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Abstract

THz amplitude modulators and switches are considered to be the main building blocks of
future THz communication systems. Despite rapid progress, modulation and switching devices
in this electromagnetic spectrum lag far behind other frequency ranges. Currently, THz modu-
lators face major challenges in consistently producing high modulations depths over large fre-
quency bands. Moreover, a convenient integration for practical applications requires that the
modulation/switching properties can be electrically controlled. Devices fulfilling all these con-
ditions remain to be demonstrated. In this work we show that W-doped VO films grown by

direct-current magnetron sputtering can be efficiently used for the development reliable, large-



area, broadband THz waves modulators. We demonstrate that W doping not only permits to
tune the insulator to metal transition (IMT) temperature of VO3, but also, most importantly, to
control the topology of the electrically activated transition. In situ / operando X-ray diffraction
and Raman spectroscopy characterizations of the devices, coupled with standard resistivity
measurements and time-domain THz spectroscopy, unambiguously demonstrate that the
changes in the spatial distribution of the IMT is due to structural distortions induced by W
doping. These findings are exploited to validate VO-based devices whose IMT that can be
triggered either thermally or electrically over areas as large as 3.8x10 mm?2, hence permitting
the development of efficient THz modulators operating over a large spectral range (0.2 — 2 THz)

with MDs reaching 96%.

1. Introduction

The field of terahertz (THz) science and technology is constantly attracting increasing atten-
tion as the electromagnetic radiation in this frequency range (1-10 THz) has emerging applica-
tions in security, short-range telecommunications, medical applications, and quality control of
food and materials®?. Despite rapid progress, modulation and switching devices in this electro-
magnetic spectrum lag behind other frequency ranges®. THz amplitude modulators are consid-
ered to be the building blocks of future THz systems, especially in communication systems.
The main candidates employed for THz modulation are based on semiconductors (Si, AlGaAs-
...), 2D materials (graphene, MoTex>...) heterostructures, metamaterial-based structures, and
phase-change materials, such as vanadium dioxide (VOy), as attested in recent literature reviews
%7 The key factors that are considered to be of importance for amplitude modulation are the
modulation depth (MD), the operation frequency domain, the reconfiguration speed, and the

power consumption.



Currently, THz modulators still face challenges in consistently producing high MDs over
large frequency bands and often require relatively expensive fabrication techniques. Further-
more, large MDs are often produced by optically irradiating the substrate material in order to
generate carriers that affect the conductivity of the thin film, thus changing the THz modulation
performances®. Introducing an external light source is, however, inherently increasing the com-
plexity of the system. A material that stands out for THz modulation is VO2®*° due to its various
advantages such as the abrupt change between its insulator and metallic states using optical,
electrical or thermal stimuli, its high energy efficiency® and its ability to operate on different
broadband frequency domains. These performances make the integration of VO highly attrac-
tive for a variety of applications spanning from electrical memory devices to thermochromics,
thermal regulation and reconfigurable high frequency devices!*2.

The physical property of VO. of interest for THz modulation is its reversible and ultrafast
transition between an insulating and a metallic phase that is triggered at a relatively low transi-
tion temperature, TivT, of 340K™3. The insulator to metal transition (IMT) is also accompanied
by a structural phase transition (SPT) where VO, changes from a monoclinic M1 structure at
low temperatures to a tetragonal rutile-like R structure at temperatures higher than the transition
temperature. The IMT/ SPT can be triggered by direct heating above the transition temperature
or by applying a sufficiently high electrical stimulus!*. When cooling down the material from
the metallic phase to the initial insulating phase, a slight offset in the reverse metal-to-insulator
temperature is observed, creating a well-known hysteresis effect. As the name suggests, the key
intrinsic property that changes with the IMT is the electrical resistivity, with a ratio of more
than five orders of magnitude between the two states'®. From the optical properties point of
view, VO2 changes from a high to a low optical transmission in the visible and infrared do-
mains®!’. Besides the previously mentioned applications, the IMT of VO2 has been success-

fully exploited for THz modulation devices with bare films’ MDs going as high as ~85%181°,



which can be further increased to values of > 90% when incorporated in resonant-type met-
amaterials designs, but at the expense of the operation bandwidth reduction®18,

One particular appealing property of VO is the ability to tune the parameters that define the
IMT such as the transition temperature (TimT), the hysteresis width (AH) or the transition width
(AT), in order to customize VO for different applications. This can be achieved in several
ways, for instance by controlling the oxygen stoichiometry?, by strain engineering?! or metal
doping? or by adjusting the experimental parameters (ex. deposition and annealing tempera-
tures) during the film deposition process'®. However, the most efficient method of achieving a
drastic modification of the hysteresis curve characteristics is the incorporation of metallic do-
pants in the structure of the vanadium dioxide film. As such, it was previously reported that
dopants like AlI%, Fe?* or Cr?® will increase the Timt while W2, Mo?’, Mg?® and Nb?? dopants
are likely to reduce the Timt. Although metal doping has proved to be an efficient way to reduce
the overall energy budget associated with the IMT by drastically lowering the TimT of the films
it has, however, a detrimental effect for THz modulating applications, by also reducing the
MD?2, One of the most investigated dopants is tungsten, known to usually reduce the Twr of
VO, thin films by 20- 28 K/at. %W doping 2.

The influence of W atoms over the IMT modulation arises from an interplay between the
electron doping that disrupts the dimerized V-V pairs of the room temperature phase and in-
creases the conductivity in the films, and a local distortion of the monoclinic phase toward a
rutile like phase?®31:32, This rutile like phase affects the nearby M1 lattice and reduces the po-
tential energy barrier for phase transition®* while also acting as a nucleation site for the R phase
when the transition occurs. The exact role of electron doping is still the subject of debate;
whereas some theoretical work suggest that electron doping from the W atoms have little effect
on the Timt°, others suggest that it is electron doping that make W a more efficient dopant at

reducing the transition temperature, as compared to other atoms with large ionic radii®3.



In this work we focus on W-doped VO, epitaxial films grown on (001) oriented sapphire by
direct current magnetron sputtering. We demonstrate that W doping allows not only to tune the
IMT temperature, but also to control the topology of the electrically activated transition. This
feature is exploited to fabricate VO — based devices whose IMT can be triggered either ther-
mally or electrically over areas as large as 3.8x10 mm?, hence permitting the development of
efficient THz modulators operating over a large spectral range (0.2 — 2 THz) with MDs reaching
96%. Our findings are supported by in situ / operando X-ray diffraction (XRD) and Raman
spectroscopy characterizations of the devices, coupled with standard resistivity measurements
and time-domain THz spectroscopy.

