect is seen in the

rutile phase as x increases.

Tang et al.[57] considered that the structural reason why the temperature is reduced
is believed to be related to the destabilization of the V-V bonds by tungsten ions. The
W% ion causes the rupture of the bonds between the V** -V** dimers and leads to the
formation of W -V# and V* -V3* bonds. This causes a modification of the local
structure around the tungsten atom and destabilizes the monoclinic structure of VO,.
Tungsten doping therefore reduces the energy barrier necessary for the transition to

the tetragonal structure and facilitates the phase transition. [58]

3.2 Optical properties of pure VO films

3.2.1 Data analysis methodology.

Ellipsometry is an optical characterization technique based on the analysis of the
change in the state of polarization of a light wave after its reflection on the sample. A
problem commonly encountered in ellipsometry is to determine the unknown

refractive index and thickness of a thin film on a reflecting substrate with known
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optical constants. By measuring the change in polarization state, i.e., psi (V) and delta
(A), of the light reflected from the sample at a fixed angle of incidence (AOI=70°),
point-to-point fitting based on a two-layer model (VO- layer on top of an oxidized
silicon substrate) can be used provided that the film thickness and the optical
properties of the substrate are known. In our case, the fixed known parameters are the
thickness of the silicon oxide which was determined to be 1.5 nm before film
deposition, the wavelength dependent complex refractive index of the silicon and
silicon oxide, the thickness of the VO, thin film and the incident angle fixed at 70°.
At a given wavelength the measured parameters A and y which correspond to the
change in amplitude and phase of the reflected light are only function of n and k. In
the point-by-point fitting, at each wavelength, the knowledge of the two measured
values Aexp and Wexp becomes sufficient to yield a unique set of the two parameters n
and k as the number of unknowns (n and k) is exactly equal to the number of
ellipsometric equations. One set of (n, k) is searched such that the calculated Wca and

Aca are closest to the experimental Wexp and Aexp by a numerical minimization of a

residual function y? = |Acal — Aexp|2 + |L|Jcal — L|Jexp|2 using a Levenberg-Marquard
algorithm (LMA). The parameters ¥ and A can be exactly calculated by the matrix
technique [42].

As the ellipsometric equations are highly nonlinear, it should be noted that in the
point by point method, the initial values used in the fittings play a critical role [40]
because LMA may get stuck in a local minimum which is not necessarily the global
minimum. To prevent this difficulty, we started our fits from our previous data for
pure VO [5]. For doped VO film, we first fitted the data to the conventional method
(Lorentz-Drude oscillators with a film structure modeled using three layers: an

effective medium approximation (EMA) layer for roughness on a homogeneous VO,
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layer on a SiO; layer (1.5 nm) on a Si substrate). We have also checked that the
calculated (n, k) values were not in a local minimum by a multi-start program using
different initial values. Another possible source of bias in the point-by-point approach
could come from not taking into account the roughness of the VO film (this would
add 2 unknowns: the thickness of the rough layer and a void percentage). In order to
estimate the influence of roughness, we generated simulated parameters A, and
Ygim from a model consisting of a homogeneous VO, film 72 nm thick with a
roughness of 5 nm and a vacuum mixture at 50%. The incident angle was set to 70°
and the refractive index of the VO film was modeled using a Drude Lorentz relation.
From these simulated Ag;,,, and Yg;,,, we have extracted n and k by the point-by-point
method considering a roughness-free film 77nm thick. In Fig. 7, the values of n and k
resulting from these two calculations are compared. We see that the refractive index
obtained by the point-by-point method is very close to that resulting from the
simulation despite the fact that the roughness was not taken into account. As the
roughnesses of our films remain below 5 nm, it can be assumed that the refractive

indices calculated by the point-to-point method are not drastically biased.
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Fig 7. Comparison of refractive index a) and extinction coefficient b) calculations
made from a 72 nm VO; film with § nm roughness (red line) and a 77 nm film

without roughness (blue symbols). See text for more details.
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3.2.2 Refractive index and permittivity of pure VO films