2. Experimental section

2.1. Film growth

Tungsten-doped VO films can be grown by various methods, including sol-gel®*, pulsed la-
ser deposition® or magnetron sputtering®®. An advantage of magnetron sputtering is that it al-
lows to grow films, with a high degree of reproducibility, over very large areas which makes it
de facto scalable to industrial scale. Reactive magnetron sputtering is a variation to the classical
sputtering method where, by adding a reactive gas during the deposition process, one can in-
corporate, in a controlled manner, additional elements in the film during the deposition process.

In this study, VO films were obtained using reactive DC magnetron sputtering of a vanadium
target in an argon and oxygen atmosphere, on 10 x 10 mm? (001)- oriented Al,O3 substrates at
a temperature of 500°C, with a subsequent in situ annealing step in pure oxygen atmosphere
(20-mTorr pressure, at 550°C for 30 minutes®®). The tungsten-doped films with three different
doping levels were grown by placing metallic tungsten chips on the vanadium target, the doping
level being proportional to the size of the W chips. The films are termed as DO (undoped VO2),
D1, D2 and D3 for VO films with increased W doping amounts. The average deposition rate

evaluated across the different doped samples was 8.8 nm/min, with a notable exception for the



D2 sample, for which we estimated a lower rate, of 4.5 nm/min, possibly due to the plasma
instabilities during the sputtering process. Nonetheless, all films are thick enough to consider
that the thickness-related strain has little or no influence on their hysteresis parameters .

With the above-mentioned deposition conditions, the VO films exhibit a (010) orientation
with respect to the (001) planes of sapphire®®. In the in-plane direction, the epitaxial relation-
ships are given by [100]voz ||[210]arz0s, [100]voz||[110]aiz03 and [100]voz [[[120]arz0s. The three
orientations correspond to three different epitaxial variants which are due to the existence of
three structurally equivalent orientations of the (010) planes with respect to the (001) plane of
sapphire®.

2.2 Electrical characterizations

The DC electrical characteristics of the vanadium oxide compositions were recorded in the
25° to 95°C temperature range using a four-point probe setup, i.e. four in-line spring-loaded
probes with a spacing of 1 mm connected to a Keithley 2612B sourcemeter. A Peltier thermo-
electric element was used to control the temperature during the heating and cooling steps, and
a Pt100 thermocouple was used to control the temperatures.

The evolution of the resistivity of the VO. films with increasing temperature has a typical
hysteresis shape (see Figure S1 in the Supporting Information). In order to quantify the param-

eters characterizing the transition, the curves were fitted with the following function:
f(x)=ax[1—tanh(¥)]+d—exx (1)
where a is the amplitude of the transition, b the middle point of the transition (the inflection
point of the curve), c is the width of the transition, d is a parameter that controls the vertical
offset of the function and e is a parameters that controls the slope of the linear part of the tran-
sition (Figure S1 in the Supporting Information). From these, the b parameter gives directly the

middle points of the heating or cooling curves (Tivt and Twmit), respectively, which are also



used to calculate the average transition temperature Tavg = (Timt + TwmiT)/2 and the hysteresis
width, AH= Timt- Tmit. The transition width AT (i.e., the total temperature region where the
resistivity varies non linearly) has been obtained from the second derivative of this function
using a procedure described in 1°. The uncertainties on all parameters are estimated from the

standard deviation of the fitted parameters.

2.3 Structural characterizations

The elemental composition of pure and W- doped VO: films was determined by Rutherford
Backscattering Spectrometry (RBS) experiments performed at the JANNuS-SCALP facility of
IJCLab in Orsay®. We used 1.4 MeV He" ions at normal incidence to the sample surface, and
a passivated implanted planar silicon detector located at a scattering angle of 165°. The recorded
RBS spectra were analysed using the SIMNRA computer code®.

A Bruker D8 "Discover" X-ray diffractometer was used to perform X-ray diffraction (XRD)
measurements. The X-ray beam from a copper target was collimated using a parabolic multi-
layer mirror and a 2-reflections Ge (220) monochromator calibrated to select the Kay radiation
of Cu. The diffracted x-rays were collected using a 1D position sensitive detector ("Lynx Eye")
with a resolution of 0.01° 26. An Anton Paar DHS 1100 furnace mounted to the sample stage
was used to characterize the evolution of the structure of the VO. films with temperature. In the
current experiment the beam size is 0.2x10 mm?,

In order to quantify the relative amount of M1 and R phases in the film during the transition,
the 020 peak of VO2(M1) and the 200 peak of VO2(R) have been fitted with pseudo-Voigt
functions®® to extract the integrated intensity of each phase. Since the diffracted intensity is
proportional to the volume of diffracting material, the volume fraction of each phase can be

computed using 3

X _ Iy1 vma / |F020(Ml)|2 (2)
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where x; and v; (i = M1, R) are the volume fractions and unit-cell volumes of i = Mj or R,
and Fn is the structure factor of the {hkl} lattice plane family. From the temperature evolution
of the volume fraction the SPT can be quantitatively monitored and the characteristic of the
transition can be estimated by fitting the data with equation (1) above. In the case of the highest
doping levels, the large overlap of the 020m1 peak and and the 200r peaks during the SPT makes
the fitting procedure unstable. Hence, to avoid the occurrence of unphysical solutions, the po-
sitions of the 020m1 and 200r peak have been constrained to their value just before and just after
the transition, respectively. In the following we solely consider the M1 phase fraction as it
allows for a direct comparison with the resistivity data.

The Raman spectra of the samples were acquired in the spectral range 50-1300 cm™! using
an inVia Reflex Renishaw confocal Raman spectrometer. Raman data were collected after two
accumulation spectra of 60 s each, using a x50 LWD objective using a 532-nm excitation laser.

2.4 THz characterizations

The temperature- and electrical- dependent THz transmission characteristics of the layers
were recorded in the 0.2 — 2 THz range using a THz time domain spectrometer (THz-TDS)
TERA K15 all fiber-coupled terahertz spectrometer from Menlo Systems GmbH. A Peltier
heating element with a hole in the middle, large enough to allow the transmission of the THz
radiation, has been used to perform the measurement in transmission mode.

The acquired time-domain signals transmitted through the samples were transformed to the
frequency domain using a Fast Fourier Transform (FFT). Afterwards, the spectra were normal-
ized to the transmission of the sapphire substrate by dividing the FFT spectra of the films and
substrate by the transmission spectrum of the substrate alone (Supporting Information Figure
S6). The averaged THz transmission values in the 0.2 — 2 THz domain were used to plot the

normalized THz transmission vs. temperature or applied current hysteresis curves, similar to



the ones obtained in the 4-point probe DC electrical measurements. Finally, the amplitude mod-
ulation depth (MD), which describes the modulation of the electric field amplitude, of the de-
vices was computed from MD =[(Amax-Amin)/Amax], Where Amax and Amin correspond to the
maximal and minimal detected transmitted THz radiation amplitude®.

Infrared thermal images of the devices during the thermal and electrical activation of the films
were taken simultaneously using a Thermal LWIR Optris P1 640i camera with a f 44 mm focal

microscope optics.

3. Temperature-induced transition

The W percentage of the W:VVO, fabricated films, as analysed by Rutherford backscattering
spectroscopy, was revealed to be 0.41 at% for D1, 1.16 at% for D2 and 1.86 at% for D3 samples,
respectively. RBS spectra and the corresponding simulations that allow to derive the concen-
trations of W are given in the Supporting Information Figure S2.

3.1 Structural and electrical properties of the fabricated films

All films are epitaxial with the (010) planes of VO being parallel to (001) planes of sapphire
(see experimental section). The corresponding XRD 0-26 scans, given in the Supporting Infor-
mation Figure S3, show only peaks of the VO2 M1 phase suggesting that W forms a solid so-
lution with VO». Figure 1a shows the evolution of the 020 XRD peak of the M1 phase upon
increasing W doping levels. With increasing W content, the peak shifts towards lower angles
indicating a swelling of the unit-cell upon incorporation of W in the VO lattice. This is a further
indication of the insertion of W ions inside the VO lattice. Taking into account the difference
in ionic radii between V** and W**, 0.58 A and 0.66 A, respectively, a swelling of the unit-cell
is expected. Besides these intuitive arguments, several works reached the same conclusions
using either XRD, X-ray absorption spectroscopy or pair distribution function measurements

293132 More precisely, in these studies it is demonstrated that, because of difference in ionic



radius, W insertion distorts the local structure making it more similar to the R phase?, for in-
stance by decreasing the V-V pairs tilting and depairing of dimerized V-V pairs®.. This distor-
tion of the VO cell results in an overall increase of the bond lengths (although details of af-
fected bond differ depending on the authors) which in turn results in an increase of the lattice
parameters. Similar conclusions have been reached by atomic scale calculations®®33, The results
presented here are hence in good agreement with earlier published works. On a more quantita-
tive level, it is possible to compute the swelling of the unit-cell by quantifying the amount of
strain observed in the [010] direction. From Bragg’s law, the position of the 020 peak of the
M1 can be converted into the corresponding lattice parameter, b = sin(8)/ A. Equipped with the
value of b for all films, the strain associated to W doping can hence be computed with e = (b —
bo)/bo, Where by is the b lattice parameter of the undoped film. It turns out that the strain is
linearly dependent on the doping level with a slope of 0.067; i.e., 1 at% tungsten gives rise to a
0.067% increase of the b lattice parameter of VO.. The film with highest W content exhibits a
strain of 0.12%. Taking into account the fact that upon the M1-R transition the lattice spacing
in this direction increases by ~0.6% *’, W incorporation deforms the unit-cell towards a rutile-
like structure which is one of the driving mechanisms of the Tivt reduction. This observation

is in line with the previous results from earlier works.
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Figure 1. a. a) 0-20 scans of the films with different at.% W doping, of 0% (D0), 0.41% (D1),
1.16% (D2), 1.86% (D3), zoomed on the (020) peak of VOg; the inset graph is tracing the ez,
strain for every doping level. b— e. Temperature-dependent evolution of the M1 phase towards
the R phase for each of the samples DO-D3. f.-i. the corresponding 2x2 um? -area AFM scans

of the DO-D3 layers.

The temperature-dependent XRD measurement in the vicinity of the 020 Bragg peak of VO>
films with different doping levels are shown in Figure 1 b-e, where it’s evident that, as the
doping amount increases, the angular separation between the peaks of the M1 and R phases
diminishes. The corresponding relative lattice spacing difference between the two phases Ad/d
= (dr — dm1)/dmz is indicated in the figure and evolves from 0.31% to 0.07%. Concomitantly,
the intensity ratio between the peaks of the R and the M1 phase is decreasing from 1.35 for the
D0 sample to 1.14 for D3. These two observations suggest that (i) the unit cell of the two phases
are converging to similar dimensions and, (ii) the structure factor are getting similar as well. As
outlined in 32 . XRD alone is not sufficient to draw firm conclusions regarding a possible struc-

ture change of the VO, phases. However, in their work, as well as in 2°, using pair distribution
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function analysis and/or X-ray absorption spectroscopy, the authors demonstrated that these
observations could be linked to a distortion of the M1 phase towards the R phase.

From the XRD data shown in Figure 1 b-e we can derive the volume fraction of the M1 and
R phase using the methodology detailed in section 2.3. The corresponding data simulation are
shown in the Supporting Information Figure S4. The volume fraction evolution of the M1 phase
with temperature is displayed in Figure 2a., where a SPT hysteresis is clearly seen. The corre-
sponding parameters of the hysteresis are given in Table 1. For increasing doping levels, the
average SPT transition temperature decreases from 66.9 to 33.8°C. The hysteresis width varies
from 1.9 to 3.4°C, but with large uncertainties (up to 2.1°C) so that no firm conclusion can be
drawn for this parameter. The transition width increases from 4.1 to 17°C, which will be further
discussed below with regards the grain size of the films. It is worth noting that for D3, the
volume fraction of M1 is not 1 at room temperature, indicating the R phase is already present.

This is due to the fact that the transition temperature is extremely close to room temperature.
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Figure 2. Temperature-dependent of the a. M1 phase volume fraction during the structural
phase transitions and b. electrical resistivity evolutions of the undoped (D0), 0.41 at.% W (D1),

1.16 at.% W (D2) and 1.86 at.% W (D3) doped layers.
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Doping (at.% W) Tavg °O) AH (°C) AT (°C)
0 (DO) 66.9+0.1 1.9+0.1 4.1+0.1
0.41 (D1) 60.9+£0.3 1.9+0.7 7+0.7
1.16 (D2) 41.6+0.3 2.8+0.5 6.1£0.5
1.86 (D3) 33.8+1 34+2.1 17£2.1

Table 1. Parameters of the SPT hysteresis curves of the films presenting different W-doping

percentages.