The point by point model directly provides a unique value of the real and
imaginary parts of the refractive index for a given wavelength. Fig. 8 shows the fits of
the measured A and W of the film at each wavelength for the pure VO, film. One can
see that the point by point approach leads to a quasi-perfect estimation of ¥ and A as

shown by the difference between calculated and experimental data remaining well

below 0.002°.
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Fig 8. Top panel: Ellipsometric angles ¥ and A and the corresponding point-by-point-
fit (black line) for pure VO, at 25°C and 85°C measured at an AOI=70°. Bottom
panel: difference between the experimental and adjusted values for better observation

of agreement.

We report in Fig. 9 (a-b) the evolution of the real and imaginary parts of the refractive
index of the film at T=25°C and T=85°C, i.e. in the insulating and metallic phases.

First, we observe that the symbols (squares and triangles) resulting from the point-by-
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point method are evolving smoothly from one wavelength to the next, even though
they were calculated independently. This is evidencing that the point by point
refractive index calculation is robust. Second, the curves calculated by the classical
method using a dispersion Drude-Lorentz oscillator function and by the point-by-
point method are in good agreement. A slight difference in n at 85°C in the infrared
range is nonetheless seen. This could be due to the broad absorptions of VO in this
energy range. Indeed it is observed (see Fig. 9) that the refractive index varies greatly
in the infrared region as reported in several studies [5, 34-36]. At 85°C, the real part
of the refractive index strongly decreases from 500 nm to 1700 nm while the
extinction coefficient increases strongly in agreement with the expected metallic
behavior of the film. In particular, at 1700 nm, the extinction coefficient increases by
more than an order of magnitude. Such a lack of transparency can generate a
difficulty in the data analysis since the use of a dispersion law means that the

variation of any parameter can affect the calculation of the whole spectrum.
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Fig. 9. Real (a) and imaginary parts (b) of the refractive index as a function of the

wavelength at T=25°C and T=85°C.
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The refractive index and the extinction coefficient of the film are plotted in Fig. 10 (a-

b) as a function of temperature at three wavelengths. The real and imaginary parts of

the refractive index vary more significantly at 1459 nm than at 497 nm as expected.

Note that the hysteresis deduced from the analysis of the refractive index as a function

of temperature is in excellent agreement with that observed by X-ray diffraction.
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Fig. 10: Real (a) and imaginary parts (b) of the refraction index plotted versus
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temperature at three different wavelengths. (H stands for heating and C for cooling)

The real and imaginary parts of the dielectric function can be calculated from the

complex value of the refractive index according to the following relationship:

(n + ik)? = Re(¢) + iIm(e)

(3)

25°C| |

3
Energy (eV)

Energy (V)
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Fig. 11. Real (a) and Imaginary (b) part of the dielectric function below (in blue)
and above (in red) the critical temperature for pure VO thin films as a function of
energy. The solid lines result from a fit with the Tauc-Lorentz model of the point by
point dielectric functions. Dotted and dash-double-dotted lines show the different
components used to fit the data in b) and dash-dotted line the contribution of the
Drude function+ &,(o0) at 85°C in a) which crosses zero at the screened plasma

energy mp.

In Fig 11b, the imaginary dielectric function of the insulating films shows an
absorption in the near infra-red, at 0.8 eV and a broad absorption peak from 2 to 5 eV.
At 25°C, the real part of the dielectric function is always positive while the imaginary
part falls almost linearly to zero in the energy range from 1 eV to 0.5 eV.
Interestingly, the intercept of this line at Im(&) = 0 provides a rough estimate of the
energy gap as described by Di et al.[59] The value here is 0.5 eV which is comparable
to what is usually reported, i.e. 0.35 eV[38], 0.45 eV[37], 0.6 eV to 0.65 eV [9, 60,
61]. Note that this value strongly depends on the deposition conditions of the thin film
as indicated by Jiang et al.[62] A smaller value (0.44 eV) resulting from stresses
coming from the substrate is given by Nazari et al.[37]