The Raman spectra of all DO-D3 films, recorded at room temperature, are shown in Figure
S5 of the Supporting Information. All spectra are characteristic of the M1 phase of VOo>. Let us
first consider the evolution of the DO sample with increasing temperature (Figure S5 b): the
Raman peaks intensities start to decrease around 68°C and completely vanish at 70°C, where
the signal solely consists of a background signal characteristic of a metallic material, i.e. the R
phase. The most doped sample (D3) shows a similar behaviour but with a transition temperature
shifted towards a lower value: the peak intensity starts to decrease between 50 and 55°C and
the signal totally vanishes at 60°C. It can be noticed that this transition temperature differs from
the one observed by XRD. Although that type of discrepancy is not uncommon when comparing
thermally-resolved Raman scattering and XRD measurement, the exact origin is not entirely
clear. A likely reason might lie in the nature of the probe: whereas XRD is sensitive to long
range crystalline order, which requires large regions of the crystal to be transformed to yield a
significant signal, Raman spectroscopy is more sensitive to short range order and can hence
detect subtle changes in chemical bonding, even if those are randomly distributed throughout
the material.

The temperature-dependent electrical resistivity evolution of the films is presented in Figure
2b. It can be clearly seen that, as the doping amount increases, so does the shift of the IMT

temperature towards lower values, along with the widening of the transition (increasing AT), as
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well as the decrease in the resistivity ratio between the insulating and conductive phases. This
evolution is in agreement with previously published results regarding the effect of W doping in
VO,¥#. The parameters quantifying the electrical transition are summarized in Table 2.
Firstly, an important result is the IMT and the SPT temperatures are identical within experi-
mental uncertainty. Secondly, it can also be observed that, on average, the hysteresis width and
the transition width are larger for the IMT. The most likely reason for this discrepancy is the
difference in sensitivities between XRD and resistivity measurements. For XRD, when the vol-
ume fraction of one of the two phases reaches a very low level, the corresponding intensity also
reaches very low values, preventing any quantification, in particular when the peaks of the two
phases highly overlap. On the contrary, for the electrical measurement a resistance value is
measured whatever the volume fraction of the phases. Thirdly, similarly to what is observed for
the SPT, whereas the hysteresis width remains constant within experimental uncertainty, the
width of the transition increases with increasing doping level. This is further discussed below.
Lastly, the resistivity ratio, pmi/pr, follows a monotonic decrease with increasing doping lev-
els, dropping from five orders of magnitude to only one order of magnitude for the highest level

of doping. As mentioned before and in previous reports,?®3!-2

this decrease could be explained
by the electron excess upon W atom substitution in the local M1 structure. The average IMT
temperature decreases from 67.7°C for the undoped film to 34.7°C for the most doped one. This
evolution correspond to a linear behaviour with a slope of 18.9 + 2.9°C/ at% W doping level,
which is consistent with previously published results?® and is attributed to the lower energy
barrier between the M1 and R phases for the doped films.

In order to get more insight regarding the evolution of the transition temperature and the
evolution of the transition width, we conducted atomic force microscopy (AFM) observation

of the surface of the films, Figure 1 f-i. It is readily observed that with increasing W content,

the average lateral grain size in the films decreases from 207 + 76 nm (D0) down to 99 + 29 nm

14



(D2) while for the highest doping level (D3) the grain sizes of the film were too small to be
accurately determined. The correlation between decreasing grain sizes and the increase of do-
pants concentration has been described before and was associated to the increase of density-
related nucleation effects during film growth??. The increase of the grain boundary density as-
sociated with the decrease of the grain size most likely explains the increase of the resistivity
level in the conducting phase (similarly to what is observed in metallic films ***%) which is
another factor explaining the reduction of the resistivity ratio.

Another consequence of the grain size reduction is the increase of the transition width both
in the SPT and IMT transitions. This effect results from the combination of the increase in strain
level combined with the decrease in grain size. Indeed, the multiplication of the number of
grains with different sizes translates to a wider variety of grains with different level of strain,
hence a larger distribution of Tyt and Tmir values. Finally, as already noted above, both for
the IMT and SPT, the hysteresis width remains roughly constant within the experimental un-

certainty. According to Narayan and Bhosle’s model*’

, in films of high structural quality with
large grains separated by low angles, a sharp transition with large amplitude and small hystere-

sis width should be seen, which is indeed our case.

Doping (at.% W) | Tayg (°C) AH (°C) AT (°C) PM1/PR ratio
0 (DO) 67.7£0.1 42+02 53+0.2 11 x 105
0.41 (D1) 60.6 £ 0.2 47+04 8.9+0.4 78 x 102
1.16 (D2) 40.0+0.3 49+05 123+05 9 7 x 102
1.86 (D3) 34.7+03 46£0.6 16.2£0.6 75 %10

Table 2. Parameters of the electrical hysteresis curves of the films presenting different W dop-

ing percentages.

3.2 THz modulation
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The evolution of temperature-dependent normalized THz amplitude transmissions of the DO
and D3 samples as a function of frequency are shown in Figure 3a and 3b while the hysteresis
of the normalized THz amplitude transmissions (mean values between 0.2 and 2 THz) during a
heating- cooling cycle is represented in Figure 3c for all samples. In the context of THz appli-
cations, the abrupt variation of the transmission around the transition temperature, observed for
the DO sample, is typical of a switching behaviour, as is also evidenced in Figure 3a where the
transmission abruptly drops over the whole spectral range investigated (see also additional Fig-
ures S6 a in the Supporting Information). On the contrary, the smooth transition observed for
the D3 sample, also visible in Figure 3c, is typical of a THz continuous amplitude modulator.
This effect has already been observed in previous studies 647,

As in the case of the electrical and structural transition, the transition temperature Tayg Of the
THz transmission decreases for each subsequent level of doping (Figure 3c) but, interestingly,
the magnitude of the transition is not as drastically affected for the THz transmission as com-
pared to the changes in the electrical resistivity presented in Figure 2b. Indeed, the THz mod-
ulation depth for the samples DO to D3 only decreases from 96.3% (D0 sample) down to 82.8%
(D3 sample), as compared to the ~2000 times drop in electrical resistivity ratio for the same
films. The effects of doping on the THz amplitude modulation capabilities of the VO films

are summarized in Table 3.
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Figure 3. Temperature- and frequency- dependent normalized THz transmissions of samples
DO (a.) and D3 (b.) between 0.2 and 2 THz; c. temperature evolution of normalized THz am-
plitude transmission (mean values between 0.2- 2THz) for samples D0-D3 during a heating-
cooling cycle. The inset is sketching the THz measurement configuration in which the substrate
and the layers are mounted on a heating Peltier element with a circular hole in the middle, to

control the thermal activation and let the THz pulses through.

The modulation depth in the THz domain has been previously noted to be heavily influenced
by the metallic phase and the free carrier density of the films 8. Since W doping increases the
electron density in the conduction band, the THz transmission at room temperature is progres-
sively reduced, as observed in Figure 3b. However, even though the electrical resistivity level
is indeed lowered in the insulating phase of the doped films, it appears that the free electron
density is not high enough to drastically affect the transmitted THz amplitude in the investigated
frequency domain. Differences between the amplitude evolution of the hysteresis curves within
each set of electrical and THz measurements also arise from structural defects (like those at the
film/ substrate interface %7) and grain boundaries, which influence how the phase transition
spreads through the material. Whereas structural defects and grain boundaries have a high im-
pact on the electrical measurements by limiting carrier mobility or acting as charge carrier traps,

these effects are negligible in the THz measurements which are probing the overall response of
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the films within the THz beam (~2 mm in diameter). This was previously confirmed in several
studies **, which confirmed the link between the normalized THz transmission of the films for
a specific temperature - and hence for a specific conductivity of the films, to the layers’ thick-
nesses and the films’ conductivities (equation (S1) and Figure S10 in the supporting infor-
mation). Using this relation, we obtained a good agreement between the theoretical simulation
and the experimental results of the normalized THz transmissions for the DO and D3 films at
different temperatures, which is obvious when comparing the curves in Figure S10, especially
at low terahertz frequencies. Thus, the modulation depth of the films (either un-doped or W-
doped VO films) is directly related to their measured electrical conductivities directly extracted
from Figure 2b.

A noticeable difference between the THz and electrical measurements of the films is that the
absolute values of Tayg are different. It has been observed that, since the electrical transition
requires the formation of a conductive path between the electrical probe tips “°, the electrical
transition is delayed with respect the optical one, which can be detected as soon as the first
nuclei of the R phase are formed “°. However, such a delay is not systematically observed in
our case: whereas the onset of the transition (observed from the point of view of THz radiation)
for the DO and D1 samples is slightly faster, the D2 and D3 samples exhibit the opposite be-
haviour. A possible explanation could be due to the aperture in the Peltier element which is
letting the THz radiation through. A direct consequence of the presence of this aperture is that
the area of the film above it is not heated at the same rate compared with the regions in contact
with the Peltier element, resulting in temperature variations in this region. In the case of the

electrical resistivity measurements the whole films areas are in contact with the heating element.

Doping (at.% W) |  Tav (°C) AH (°C) AT (°C) MD (%)
0 (DO) 648+01| 26+0.2 3.8+0.2 96.4
0.41 (D1) 57.6+04 | 3.2+0.8 71408 88.8
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1.16 (D2) 408+ 05| 36009 9.6+0.9 85.7

1.86 (D3) 354+06| 43+12 154 +1.2 82.8

Table 3. Hysteresis parameters of the normalized THz amplitude transmission curves in Figure

3c.

For the development of THz modulators, the most interesting feature emerging from these
characterizations is the widening of the transition (AT) in the case of the doped films, observed
both for the electrical resistivity and the THz transmission measurements. While promising, the
use of the direct thermal activation is not ideal for functional devices which usually require a
form of electrical control over the active elements. This topic will be extensively investigated
in the next section 4.

3.3. Discussion on the structural and electrical properties in W:VO: films
The analysis of the structural evolution obtained by XRD for the D0-D3 layers presented
above suggests that the unit cells of the two phases (M1 and R) are converging toward similar
dimensions, with structural factors also becoming more alike. Although this analysis alone is
insufficient to confirm structural changes conclusively, as also suggested in previous reports®
it should be mentioned that complementary techniques such as pair distribution function anal-
ysis and X-ray absorption spectroscopy?’ , have revealed that these observations likely corre-

spond to a gradual distortion of the M1 phase toward the R phase.

The electrical resistivity measurements as a function of temperature presented here revealed
that increasing tungsten doping results in a systematical shift of the MIT temperature to lower
values while broadening the transition (AT) and reducing the resistivity ratio between insulating
and conductive phases. Thus, the resistivity ratio (p)M1/pR) exhibits a monotonic decrease as
doping levels increase, dropping from five orders of magnitude to just two at the highest doping
concentration. This behavior can be attributed, as previously suggested®-*!-32, to electron excess

introduced by W atom substitution, which lowers the energy barrier between the M1 and R
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phases. The IMT temperature follows a linear decline from 67.7°C in undoped films to 34.7°C
in highly doped ones, with a measured slope of 18.9 + 2.9°C per atomic percent of W doping.
This trend is consistent with prior reports* and underscores the role of doping in modulating

phase transition energy barriers in these composite layers.

Moreover, this variation of the resistivity can be also linked with the correlation between
decreasing grain sizes and increasing dopant concentration, with prior research linking this phe-
nomenon to higher nucleation density during film growth??. Thus, the increased grain boundary
density likely contributes to higher resistivity in the conducting phase, similar to effects already
observed in metallic films****. As we experimentally shown, this grain size reduction also af-
fects the transition width, broadening both the structural phase transition (SPT) and MIT due to
strain distribution variations across grains. THz transmission results for samples with different
doping levels and at different temperatures is also confirming the theoretical link between the
normalized transmission (or modulation depth) and the conductivity variation of the layers with
the doping level recorded from the electrical measurements of the film*¢ (Figure S10 and equa-

tion (S1) in the supporting information).

4. Electrical control of the metal-insulator transition on large-area VO2-based devices

4.1. Electrical characteristics of the devices integrated VO-based films

For the electrical activation of the different VO.-based layers, we fabricated on top of the DO-
D3 films two parallel metallic electrodes made of a Ti/ Au bilayer (30/ 600 nm in thickness) by
employing photolithography and metal electron-beam evaporation. The electrodes cover the
whole width of the 10 x 10 mm? substrates and leave an exposed area of 10 x 3.8 mm? of the
VO»-based films (Figure 4a), i.e. wide enough to let the THz beam pass through the device. It
is worth noticing that this interelectrode distance is considerably larger than the micrometre-
scale distances usually reported in the literature for the electrical activation of MIT of VO, films

5051 Conducting wires were further soldered on the electrodes for convenient integration in the
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electrical activation and measurement circuit. The electrical activation of the films was per-
formed using a voltage/ current source (TTI with maximum voltage/ current of 120V/ 1.5 A).
Alternatively, a Keithley 2612B source-meter was employed for recording the current-voltage
(I-V) characteristics of the devices.