The metallic behavior of VO, is characterized by a negative value of the real part of
the dielectric permittivity due to the influence of the Drude function (for more details
see references [33], [63]). The Drude part of the dielectric function brings a negative
contribution to Re (¢) which tends to cancel the effect of the Lorentz part. The cross-
over corresponding to the energy where the real part of the dielectric permittivity is
zero in Fig. 11a, occurs at an energy Eco=1.225 eV for T=85°C. E,, is the screened

plasma frequency, leading to a longitudinal wave solution of Maxwell's equation at
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this energy. The plasma frequency of the free electrons (in the absence of bound
electrons) would be 2.08 eV (defined by the zero of the Drude term), but this gets
screened by the bound electrons and therefore reduced to 1.225 eV.

This energy would correspond to the screened plasma energy for free electrons.
However, in VO, at 85°C, both the free electrons and the electrons participating to
inter-band transitions contribute to the dielectric constant. The energy Ec, at which
Re(e) goes through zero is not the plasma frequency o, defined by the zero of the
Drude function (dashed line in figure 11a) but rather the energy at which the total
permittivity cancels. Below Eco, the dielectric function is mostly imaginary and VO»
behaves like a good conductor while above Ec,, the film is more transparent that is to
say weakly absorbing. It can also be observed in Fig. 11b that below Ec,, the
imaginary part of the dielectric function increases sharply when the energy decreases.
This increase in the IR region comes from the absorption of free-carriers,

characteristics of a metal.

At this stage, we decided to fit at the same time the real and imaginary parts of the
dielectric function obtained by the point-by-point method with a Tauc Lorentz (TL)
model in order to obtain the band gap E, and to extract the transitions inside the
electronic band structure. The Tauc-Lorentz model is well described in the paper by
G.E. Jellison and F.A. Modine.[64] To describe the optical properties of VO2 when
the film becomes conductive, a Drude model [65] is added to the TL dispersion

model in order to take into account the contribution of free electrons:

2

_ Wp
e(w) = &-(0)(1 - m) + e (w) (4)

where &,.(0)is a constant contribution (larger than unity). The Drude term is

characterized by the screened plasma energy w, and the damping factor, I[;. The
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imaginary part of the TL dielectric function is defined as the sum of N TL oscillators

according to:

-1 AEW(E-E,)
L E (B2 - E7) + W7E?

erpi(E) = (5)

where A; is the strength of peak i, E; its central energy and W; its width. E, stands
for the optical gap. Each oscillator is assumed to correspond to inter-band
transitions in the material sharing a common optical gap E,. The real part of the
dielectric function can be analytically calculated from the Kramers-Kronig

integration:

2 [ éepy
e ®) =2 [ T4 o)
Eq

¢ is the energy parameter of integration (Cauchy’s residue theorem) and P stands
for the Cauchy principal part of the integral. The derivation of the previous integral
gives an analytical expression which is detailed in the work of Jellison and

Modine.[64]

The great advantage of this model is to provide quantitative information about the
location of the energy bands. We then examined if the E; energies independently
determined by fitting the data with Tauc-Lorentzian oscillators were in agreement
with the theoretical model of band structure proposed by Goodenough [66].
Following its notation, we observe (see Fig. 12) that the values of the energy levels
in the insulating phase between the filled d; band and the empty 7" and d are
respectively 1.13 eV and 2.83 eV, as reported in Table 6 in perfect agreement with
studies of X-ray Absorption Spectroscopy (XAS) performed by Koethe et al. [67].

The top of the filled O2p (1) band to the middle of the empty * band is found to be

29



equal to 3.49 eV whereas we can attribute the oscillator at 5.28 eV to optical

transitions from the filled lower Oz, (o) band to the empty m* band. To properly

describe the appearance of the fitted curves it was necessary to add a component

located at 0.58 eV which we can be attributed to the transition at the energy gap E,

which has been estimated to be 0.6 eV.