For these experiments, the current compliance was set at a value larger than the supposed
current threshold for the IMT. The voltage value from the source was then gradually raised until
an abrupt decrease was noted, indicating the initiation of the IMT, as noted on the I-V curves
represented on Figure 4 b for the samples DO and D3. Afterwards, the current compliance was
further gradually increased, usually with increments of 50 mA while the IR thermal imaging
was used to assess the metal and insulating phases. In the thermal images of Figure 4 the top
row (c-i) correspond to the DO sample, while the second row (j-p) correspond to the D3 sample.
In both cases, the leftmost image (c and j) correspond to the case where no current is applied,
while the following images correspond to different current values: d and k correspond to the
current value at the onset of the transition; i and p correspond to the maximum applied current.

The electrical activation of the DO device, was achieved with the sample being kept at tem-
peratures between 57°C and 64°C, i.e. slightly below the IMT, in order to reduce the threshold
voltage/current needed for electrically-induced IMT, as voltage and current threshold values
are decreasing for higher bias temperatures. When the resistance of the DO device dropped due
to the onset of the electrically induced IMT, the thermal camera registered the appearance of a
channel at a seemingly lower temperature (Figure 4 d-h). This apparent cooling is in fact due
to formation of the metallic VO2 channel which has a lower emissivity than the insulating VO..
For these large area devices, the electrical activation is most likely purely thermal, through
Joule heating. Under the effect of temperature, metallic nuclei appear at the onset of the transi-
tion, and coexist with the insulating phase until percolation is reached, which occurs through

the formation of a filament that creates a conductive path between the electrodes. As the applied
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current is further increased, the metallic channel grows laterally until the whole sample convert
to the metallic state for temperatures higher than the IMT transition temperature®>°3, It must be
emphasized that, in the present case, the narrow state of the filament is not observed because,
for increasing voltage, the current abruptly jumps from low to high values, leading the filament
to rapidly reach a broad size (Figure 4 d). It is important to mention that upon several transition
cycles, the filament randomly appears at different locations (Supporting Information Figure

S7), confirming the stochastic nature of the nucleation/percolation process.

Heating element

Current (mA)

o 1 2 3 4 5 6 7 8 15°C
Voltage (V)

Figure 4. a. Schematics of the devices fabricated for the electrical control of the IMT in VO,-
based layers integrated with a current-voltage electrical source, b. typical I-V characteristics of
the DO and D3-based devices showing a negative differential resistance S-shape and IR thermal
images at different stages of metallic channel expansion of the undoped DO film - based device
at a bias temperature of 64°C (c -1) and of the most doped D3 films - based device at a temper-

ature of 23°C during current increasing between 0 and 400 mA (j- p).

While a similar behaviour can still be observed for D1, overall, for increasing doping level,

the onset of the metallic channel becomes less visible, until it completely disappears for the
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device integrating the most-doped sample, D3, Figure 4 j-p. For this specific case, the D3 de-
vice was kept at a temperature of 23°C in order to ensure that all the domains are in the M1
phase. At a current of 50 mA the film has transitioned to the metallic state although no channel
can be detected. In this case, because of the structural similarity of the two phases and, hence,
the lower energy barrier between the two states, the metallic-insulating nanodomains mixture
is much closer to the percolation threshold than in the case of the DO device; i.e. the amount of
Joule heating required to transform an M1 grain into the R phase is much lower than for the
undoped sample. This leads the electrical induced transition to develop in a much more diffuse
way, over the entire surface between the two electrodes, in a rather non-localized way. This
effect is also likely enhanced by the fact the grains in the D3 samples are smaller than in the
undoped case, hence facilitating the switching and subsequent interactions between domains
because of the increased grain boundary area. Further refined characterization at micro- and
nano-scales, for DO and D3 devices with different areas and distances between the electrodes
will be necessary in order to fully assess this dissimilar electrical IMT activation mechanism in
W-doped samples. The next section is the first step in this direction, where we use in situ spa-
tially resolved XRD to characterize the crystalline structure the conductive and insulating fila-
ments, during voltage-controlled activation of the IMT.

Finally it is worth mentioning that a phase change purely triggered by the effect of electric field,
without Joule heating, has sometimes been reported but for much smaller devices with micron-

scale distance between the planar electrodes >*

4.2 Spatial distribution of the electrically induced structural phase transition
The spatial distribution of the SPT during electrical activation of IMT in the devices was
investigated using the set-up displayed in Figure 5a. The linear X-ray beam is positioned per-

pendicular to the electrodes. The detector position is fixed either at the 20 Bragg angle of the
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(200) planes of the R phase or the (020) planes of the M1 phase, while the incidence angle is
set at the corresponding 0 angle. The angular opening A26 of the detector was set to 0.01°,
which allows to clearly separate the contribution of the M1 and R phases. With the incidence
angle of the X-ray beam corresponding to the 020 reflection of VO, and considering the beam
cross-section size (h =200 um), the beam footprint on the sample is S ~ 600 um. Within these
conditions, using the x translation, the X-ray beam was scanned across the sample with steps
of 250 um in the direction parallel to the electrodes.

Figure 5b and Figure 5c represent the intensity of the 020 peak of the M1 phase at different
x positions with respect to the centre of the device during the current-controlled IMT for the
undoped (DO0) and the most doped films (D3). For DO, when no voltage is applied (red curve)
the intensity of the scan is roughly constant, indicating that the entire layer is in the M1 phase,
thus insulating. Actually, a slight increase in intensity (in the region corresponding to positive
scanning distances) can be observed. This effect is most likely due the fact that we are scanning
a region of the film where the thickness is not perfectly constant (i.e. close to an edge). This
evolution 1s different from sample to sample and does not reflect the properties of the SPT.
Moreover, the magnitude of this effect is negligible as compared to the effect induced by the
SPT discussed below.

For the first applied voltage (corresponding to a current of 27 mA, dark orange curve in Fig-
ure 5b) a dip is observed in the scan, evidencing the disappearance of the M1 to the benefit of
the R phase. This shows that the conducting filament correspond to the R phase. The scan on
the peak of the R phase is given in the Supporting Information and exhibits the opposite behav-
iour which confirms this statement (Supporting Information Figure S8). The boundary between
the low and the high intensity region of the curve hence corresponds to the boundary between
the M1 and R phase, i.e. to the edge of the electrically induced metallic channel. In the present

case, it turned out that the channel emerged at one extremity of the sample. Upon progressively
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increasing the current up to 350 mA, the boundary clearly moves towards smaller position val-
ues along the scanning line, which demonstrates that the colour change observed in the IR
measurement is indeed related to the SPT / IMT. For the highest current, almost all the film is
converted to the R phase.