Table 6. Energy level parameters deduced from the fit to the data using the Tauc-

Lorentz model in the insulating and metallic phases. For the description of the

symbols used in this table, please refer to their meaning explained in equations 5 and

6.
Parameters (eV) Monoclinic insulator Rutile Metal
Ao Eo Wo 27.6 0.58 0.18
A E, W, 6.59 1.13 0.77
A E> W, 5.42 2.83 0.9
As Es W3 12.23 3.49 1.62
Ay E,4 Wy 12.14 5.28 3.14
E, 0.6
€ 2.55 3.08
W 2.08
M4 0.68
Ao Eo Wo 2.37 2.81 0.72
A E: Wi 4.76 3.41 1.19
A E> W, 7.21 4.81 2.01
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Fig. 12. Schematic energy band illustrating the electronic structure of the metallic (on
the right) and insulating (on the left) phases of pure VO». The length of the arrows is
proportional to the energy of the oscillators. For the description of the symbols used in

this table, please refer to their meaning explained in equations 5 and 6.

We find that the screened plasma energy is w, =2.08 eV with a broadening
factor [;=0.68 eV (see Table 6). This yields an screened plasma frequency
Vp=5.0310'* Hz. The broadening parameter corresponds to an average time between
collisions of T = 6.0810"'> 5. The energies of the Tauc-Lorentzian oscillators in the
metallic phase are represented in Fig. 12. We observe that the MIT is accompanied
by a reduction of the energy level of the m* band with respect to the top of the
O2p(m) band going from 3.49 eV in the insulating phase to 3.41 eV in the metallic
phase. A strong reduction is also observed for the transition between the ¢ and ©*

bands (5.28 to 4.81 eV).
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3.3 Optical response of W doped V1.xWxO: films

Ellipsometric measurements were performed in the same way on W doped thin
films to determine the effect of tungsten doping on their optical properties. The real
and imaginary parts of the dielectric function at T=25°C from the point by point fit
are presented as symbols in Fig. 14. The solid lines represent the adjustment of the
dielectric function with the Tauc-Lorentz oscillators. Before discussing the behavior
of the dielectric function, we can emphasize the remarkable contribution of the point-
by-point adjustment (symbols in Fig. 13) compared to a classic adjustment with a
dispersion function (solid line in Fig. 13). Indeed, a notable difference in the real part
of the dielectric function at 25°C can be observed when the doping increases. A
significant discrepancy is even seen at x=3%. This difference can be explained by the
difficulty to correctly model by a dispersion function a material which is not 100%

monoclinic at 25°C due to the presence of tungsten (cf. Fig. 6).

12 ' ' ' ' ' | = pure pop

1 e x=0.7% pbp
10 x=1.8% pbp
x=3% pbb

Energy (eV)

Fig. 13. Evolution of the real part of the dielectric function at T=25°C for x=0%,

x=0.7%, x=1.8% and x=3%. The symbols result from the calculation of the dielectric
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function deduced from the refractive index calculated by the point-by-point method
and the solid lines come from the conventional fitting of the data with a Drude-
Lorentz model. It is clear from this Figure that the point-by-point method does not

yield similar results especially when the tungsten content increases.

It can be seen in Fig. 14a that the real part is characterized by a decrease in
Re(&) when the doping percentage x increases. The general shape remains similar
except for x=3% for which a metallic behavior characterized by a negative value of
the real part of epsilon is clearly visible at 25°C at low energy. The increase in
tungsten content affects the local structure around the W dopants which has been
identified as a rutile structure even at low doping by X-ray absorption fine structure
spectroscopy (XAFS) and X-Ray Diffraction in previous works [23, 56]. Similarly, a
drastic modification of the imaginary part of the dielectric function observed at 3%
(see Fig. 14b). The imaginary part of the dielectric function is no longer compatible
with insulating behavior. In this case, an increase typical of a metallic model of Drude
is observed which implies to describe the imaginary part by a sum of Tauc-Lorentz
functions with a Drude component. Actually, we have included in the fits of all doped
films a Drude component. As shown in Table 7, a very small Drude component at
0.7% and 1.8% characterized by a weak plasma frequency is found. It can therefore
be concluded that by increasing the W doping, the film probably consists of a mixed
phase containing insulating and metallic domains coexisting at room temperature.
Note that this statement is reinforced by the X-ray scattering study presented in Fig. 6
in which it is clear that the percentage of monoclinic phase never reaches 100% when
the content of W increases. Further evidence of the phase coexistence is shown in Fig.

14 (see comments related to the arrows in the text). The existence of mixed phases,
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when the temperature approaches Twmir, is well described in the article by Nazari et al.

[32] for pure VO» films deposited on sapphire.

The intersection of the linear part of the dielectric function with the horizontal
axis (corresponding to Im(g) =0 dashed curves in Fig. 14b) gradually decreases when
x goes from x=0% to x=1.8%. This value defines the energy gap of the insulating
phase. The determination of the gap was further ascertained in the Tauc-Lorentz
calculation. The adjusted value of the gap was found to vary from Eg=0.6 eV to
E.=0.2 eV for x=0% and 0.7% respectively. At x=1.8% and T=25°C, the gap was
found to be zero showing that the metallic behavior was almost achieved. The

decrease of the gap by doping is a behavior already observed. [68]

The amplitude and position of the Tauc-Lorentz parameters are very similar for
pure VO2 (x=0%) and x=0.7% (see Tables 6 and 7). Some trends in the evolution of
the transition energies can be observed from Table 7. The difference between the
energy levels from the filled lower O2p band (o) to the empty n* band gradually
decreases from 6.47 eV to 4.88 eV as x goes from 0.7% to 3% respectively. Similarly,
the transition between the bonding and antibonding d orbitals decreases from 2.9 eV
to 2.8 eV. This observation is in good agreement with the results of Wu et al [20]
studied by XAFS. The substitution of a V** ion by a W ion in the VO> unit cell
provides two additional electrons, which not only causes the distortion of the nearby
monoclinic VO» lattice (an increase in electron density), but also a change in the band
structure. These effects result in the downward shift of the n* electron band and a
smaller separation between the antibonding d; and bonding dy orbitals in the VO
band structure. As a result, the potential energy barrier for the phase transition is

lowered as obtained by adjusting the relevant bands. Note that the transition between
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the top of the full Oy () band and the middle of the empty n* band located close to

3.5 eV is not affected by the doping, because it is also not impacted by the rise in

temperature (see Table 7).
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Fig. 14. Evolution of the real part and imaginary part of the dielectric function at a) b)
T=25°C for x=0%, x=0.7%, x=1.8% and x=3% and c) d) at T=85°C. The dashed lines
in b) give an indication of the evolution of the optical energy gap E,. The full lines
result from a fit to the point by point data with the Tauc-Lorentz model of the
dielectric functions. The inset figure in d) is a magnification of the imaginary part of

the dielectric function around the energy at 1.6 eV.
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Table 7: Fitted Parameters assuming five Tauc Lorentz oscillators to describe

the dielectric permittivity at T=25°C and at 85°C for x=0.7% 1.8% and 3%. From left

to right are shown the energy gap, the dielectric permittivity €», the amplitude of the

oscillator, its energy E; and finally its width. Note, we define a screened plasma

energy ®p (whose value is displayed below Eg in brown color) with a broadening

factor I'q (Drude component) even at 25°C to take into account a possible metallic

behavior,
T =25°C T = 85°C

EeV) | & A | Bev) | wev) | Be©Y) € A | EeV) | WeV)