Also provided in Figure 5 are 6-20 scans recorded for low, and high x values, for all the
different applied voltages. These scans demonstrate that at x = 3mm the M1 phase rapidly dis-

appears at the expense of the R phase, whereas at x = -3 mm, the M1 phase persist up to high

currents.
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Figure 5. (a.) XRD setup used to spatially map the VO, phases during the electrically activated
transition. (b.) XRD spatial mapping of the M1 phase on a direction parallel to the device’s
electrodes, showing the evolution of the in the DO film kept at 65°C (c.) and in the D3 film at
23°C, as a function of the applied current between the electrodes. (d.- f.) 6-20 scans from the
DO film recorded at x =+ 3 mm. These scans demonstrate that at x = 3mm the M1 phase rapidly
disappears at the expense of the R phase, whereas at x = -3 mm, the M1 phase persist up to high
currents. (e,g) same as before for the D3 film. In this case, there is no clear difference between

the two positions.

In striking contrast, a similar measurement performed on the most W-doped VO, sample
shows no evidence of a M1/R boundary, but rather a uniform decrease of the intensity with
increasing applied current along the whole scanned line. This evidences that, in agreement with
the previous IR thermal investigations, the whole film is progressively, but homogeneously
transformed, without the formation of a conductive filament. This is also confirmed by the 6-
20 scans shown is Figure 5 which demonstrates that the behaviour of the transition is identical
at both extremities of the film. This is in line with the result presented in the temperature-de-

pendent XRD measurements in Figure 1e. and the temperature-dependent electrical resistivity
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measurements Figure 2b. of section 3.1, where the drop in the Tayg value was attributed to a

lowering of the energy barrier between the two phases

4.3 Discussion

Figure 3c shows that, in the 0.2 — 2 THz frequency range, the behaviour of VO can be tuned
from an abrupt switching behaviour to a smooth THz amplitude modulation by increasing the
W content. As shown above, it is possible to electrically activate the transition of VO. layers
on areas as large as 10 x 3.8 mm?2, However, in such a case, and for low level of doping, the
transition does not affect the whole film uniformly, but instead proceeds by the nucleation and
subsequent growth of a conducting channel. This feature hinders the use of VO, as THz
switches and or/ modulators, since the overall transmission of the film is then determined by
the lateral growth of the conductive channel along with its initial position and dimension against
the incident THz beam.

Notably, the W doping, besides lowering the IMT close to room temperature, which is in
general the primary reason for which it is used, also increases the structural similarity between
the M1 and the R phase. This structural distortion, which is at the origin of the drop in the IMT
temperature, nonetheless has detrimental consequences on the IMT itself, in particular by de-
creasing the resistivity ratio by around 3 orders of magnitude. However, the THz transmission
Is not as much affected as the resistivity since the temperature-induced amplitude modulation
only drops from 96.3 to 82.8%.

Thus, a remarkable feature of VO, doping with W at 1.86 at.% is that the transition occurs
homogeneously across the sample, without the formation of a metallic filament. This charac-
teristic allows to envision the development of W:VVO-based, electrically activated amplitude

switches and modulators, without the need of any heating bias.

27



The demonstration of this effect is shown in Figure 6. In these experiments the THz trans-
mission of the DO (kept at 57°C) and D3 films (close to room temperature, 23°C) was monitored
as a function of the applied current across the device during ten hysteresis cycles (current in-
creasing and decreasing between 0 and 400 mA with steps between 25 and 50 mA) which are
superposed on the graphs in Figure 6 for both DO and D3 devices.

As indicated on Figure 6a and Figure 6b, the THz transmission is exhibiting a neat and
continuous decrease with increasing the applied current, corresponding to a MD of 92.2% and
85.4%, for DO and D3, respectively. For DO, the evolution of the transmission is not perfectly
reproducible across different cycles. Moreover, the transmission exhibits a steep drop in trans-
mission and a marked hysteresis. In striking contrast, D3 is showing outstanding repeatability
across the ten measurements performed back-to-back, with almost no noticeable hysteresis be-
tween the increasing and decreasing branches.

The unpredictable behaviour of DO can be explained by the aforementioned random position
of the metallic channel relative to the THz beam position in the undoped DO layer and the lateral
dimension of this filament compared to the THz beam (see inset sketch in Figure 6a). As pre-
viously shown, for the D3 device the transition take place evenly across the sample and within
the THz beam, with no metallic filament formation (sketch in Figure 6b), which explains the
excellent reproducibility of the measurements.

Besides the MD, an interesting metric to consider is the spread of the modulation in the THz
transmission— current quadrant (grey areas in Figure 6a and Figure 6b. In order to quantify this
behaviour we introduce the modulation range (MR) metrics, defined as:

_ Aosy — Asy, (3)
Iosg, — Isy,

MR

where Agsy and Asy, are the THz transmissions amplitudes at 95% and 5% with respect to the
maximum amplitude and the lgse and Isy are the corresponding current values at which these

values are occurring. As indicated on Figure 6a and Figure 6b, the MR value of the DO device
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is roughly two times higher than that of D3, indicating a much sharper variation of the THz
transmitted amplitudes with the applied current. In contrast, the wider MR of D3 points to a
wider range of transmission operating points for the same applied current range.

In addition, the D3 device was submitted to more than 38.000 periodic cycles of square
current pulses (300 mA amplitude, pulse length and period of 500 ms/1000 ms) in order to
record the long-term stability of the MD during its electrical activation. The constant evolution
of the MD with the number of cycles shown in Figure 6 c. demonstrates the very good relia-
bility of the device performing a large number of insulator-to metallic activation cycles.