0p(eV) | Ty(eV) wp(eV) | Tq(eV)
415 | 123 | 143 001 | 168 | 0.006
x=0.7% | 024 | 146 | 116 | 289 | 0.73 0 242 [ 190 | 281 | 083
035 | LIl | 668 | 343 | 1.68 2.10 0.80 |342| 346 | 132
1694 | 647 | 6.34 566 | 499 | 2.06
211 | 135 | 143 0.16 | 168 | 0.19
x=18%| 0 157 | 147 | 290 | 0.90 0 223 | 186 | 279 | 0.89
0.31 132 | 375 | 348 | 172 | 208 089 |285| 343 | 137
954 | 584 | 473 433 | 488 | 2.07
021 | 1.69 | 022 023 | 1.68 | 029
x=3% 0 224 | 196 | 2.80 | 0.93 0 220 | 205| 283 | 097
204 | 091 | 2.83 | 345 | 139 2.24 097 | 348 | 348 | 149
419 | 488 | 2.03 558 | 507 | 219

At T=85°C, all the curves of the dielectric function show a metallic behavior. The

variations of the real part of the dielectric function are more pronounced for x=0%

than for the other concentrations for which the shape of Re(&) remains fairly similar
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(cf. Fig. 14c). One can also notice a slight dip in the real dielectric function below
1.68 eV marked by an arrow in Fig. 14c. As shown in Fig. 14d, the imaginary part of
the dielectric function differs by a decrease in its amplitude in the range from 2.5 eV
to 4.5 eV with the highest value for x=0% but above all it appears a new peak at 1.68
eV (indicated by an arrow in Fig. 14 b and d) which increases with the percentage of
tungsten. This peak was not present in the fits by the Drude-Lorentz method (not
shown here). These phenomena observed at 1.68 eV on both the real and imaginary
parts of the dielectric function could be explained by the coexistence of a monoclinic
phase and a rutile phase even at 85°C (see Fig. 6). A mixture of a monoclinic phase in
low proportion in a rutile phase could generate this kind of profile. There is very little
change in the plasma energy and in the damping constant as shown in Table 7. This is
the signature that the band diagram of the rutile phase does not change much upon

doping.

Figs. 15 (a-b) show the variations of the two optical constants n and k at 1550 nm for
different temperatures and concentrations upon heating. We can easily deduce from
the two figures the transition temperature upon heating for the four samples. The
transition temperature is Tp= 75°C for pure VO> and T,=57°C, 44°C and 39°C for V1.
xWxO2 doped at x=0.7% W, 1.8% W and 3% W respectively. It is thus observed that
the transition temperature decreases with increasing tungsten content as already
reported in the literature.[25, 48, 69, 70] All these results are in good agreement with
those found by XRD (see Fig. 6). We also observe that both the refractive index and
the extinction coefficient are affected by doping. A general trend is a decrease of the
refraction index in the monoclinic phase as x increases and an increase with x of the

extinction coefficient in the rutile phase as shown in Fig. 15.
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Fig. 15. Variation of the refractive index and of the extinction coefficient for pure
VO, and tungsten doped (x=[0.7%-1.8%-3%]) VO as a function of temperature at

A=1550 nm.

In order to eliminate the influence of the nature of the substrate, the spectral
reflectivity and the transmittance of VO free standing films at T=25°C and T=85°C
at normal incidence were calculated from the point by point n and k values. The total
amplitude of the transmittance and of the reflectance at normal incidence is obtained

by adding the amplitudes of the multiple reflections. The phase shift term f =

am(n+ik)h

7 where h is the film thickness, takes into account the path length difference

between the incident and reflected beams. It should be noted that the thickness of the
free films is much less than the coherence length of the incident beam. Otherwise, it
would be necessary to add the intensities and not the amplitudes. In the following, we
consider a free standing VO2 layer of refractive index n and thickness /& surrounded by
air of refractive index n = 1. For the calculation, the thicknesses were set to those
reported in Table 3. This leads to the following reflectance and transmittance in

amplitude:
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Where 7y, tg1, t1o the amplitudes reflectance and transmittance at the air/film and
film/air interfaces:

1-n—ik 2 2(n+ik)
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1+n+ik " P T 1+n+ik " T 1+n+ik ®)