Thus, the performances of the D3 device integrating the W:VO> layer with the highest con-
centration is surpassing the ones of the bare VO> based device in terms of reliability, reproduc-
ibility and modulation range, while operating over a broad THz range at room-temperature,
with electrical control over the largest active area reported so far for THz modulators (10 x 3.8
mm?). In addition, the activation time of the D3 device was evaluated by applying a square-
shape current pulse over the device and recording its electrical response (Figure S9). The re-
sponse time to the applied current pulse was as low as 24 ms while the insulator-to-metal tran-
sition occurred within 339 ms, which is remarkable for such large-area devices and the em-

ployed electrical activation scheme.
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Figure 6. Superposition of ten consecutive current-dependent THz transmission curves (0.2 —
2 THz) for the a. DO device kept at 57°C and b. the D3 device at 23°C, indicating the modulation
depth (MD) and the modulation range (MR) metrics for each device. The inset sketches are
illustrating the different electrical activation behaviour of the two materials within the THz
beam. c. Investigation of long-term stability of the D3 device showing constant THz modulation
depth after more than 38.000 cycles when periodically switching the device using a current

square waveform with 300 mA amplitude, a pulse duration of 500 ms and a period of 1000 ms;
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the inset shows the transmitted temporal THz trace of the device in the insulating state (OmA

applied current) and in the metallic state (300 mA applied current).

Compared to the DO device showing an abrupt variation of the THz transmission around the
transition temperature and a limited current modulation spread typical to a switching-like be-
havior, the smoother transition observed for the D3 sample for both thermal and electrical acti-
vations, makes its integration highly interesting for applications where a precise and continuous
(or discrete) thermally or electrically-triggered amplitude modification is required. The higher
modulation range (Figure 6 b), the good MD and large area electrically activation along with
the stability and reliability of the device are significant metrics for future integration in THz
reconfigurable devices such as continuous / discrete attenuators, precise temperature sensing
devices, polarizers with chosen polarization configurations or filter-like reflection/ transmission
metasurfaces with controlled absorptions and bandwidths, THz wavefront engineering using
coding metamaterials etc. While the room temperature operation is a strong feature of the D3-
like devices, their lower activation temperature may hinder their large-scale integration for in-
dustrial applications but this can be circumvented by integrating the device with thermal bath
devices (miniature Peltier or cryogenic) allowing to keep it in a thermal bath much lower than

its transition temperature.

We further compared in Table 4 the performances of the VO, —based devices investigated
here with a selection of relevant THz amplitude modulators and devices reported in the availa-
ble literature. Although the graphene-based modulator integrated with a quantum cascade laser
(QCL) developed in > is showing impressing performances, the electrical modulation scheme
is rather complex and the device can be employed only at the single THz emission frequency

of the QCL source. The use of semiconductor-based THz modulators based on Si or hybrid
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combinations with transition metal dichalcogenides such as WS» *¢ are based on complex fabri-
cation steps which are critical to their performances and make difficult their industrial upscaling
and are usually employing an external high energy density laser source.

Comparing with other similar reported VO2-based modulators, our devices can be employed
using thermal and/ or electrical type stimuli. Moreover, the electrical activation scheme imple-
mented here allows the operation of the devices over a large active area, while preserving their
broadband frequency capabilities. It can also be noticed that the DO-type device (based on bare
VO, films) perform much better in term of MD, even when compared to specific designs meant
to improve the modulation depths .

Most importantly, the W:VO;-based D3 device, even if presenting a slightly lower modula-
tion depth, can operate over large interelectrode areas under electrical actuation at ambient tem-
perature and is surpassing the characteristics of DO device in terms of reproducibility and mod-
ulation range. These properties are instrumental for future development and integration of VO2

-based layers in THz modulators or meta-devices with state-of-the-art performances.

Activation Modulation
Device (Ref. . M lati h F ™
evice (Ref.) trigger odulation dept requency (THz) speed
WS,/Si 5 Optical ~99% 0.25-2 -
Quantum cascade la- )
. . 3 THz (fixed
ser integrated gra- Electrical 94-100% ] <100 MHz
single frequency)
phene modulator 5°
VO, Metasurface ° Electrical >60% 03-1 -
Bowtie antenna VO, .
Electrical <90% 0.3-2.5 ls
metasurface ’
Hybrid VO, metasur- )
Electrical 68% 0.1-0.8 21s
face 7
Bare VO, *° Thermal 85% 0.1-2 -
Bare VO, % Thermal 69% 4.8-5.4 -
Bare VO, % Thermal 74% 0.1-15 -
Bare VO, * Optical 81.2% 1 THz 120 ms
This work Thermal and 96.4% / 92.6% 0.2-2 -




VO Electrical
This work Thermal and
W:VO: Electrical

82.8% / 85% 0.2-2 339 ms*

*) see Figure S9 in the Supporting Information
Table 4. Comparison of performances reported for a selection of THz modulation devices along

with those of the devices presented in this work

5. Conclusion

In this work we have grown W-doped VO films, with W atomic content ranging between 0
and 1.86 at%. The effect of doping on the structural, electric and THz characteristics have been
systematically investigated upon thermal cycling across the corresponding transitions. Overall,
with increasing W content, the transition temperature is shifted towards room temperature at a
rate of 18.9°C/at% of W doping. XRD characterizations coupled with Raman spectroscopy re-
vealed that this shift in temperature is most likely due to distortions affecting the VO, M1 and
R phases, making them structurally similar to each other. Despite this structural similarity, a
clear transition can be observed in terms of structural phases, electrical resistivity and THz
transmission under applied temperature. Interestingly, whereas the electrical resistivity ratio
between the insulating and conductive phase is significantly altered by W doping, with the ratio
dropping by more than 3 orders of magnitude, the THz transmission of the layers is only weakly
affected, with a modulation depth dropping from 96.3% to 82.8%.

Electrical activations of the IMT transition on large area undoped and W-doped films were
also carried out. For low level of doping, IR thermal observations revealed that the IMT takes
place inhomogeneously by the nucleation and expansion of a conductive channel between the
electrodes. Spatially resolved operando XRD measurements demonstrated that the metallic
channel corresponds to the conductive R phase. These experiments also allowed to demonstrate
that, for higher doping levels, the transition occurs homogeneously across the film without the

formation of a conductive channel. Such devices using VO films doped with 1.86 at% W and
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large 10 x 3.8 mm? active area reached a total THz modulation depth of 85.4% at room tem-
perature using solely current injection with intensities ranging between 0 and 400 mA.

This last proof of concept opens important perspectives regarding the fabrication of electri-
cally controlled optical modulators incorporating VO.. Combining multiple type of stimuli can
also be an efficient way to take advantage of the large areas over which VO3 can be activated
for various applications, such as electrical and optical switches/ modulators in the IR or THz

range, thermal regulation, or multi-stimuli reconfigurable optically-written meta-devices.
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of D0-D3 samples, IR images of DO, XRD scans of the samples along the devices, Voltage
response across the D3 device when applying a square-shaped current pulse for IMT response
evaluation simulation and experimental comparison of the normalized THz transmissions for

DO and D3 samples at different temperatures.
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