To1

The intensity transmittance and reflectance at normal incidence in this free standing

film are:
R=rr* and T =tt" 9

The results are presented in Figure 16. From the high and low temperature
transmittance spectra of pure and doped VO thin films (Fig. 16(b) and (d)), TIM is
clearly observed as a dramatic change in infrared transmittance with temperature.
Going from 25°C to 85°C, the transmittance at 1800 nm drops from 30-60%
depending on the doping to 10-30% in agreement with the conductive state of VO, at
high temperature. We can list the benefits of tungsten doping on the optical
properties: (i) At 25°C we are looking for a film with a good transmittance in the
infrared range. The best transmittance at 25°C (60%) is observed for the films doped
with 0.7% W. It can be noticed that the increase of the percentage of W to 3% in the
film does not improve the transmittance (30%) even at low temperature probably due
to the coexistence of metallic and insulating phases. (i) At 85°C the film must reduce
the infrared radiation, while having a good transmittance in the visible. Figure 16
shows that the presence of tungsten results in a much higher transmittance in the

visible range than that of pure VO: film. This could be attributed to the presence of
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porosity in the doped VO films improving the visible optical properties of the films

[71].

As expected, the reflectivity shows a behavior opposite to the transmittance, except
that the roughness and the structure (porosity...) of the film can affect the reflectivity.
Hence the reflectivity of pure VO at 25°C appears to be higher than that of doped

films.
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Fig. 16: Calculated reflectivity and transmission at a) b) T=25°C and c¢) d) T=85°C

for a free-standing film of thickness h=70nm.

4. Conclusion

The influence of tungsten doping (x ranging from 0 to 3%) on the structural phase
transition and on the optical properties of W-doped thin films is reported as a function
of temperature. By monitoring the location of the most intense Bragg peak which
transforms from the (110) rutile into the (011) monoclinic phase, we measured the

temperature dependent percentage of the monoclinic phase in the films. The increase
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in tungsten concentration reveals that the films neither achieve a pure metallic nor a
pure insulating behavior. This is attributed to the presence of coexisting domains. We
show that the transition temperature Twmir is lowered from 69.6°C for pure VO to
41.6°C for x=3%. We further evidence that the width of the hysteresis is reduced from
8°C to 4°C when x changes form x=0% to x=3% although the film thickness has been
divided by almost a factor of 2. This behavior which is opposite to the evolution of
the hysteresis of pure VO, films with the thickness [42] is attributed to the role of
tungsten doping. We also observe that the temperature ranges over which the
transition occurs is much broader in doped films. This effect, attributed to phase
coexistence, is in perfect agreement with previous observations reported in the
literature. [46,48] X-ray reflectivity analysis shows that the thickness of the thin films
does not change much through the transition. The increase in tungsten atomic
concentration is however associated to an increase of the film roughness.

Ellipsometric spectroscopic measurements of pure and doped films were carried out at
two temperatures 25°C and 85°C for pure VO,. X-ray reflectivity coupled to
ellipsometric spectroscopy eliminates any possible correlation between the refractive
index and the thickness of the VO, films usually encountered in the analysis of
ellipsometric data. The calculation of the refractive index n and extinction coefficient
k was carried out by either the point by point and the classical Drude Lorentz
methods. The results clearly show the efficiency of the point by point method over the
Drude Lorentz one especially when the content of tungsten increases. In particular,
the optical functions of the tungsten doped film significantly differ when using the
point-by-point method from the ones calculated with the Drude-Lorentz model. The
biggest deviation is found for the 3% doped sample at 25°C. From these results, the

dielectric function of tungsten doped VO: thin films was determined. We clearly
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show in both X-ray diffraction and ellipsometry analyzes that at higher W doping
content a coexistence of rutile and monoclinic phases occurs. An adjustment to the
dielectric function by adding a Tauc-Lorentz model and a Drude model allowed us to
quantify the energies of the inter-band electronic transitions of the films for the
different W doping rates.

Finally, the reflectance and transmittance of free standing films were determined. The
0.7% doped sample was found to be the one having the highest transmittance at 25°C

in the infrared region.
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